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ABSTRACT
BEHAVIORAL MODULATION OF SUPRAMOLECULAR ASSEMBLIES VIA

COVALENT AND NON-COVALENT INTERFACIAL TRANSFORMATIONS

SEPTEMBER 2021
ANN CANDICE FERNANDEZ
B.Sc. and M.Sc., STELLA MARIS COLLEGE
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST

Directed by: Professor S. Thayumanavan

There are several molecular level mechanisms at the origin of biological functions that
serve as inspiration for the development of the “next generation” of materials that display adaptive
and interactive properties. However, it will take time for synthetic materials to approach the level
of complexity, robustness, and adaptability of biological systems. Although there are switchable
platforms that respond via sensitized molecular components, there are currently no examples of
materials that truly possess the type of autonomous behavior seen in biological systems. Even
though these concepts are common in living organisms, their translation into a synthetic platform
remains challenging to this day. The development of such systems requires the unraveling of the
structural and energetic bases that underlie autonomous processes at the molecular level, and this
work focuses on fundamentally understanding some of these concepts. By bringing about covalent
and non-covalent transformations at the interface of supramolecular assemblies, we have
investigated how these modifications can cause systemic energy changes, which in turn dictates
overall outcome of these interfacial modifications. An insight into these processes would support

the future development of supramolecular platforms that display autonomous behavior.
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CHAPTER 1



1.1 INTRODUCTION

Living systems respond to changes in external energy to reconfigure themselves and
perform functions via signal amplification and self-replication.! Nature has engineered flawless
responsive networks wherein an interplay of molecular recognition, self-organization, and
response activation by a vast array of biomolecules leads to the formation of intricate biological
networks for autonomous control and coordination.!? The immune system, for example, relays
information by either secreting compartmentalized signaling molecules from cellular components,
producing downstream effects,? or directly via cell-cell interfacial contact, mediated by covalent
or non-covalent interactions.”” These processes are also characterized by the presence of feedback
loops, tightly controlled by chemical signals to form regulatory networks of independent sub-

oscillators with different characteristic timescales, making efficient communication possible. %!
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FIGURE 1.1: Leucocyte surface rolling and adhesion cascade triggered by a regulatory network of signals (image
reused from Reference 36 in this section with copyright permission).

Another feature exhibited by highly evolved autonomously functioning systems is the ability to
move.!>!* Motion requires the conversion of energy into work by biological molecular motors,

optimized for specific functions, such as intracellular transport, micro-propulsion, or macroscopic



motion. The property of adaptation, which is the capacity to sense and respond to environmental
cues, also facilitates survival in autonomous organisms. All these complex mechanisms
orchestrated by feedback loops rely on non-equilibrium dynamics and involves constant energy
dissipation and kinetic control.'?

The process of self-assembly, where individual functional components come together to
form a higher order structure, is quite inspiring. All forms of life contain self-assembling units and
a fundamental understanding of the process can give us a better insight into the nuances of
biological processes.!* During self-assembly, complex structures can be “autonomously
manufactured” in a simple bottom-up fashion and seems simple, however, synthesizing a
functional system can be challenging since the individual components need to be designed and
programmed in such a manner that they can orient themselves correctly during the self-assembly
process.'>1® Stimuli-sensitive units that respond to various stimuli such as temperature, pH and
light can also be incorporated into these building blocks, making it possible to use supramolecular
assemblies for various nanomedicine-based and biomimetic applications.’® 4 32 With self-
assembly, it has also been possible to incorporate interactions that may seem “disjoint” into a
single system by combining individual components capable of displaying multiple properties
within the same system.!”2° Progress in the synthesis of intrinsically functional building blocks,
and hybridization with inorganic or organic or biological moieties have all greatly contributed to
reach a high level of structural control through molecular design.?!*? As a result, significant
progress has been made in the field of self-assembled micelles and vesicles with bioinspired
functions such as compartmentalization, transport, catalysis, motion, and self-replication using
triggerable/responsive materials.'* However, we are far from achieving the level of complexity

seen in biological platforms, and the development of synthetic materials that exhibit fully



autonomous behavior remains a challenge. Due to lack in design principles required to
synthetically “manufacture” such platforms, this work focuses on understanding fundamentally,
the structural and energetic effects that underlie autonomous processes at the molecular level by
using responsive surfactant-, lipid- and oligomer-based supramolecular assemblies. A deeper
understanding of these processes can guide the future development of artificial materials that can
exhibit truly autonomous behavior and can have implications in nanomedicine, agriculture,

controlled release, and sensing applications.

1.2 SUPRAMOLECULAR SELF-ASSEMBLY

As noted in the previous section, self-assembly is a process by which individual functional
molecules come together spontaneously to form higher ordered structures.!#!® The self-assembly
process at the molecular level is driven by factors such as shape, charge, or polarizability of the
units, and subsequently determines the nature of attractive or repulsive forces. These forces are
predominantly non-covalent interactions, such as m-m and van Der Waals interactions,
electrostatic forces, hydrogen bonding, metal coordination, and hydrophobic interactions.**** In
addition to these, self-assembly can also make use of kinetically labile bonds to bring about
equilibration between aggregated and non-aggregated states, and providing the system responsive
properties to various stimuli.!”-*° The relative volume and nature of the building blocks also dictate
the shape of the assembly that is formed and is associated with an important parameter known as
the critical aggregation concentration (CAC).* It is important to note that the CAC is usually large
for amphiphilic building blocks such as small molecule surfactants and exhibits low mechanical

stability. However, macromolecules such as amphiphilic polymers display low CAC values, and

higher stability is often seen in these systems.** Self-assemblies also have the capacity to



encapsulate hydrophilic and/or hydrophilic contents, and have vast implications in therapeutics,

diagnostics, and controlled release applications.!”°
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FIGURE 1.2: Self-assembly process based on the nature of building blocks (image reused from Reference 39 in this

section with copyright permission).




1.3 STIMULI-RESPONSIVE SUPRAMOLECULAR PLATFORMS

Natural systems use a simple repertoire of building blocks such as lipids and polymers to
perform sophisticated functions such as self-healing, signal amplification, homeostasis, and
camouflage.> ! These are a result of subtle environmental changes, and materials that mimic these
natural processes find a myriad of useful applications. Stimuli responsive assemblies built from
small molecule surfactants, lipids and polymers, and sensitized to triggers such as pH, temperature,
light, redox and enzyme is an emerging strategy for applications pertinent to areas such as
nanomedicine, agriculture, sensing, purification, and tissue engineering.!”** For example, in drug
delivery, changes in pH and redox can be used to initiate morphology or stability changes in the
self-assemblies, thereby allowing them to deliver encapsulated bioactive contents at the site of
interest.!”?% Similarly, self-assemblies sensitized to various enzymes, can lead to a triggered
release in environments containing the specific enzyme, or initiate an uptake process into a cell
through complementary binding to the enzyme. Depending on the type of trigger used, covalent as

well as non-covalent modifications can be made in the self-assembly platform to induce desired
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1.4 SELF-ASSEMBLY PROCESSES OUTSIDE CONDITIONS OF EQUILIBRIUM
The process of self-assembly in systems is under thermodynamic equilibrium and the

process is controlled by various thermodynamic parameters.'* This has been studied for decades,
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FIGURE 1.4: Examples of dynamic self-assembly. a) An optical micrograph of a cell with fluorescently labelled
cytoskeleton and nucleus; microtubules (~24 nm in diameter) are colored red. b) Reaction-diffusion waves in a
Belousov-Zabatinski reaction in a 3.5-inch Petri dish. ¢) A simple aggregate of three millimeter-sized, rotating,
magnetized disks interacting with one another via vortex-vortex interactions. d) A school of fish. e) Concentric rings
formed by charged metallic beads 1 mm in diameter rolling in circular paths on a dielectric support. f) Convection
cells formed above a micropatterned metallic support. The distance between the centers of the cells is ~2 mm. (Figure

and figure title reused from Reference 14 in this section with copyright permission)



however, the conditions of thermodynamic equilibrium do not include the order maintained in a
system at the cost of an externally delivered energy. Biological systems exhibiting adaptive and
self-regulated behavior rely on dynamic self-assembly.?* Stable non-equilibrium structures are
maintained in a steady state by a constant supply of energy, and subsequently dissipated via
entropy producing processes associated with the system. The highly complex but ordered
characteristics of these systems lies greatly under the control of various nonlinear processes, and
this could provide clues for constructing autonomous artificial systems.!? Relatively little is known
about the principles of dynamic self-assembly, and the ways by which it can be extended into
synthetic platforms.'* Reconfiguration processes occurring under external energy are promising,
since self-assembly can now be thought of outside the conditions of equilibrium to create life-like
and intelligent autonomously functioning materials which are sensitive, adaptable, and capable of
evolving. Adaptive and autonomous devices, and sensors are certainly one key aspect of
autonomous materials, while implants and biomaterials that can actively adapt and interact with

the body provide other great opportunities for complex molecular systems.

1.5 SELF-REGULATION IN ARTIFICIAL SYSTEMS

Inspired by the phenomenon of self-regulation in biological processes, smart polymers and
gels that utilize chemical oscillators have been developed and are reminiscent of the self-regulation
behavior seen in Nature.'* Another example of a system that demonstrates primitive self-regulation
are alloys that exhibit shape alteration in response to temperature changes. Hydrogels combined
with embedded microfibrils, inorganic nanoparticles, nanosheets and surface attached micropillars
have also been designed, however they rely on passive actuation mechanisms.** In addition to

assemblies that can be triggered by a single stimulus, there has been interest in developing systems



that can be triggered by a combination of two or more triggers, to form logic gates. While there
are several reports developed using small molecules, supramolecular logic gates are still relatively
limited. Examples include logic-gated systems that use fuel driven transient self-assemblies or
temperature-responsive structures to undergo tailored chemo-mechanical oscillations in response

to a limited set of stimuli.”!> %
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FIGURE 1.5: Example of a logic-gated system to produce an output (image reused from Reference 37 in this section

with copyright permission).

Most systems currently inspired by the self-regulation behavior seen in biological systems
utilize positive and negative feedback loops, where multiple components are introduced to control

a single system.?’3

While engineering such feedback loops, compartmentalization,
immobilization and control of diffusion of reactants and catalysts are also important to gain a
deeper understanding of feedback mechanisms extending beyond the possibilities of homogenous

bulk solutions to obtain the intricacy seen in biological platforms.?* While there has been success

in the direction of logic operations, computational algorithms, sensing and communication, some



of the more unsolved fundamental challenges refer to concepts of self-replication and self-
evolution. **3> When it comes to diverse molecular effectors of these mechanisms, characteristic

1.'* Towards real-life

time scales must be defined, and as a result, engineering time delays is crucia
applications, it is also desirable to foster the integration of established and emerging concepts into
materials. However, compared to complex biosystems which have taken centuries to evolve as
robust self-regulated networks, artificial systems that have been developed so far are greatly

simplified. Fully autonomous, synthetic supramolecular systems capable of exhibiting properties

seen in biological platforms via complex molecular recognition events are rare.

1.6 THESIS OVERVIEW:

There is an increasing number of molecular mechanisms at the origin of various biological
functions that serve as a source of inspiration for the development of next-generation molecular
materials with adaptive and interactive properties. Although it will take time for synthetic materials
to approach the level of complexity, robustness and adaptability of biological systems, the goal is
certainly achievable. Currently, there are switchable materials that can function via responsive
molecular components; however, they do not possess truly autonomous behavior. The switching
of states is dependent on an outside trigger, and aside from simple relaxation events, autonomy is
largely absent without the trigger.!>!* 48-30 For such synthetic materials to be truly life-like and
autonomous, the capabilities to accumulate work, sense, adapt and communicate would have to
depend on dissipative chemical systems and integrated via efficient feedback loops. The creation
of autonomous structures is, thus, a grand challenge in Chemistry. The development of far-from-
equilibrium systems that are fueled and feedback-controlled could bring about the next disruptive

change in soft matter property profiles. Such systems should go beyond passive responsiveness to
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external signals and be able to actively orchestrate material dynamics and properties in a timely
manner before it comes out of the out-of-equilibrium reaction state and start to get controlled by
internal dynamics. While such concepts are common in living organisms, their synthetic design
remains challenging. In this work, we aim for a more general strategy: rather than developing
systems that perform a targeted function, we focus on fundamentally unraveling the structural and
energetic bases that underlie autonomous processes at the molecular level. Keeping this in mind,
Chapter 2 discusses the design of a surfactant-based supramolecular platform that responds via
covalent interfacial modifications. We also incorporate important features seen in biological
systems to this platform - kinetic control, the ability to interact with complementary assemblies,
the ability to produce an output under out-of-equilibrium conditions, and finally the conversion of
microscopic interactions to macroscopically observable phenomena. In Chapter 3, we use non-
covalent interactions in lipid-based supramolecular platforms to understand underlying energetics
involved in receptor-mediated nanoparticle interactions that are specific in nature. The effects of
nanoparticle size, overall effects of receptor-ligand concentration/density are discussed in detail.
Chapter 4 is inspired by the chemotactic properties exhibited by living organisms, and we have
sought to explore how oligomeric supramolecular assemblies interact on a surface. We have
investigated the effect of systemic energy changes when an assembly interacts with a
complementary surface and provided insight into the rational design of synthetic supramolecular
platforms to achieve controllable chemotaxis. Chapter 5 provides a summary of findings, along

with future research directions.
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CHAPTER 2
PROGRAMMABLE EMULSIONS VIA NUCLEOPHILE-INDUCED COVALENT

SURFACTANT MODIFICATIONS

Adapted from

Fernandez, A.; Zentner, C. A.; Shivrayan, M.; Samson, E.; Savagatrup, S.; Zhuang, J.; Swager, T.

M. Thayumanavan, S. Programmable Emulsions via Nucleophile-Induced Covalent Surfactant

Modifications. Chem. Mater. 2020, 32, 4663-4671.
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2.1 INTRODUCTION

Responsive supramolecular assemblies have attained much attention due to their ability to
be used in a range of applications such as drug delivery carriers, diagnostic purposes. Platforms
for sensing/detection, tissue engineering, packaging, coatings, and textiles.! Among the most
promising methods to create responsive assemblies is the use of tailored amphiphilic constituents
to control the self-assembly process in the presence of various stimuli. For example, simple
changes to pH, temperature, or ionic strength can impact the overall strength of surfactants without
changes to their structure.”> A lot more control can be obtained in self-assembly platforms by
utilizing well-known chemical transformations, where dramatic changes in surfactant structure can
be used to dictate their propensity to self-assemble. Specifically, with respect to surfactant-based
platforms, switchable or cleavable surfactants can be developed to formulate responsive
assemblies with both reversible and irreversible control.®™® Such responsive amphiphiles, and the
molecular assemblies they form, are useful in many applications including oil recovery, drug
delivery, biodegradation, and sensing. Various small molecule platforms, polymers, and Pickering
particles, and have been designed to fulfill these applications.®!® More sophisticated approaches
have also utilized external stimuli, such as with light, CO», enzymes, heat-induced retro-
Diels—Alder, and dynamic covalent chemistry, to trigger changes to surfactant structure. %23
Although chemical reactions have been utilized for structural changes in surfactant molecules,
tunable kinetic control over these reactions and the effect of such control over nano-assembly
transformations have been less studied. In one study, the inverse has been demonstrated, where
self-assembly is used to impart kinetic control of the hydrolysis of cleavable ester surfactants of
varying alkyl chain lengths.?* In general, however, responsive surfactant-based assemblies are in

either the initial state or the final state before and after reaction providing an “on/off” signal.
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Conversely, by controlling the rate and extent of reaction, an assembly system under kinetic
control can provide varying responses to subtle changes in the environment, adding system
versatility beyond an on/off signal. In this work, we were interested in designing sophisticated
single and double emulsion systems with kinetic control of surfactant cleavage in response to small
molecule or molecular assembly triggers. For this purpose, new surfactant molecules that can be
programmed to undergo covalent modification by nucleophiles were developed. Specifically,
triggerable Michael acceptor (TMAc) functionalities were used as components of head groups in
the surfactant molecules that assemble at and stabilize the interface of emulsions. Within our
group, the kinetic control of TMAc small molecule analogues has been demonstrated.>> Expanding
on this TMAc small molecule platform, TMAc surfactants were developed with varying surfactant
head groups, and formulated as a programmable emulsion-based platform. The hypothesis is as
follows: nucleophile-induced modification of the TMAc surfactant will alter its ability to stabilize
the emulsion interface, leading to macroscopic changes in the emulsion systems. Although
previous studies by our group and others have demonstrated surfactant and emulsion responses to
nucleophiles, this work provides investigations into kinetic control of the emulsions through
surfactant reactivity. To establish this premise, specific small molecule nucleophiles and nano-
assemblies with nucleophile functionality were utilized to demonstrate their effect on stability and
morphology of single and double emulsions, respectively. Furthermore, the tunable reactivity of
the surfactants on the microscale can be observed through macroscopic outputs of the emulsion
systems, demonstrating the use of reaction kinetics to affect the extent of emulsion response.
Additionally, these assemblies can be rendered responsive to an unrelated cue by coupling these

processes to a nano- assembly that exhibits responsive molecular release features. Collectively,
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this work demonstrates highly controlled and programmable emulsion systems via nucleophile-

induced covalent modifications.

2.2 EXPERIMENTAL

2.2.1 MATERIALS

All reagents were obtained from commercial sources and used as received without further
purification. Sodium hydroxide (NaOH) was purchased from Macron. Tetrahydrofuran (THF) was
purchased from Acros Organics. Thiourea was purchased from Alfa Aesar. Zonyl FS-300 (40 wt
% solution, Zonyl), cetyltrimethylammonium bromide (CTAB), sodium dodecyl sulfate (SDS), 2-
(2- methoxyethoxy)ethanol, p-toluenesulfonyl chloride, concentrated HCI, hexamethylenediamine
(HMDA), dodecyl acrylate, 1,4- diazabicyclo[2.2.2]octane, phosphorous tribromide,
triethylamine, pyridine, xylene di-isocyanate, 1,1,1-tris(hydroxymethyl)ethane, 4- cyano-4-
(phenylcarbonothioylthio)pentanoic  acid  N-succinimidyl ester, octyl methacrylate,
azodiisobutyronitrile (AIBN), 1,4-dioxane, trifluoroacetic acid (TFA), and acetyl chloride were
purchased from Sigma-Aldrich. FC-770 was purchased from Synquest. Formaldehyde, methylene
chloride, sodium sulfate, hexanes, ethyl acetate, diethyl ether, 4-dimethylaminopyridine,
Invitrogen Attofluor Cell chamber, and 3500 MWCO dialysis tubing were purchased from
ThermoFisher Scientific. t-Boc-NH-PEG-amine (MW 5000) was purchased from Laysan Bio.
Poly(dimethylsiloxane) (PDMS) Sylgard 184 elastomer kit was purchased from Dow Corning.
Milli-Q water from a Barnstead Nanopure Water System (ThermoFisher Scientific) was used for

the preparation of the emulsions.
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2.2.2 INSTRUMENTAL ANALYSIS

'H and '3C NMR spectra for 2-(2- methoxyethoxy)ethanethiol (EG,-SH) were recorded on a
Bruker Avance DRX 600 spectrometer. The chemical shift data are reported in units of 6 (ppm)
relative to the residual solvent. 'H and '*C NMR spectra of surfactants, polymers, and kinetic
studies were recorded on a Bruker DPX-400 MHz or 500 MHz NMR spectrometer and all spectra
calibrated against trimethylsilyl (TMS) standard. Mass spectrometric data were acquired using
electron spray ionization (ESI) on a Q-ToF-micro quadruple mass spectrometer (Micro mass).
Molecular weights of the polymers were measured using gel permeation chromatography (GPC,
Waters) with PMMA as standard fitted with a refractive index detector and THF as eluent with a
flow rate of 1 mL/min. Tip sonication for particle preparation was performed with a Q125 Sonica
probe sonicator. Dynamic light scattering (DLS) measurements were performed on a Malvern
Nanozetasizer-ZS operating at 633 nm. Fluorescence measurements were performed using a
PerkinElmer LS 55 spectrometer. All optical images reported were taken on an AmScope B120C-
E1 equipped with an AmScope MU1003 camera or collected using NIS-Elements AR software on
a Nikon TiE inverted microscope fitted with an Andor Zyla sCMOS camera. Samples were treated
with UV irradiation (Black Ray UV lamp, 365 nm, 115 V to 60 Hz) or an LED Engin LZ1-00UV00
365 nm LED with a fixed current 700 mA driver (Digikey). Monodisperse double emulsions were
prepared using a Dolomite Microfluidic device equipped with two Mitos P-Pumps (Basic), an

external Remote Chamber (30 mL), and Telos High Throughput Droplet System.
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2.2.3 SYNTHETIC PROTOCOLS

a. Synthesis of reactive surfactants

o}
EtzN, THF, 12h @WOH 3TEA12
RT, 66% )
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SCHEME 2.1: Synthesis of precursors and surfactants (1 —5).

Synthesis of 1: A modified synthetic procedure was followed for the synthesis of 1 and 2, from a
published work on similar esters.?¢ 40 g (0.166 mol) of n-dodecyl acrylate was added to a round
bottom flask and dissolved in 120 mL tetrahydrofuran under inert atmosphere. To this, 9.3 g (0.083
mol) 1,4-diazabicyclo [2.2.2] octane (DABCO) was added dropwise, and the reaction mixture
stirred for 10 minutes. 2.5 g (0.083 mol) formaldehyde was then added dropwise to the reaction
mixture and stirred overnight. It was then concentrated under reduced pressure, partitioned with
methylene chloride and water, then extracted with methylene chloride. The combined extracts
were dried over anhydrous Na>SOys, and the crude product purified by silica gel chromatography
using hexane and ethyl acetate as eluents to afford 1 in 17% yield. 'TH NMR (CDCls, 400 MHz,
TMS): 3 (ppm) = 6.22 (s, 1H), 5.81 (s, 1H), 4.28-4.30 (d, 2H), 4.12-4.15 (t, 2H), 2.78 (broad s,
1H), 1.61-1.68 (m, 2H), 1.23-1.30 (m, 18H), 0.83-0.86 (t, 3H). *C NMR (125 MHz, CDCl;): §
(ppm) = 166.7, 139.8, 125.7, 65.3, 62.6, 32.2, 29.9, 29.9, 29.8, 29.8, 29.6, 29.5, 28.8, 26.2, 23.0,

14.4. [M+Na]" from ESI spectroscopy: 293.20879.

22



Synthesis of 2: 7.5 g (0.027 mol) of 1 was added to a round bottom flask and dissolved in 50 mL
methylene chloride under inert atmosphere. To this, phosphorous tribromide (PBr3) (7.48g, 0.027
mol) was added dropwise at 0 °C and the reaction mixture stirred overnight. It was then
concentrated under reduced pressure, partitioned with methylene chloride and water, then
extracted with methylene chloride. The combined extracts were dried over anhydrous Na;SO4 and
the crude product was purified by silica gel chromatography using hexane and ethyl acetate as
eluents to afford 2 in 77% yield. '"H NMR (CDCls, 400 MHz, TMS): & (ppm) = 6.31 (s, 1H), 5.93
(s, 1H), 4.15-4.21 (m, 4H), 3.71-3.77 (m, 1H), 1.64-1.70 (m, 2H), 1.25-1.32 (m, 18H), 0.85-0.88
(t, 3H). *C NMR (125 MHz, CDCls): § (ppm) = 169.6, 164.9, 137.6, 129.0, 65.9, 65.5, 48.7, 31.9,
30.7, 29.7, 29.6, 29.5, 29.5, 29.4, 29.3, 28.5, 26.0, 22.7, 14.2. [M+Na]" from ESI spectroscopy:

355.12525.

Synthesis of 3 (TEA12): 1.5 g (0.0045 mol) of 2 was dissolved in 5 mL tetrahydrofuran in a round
bottom flask. To this, 0.5 g (0.0049 mol) triethylamine was added dropwise, and the solution
stirred overnight. The reaction mixture was concentrated under reduced pressure and precipitated
in diethyl ether 6 times to afford 3 in 66 % yield. "H NMR (D20, 400 MHz, TMS): § (ppm) = 6.87
(s, 1H), 6.56 (s, 1H), 4.22-4.25 (m, 4H), 3.30-3.36 (m, 6H), 1.72-1.75 (m, 2H), 1.30-1.39 (m, 27H),
0.88-0.92 (t, 3H). '*C NMR (125 MHz, D,0): § (ppm) = 166.5, 140.3, 128.9, 66.2, 55.6, 53.3,
31.9, 29.8, 29.7, 29.6, 29.4, 29.3, 28.2, 25.8, 22.6, 13.9, 7.4. [M]" from ESI spectroscopy:

354.33692.

Synthesis of 4 (PYR12): 1 g (0.003 mol) of 2 was dissolved in 4 mL tetrahydrofuran in a round

bottom flask. To this, 0.26 g (0.0033 mol) pyridine was added dropwise and stirred overnight. The
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reaction mixture was concentrated under reduced pressure and precipitated in diethyl ether 6 times
to afford 4 in 63 % yield. '"H NMR (D0, 400 MHz, TMS): § (ppm) = 9.06-9.07 (d, 2H), 8.64-8.68
(t, 1H), 8.16-8.19 (t, 2H), 6.64 (s, 1H), 6.57 (s, 1H), 5.60 (s, 1H), 4.07-4.10 (t, 2H), 1.57-1.59 (m,
2H), 1.17-1.21 (m, 19H), 0.75-0.79 (t, 3H). *C NMR (125 MHz, D,0): § (ppm) = 165.2, 147.0,
146.6, 145.4, 144.9, 135.1, 133.1, 128.6, 128.4, 67.0, 65.7, 61.4, 58.9, 46.6, 31.9, 31.7, 29.7, 29.6,

29.4,29.3,29.1,28.3, 25.8, 22.5, 13.8. [M]" from ESI spectroscopy: 375.30068.

Synthesis of 5 (DMAP12): 0.5 g (0.0015 mol) of 2 was added to a round bottom flask and dissolved
in 3 mL tetrahydrofuran. To this, 0.2 g (0.0016 mol) 4-dimethylaminopyridine was added dropwise
and the reaction mixture stirred overnight. It was then concentrated under reduced pressure and
precipitated in diethyl ether 6 times to afford 5 in 59 % yield. 'H NMR (D20, 400 MHz, TMS): &
(ppm) = 8.16-8.17 (d, 2H), 6.95-6.97 (d, 2H), 6.48 (s, 1H), 6.37 (s, 1H), 5.05 (s, 1H), 4.06-4.10 (t,
2H), 3.21 (s, 1H), 1.60 (s, 2H), 1.19-1.22 (m, 18H), 0.78-0.81 (t, 3H). '*C NMR (125 MHz, D,0):
d (ppm) = 165.5, 156.4, 141.9, 134.2, 133.1, 107.6, 65.4, 57.5, 39.8, 31.9, 29.7, 29.7, 29.6, 29.3,

28.3,25.8,22.5,13.8. [M]" from ESI spectroscopy: 332.25832.
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b. Synthesis of Amine-P2 and Acetamide-P2
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SCHEME 2.2: Synthesis of amphiphilic polymers Amine-P2 (9) and Acetamide-P2 (10).

Synthesis of 6 (PEG-CTA): 500 mg (0.001 mol) of t-BOC-NH-PEG-Amine, MW 5000 was added
to a round bottom flask and dissolved in 10 mL anhydrous tetrahydrofuran under inert atmosphere.
To this, triethylamine (101.19 mg, 0.01 mol) was added dropwise and the solution stirred for 15
minutes. Further, 4-Cyano-4-(phenylcarbonothioylthio)pentanoic acid N-succinimidyl ester
(376.45 mg, 0.01 mol) was dissolved in 3 mL methylene chloride and added dropwise to the
solution and stirred for 8 h. The reaction mixture was concentrated under reduced pressure and
dialyzed using 3500 MWCO dialysis tubing against methylene chloride and methanol at a 1:1
volume ratio for 24 h. After dialysis, the solution was concentrated under reduced pressure to
afford 6 in 81 % yield. 'H NMR (CDCls, 400 MHz, TMS): § (ppm) = 7.88-7.92 (m, 2H), 7.53-
7.57 (m, 1H), 7.36-7.40 (m, 2H), 6.54 (s, 1H), 5.05 (s, 1H), 3.79-3.80 (m, 5H), 3.51-3.63 (m, 478
H), 3.44-3.46 (m, 7H), 3.29-3.20 (m, 3H), 2.84 (s, 1H), 2.52-2.63 (m, 3H), 2.42-2.45 (m, 1H), 1.93

(s, 3H), 1.43 (s, 9H). 3C NMR (125 MHz, CDCl3):  (ppm) = 170.4, 156.0, 144.6, 133.0, 128.6,
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126.7,118.7,107.4,79.2,70.6, 70.3, 69.9, 59.1, 46.1, 40.4, 39.5, 34.2, 31.6, 29.7, 28.4, 25.6, 24.2.

GPC (THF): Mn = 8,813 g mol™!, PDI = 1.02.

Synthesis of 7 (P1): To a Schlenk-flask, octyl methacrylate (753.54 mg, 3.797 mmol), coumarin
methacrylate (27.4 mg, 0.095 mmol), recrystallized azodiisobutyronitrile (AIBN) (0.32 mg,
0.0019 mmol), and PEG-CTA 6 (50 mg, 0.0095 mmol) were dissolved in 1.6 mL anhydrous
tetrahydrofuran. The reaction mixture was subjected to three freeze-pump-thaw cycles. The sealed
flask was immersed in a pre-heated oil bath at 78 °C and stirred for 12 h. The polymerization was
quenched by cooling the flask in chilled water. The reaction mixture was concentrated under
reduced pressure and dialyzed using 3500 MWCO dialysis tubing against methylene chloride and
methanol at a 1:1 volume ratio for 48 h. After dialysis, the polymer solution was concentrated
under reduced pressure to afford 7 in 76 % yield. '"H NMR (CDCls, 400 MHz, TMS): § (ppm) =
7.84-7.86 (m, 2H), 7.52-7.54 (m, 11H), 6.93-6.96 (m, 8H), 6.80-6.82 (m, 7H), 6.15 (s, 8H), 4.22-
4.32 (d, 50H), 3.91 (broad s, 691H), 3.64 (s, 478 H), 2.41 (s, 31H), 1.79-1.89 (m, 656H), 1.61-1.64
(m, 837H), 1.29-1.44 (m, 3579H), 1.02 (s, 402H), 0.88-0.89 (m, 1640H). '*C NMR (125 MHz,
CDCl3): o (ppm) = 178.2, 177.8, 177.5, 176.8, 161.4, 161.0, 155.3, 152.4, 125.7, 114.0, 112.8,
112.2,101.1, 70.6, 65.0, 54.2, 45.1, 44.8, 31.9, 29.7, 29.3, 29.2, 28 4, 28.3, 28.1, 26.1, 22.7, 18.7,
18.4,16.5, 14.1. GPC (THF): Mn = 47848 g mol!, PDI = 1.21. DSC: Tp, = 42.41°C, T, = -34.35
°C. TGA: Onset of degradation temperature (5% weight loss) = 265.06 °C, Peak degradation

temperature = 384.09 °C.

Synthesis of 8 (P2): 500 mg (0.01 mmol) of 7 and AIBN (16.42 mg, 0.1 mmol) were added to a

round bottom flask and dissolved in 10 mL 1,4-dioxane under inert atmosphere. This reaction

31



mixture was refluxed at 85 °C for 4 h. Further, it was concentrated under reduced pressure and
dialyzed using 3500 MWCO dialysis tubing against methylene chloride and methanol at a 1:1
volume ratio for 48 h. After dialysis, the solution was concentrated under reduced pressure to
afford 8 in 89 % yield. "H NMR (CDCls, 400 MHz, TMS): § (ppm) = 7.52-7.54 (m, 10H), 6.91-7
(m, 8H), 6.80-6.82 (m, 7H), 6.15 (s, 8H), 4.22-4.32 (d, 63H), 3.91 (broad s, 701H), 3.64 (s, 478
H), 2.41 (s, 38H), 1.89-2.03 (m, 355H), 1.79 (s, 405H), 1.60-1.64 (m, 967H), 1.29-1.43 (m,
4135H), 1.01 (s, 487H), 0.88-0.89 (m, 1799H). *C NMR (125 MHz, CDCls): § (ppm) = 177.8,
177.5,176.7, 161.4, 161.0, 155.3, 152.4, 125.7, 113.9, 112.3, 101.2, 70.6, 65.0, 54.2, 45.8, 45.1,
44.8,31.9,29.7,29.3,29.2,29.2, 28.3,28.2, 26.1, 22.7, 18.7, 18.4, 16.5, 14.1. GPC (THF): Mn =

54,246 g mol™!, PDI = 1.17.

Synthesis of 9 (AMINE-P2): 80 mg (0.01 mmol) of 8 was dissolved in 4 mL methylene chloride
under inert atmosphere in a round bottom flask. To the reaction mixture, trifluoroacetic acid (1.82
mg, 0.1 mmol) was added dropwise and stirred overnight. It was then concentrated under reduced
pressure and dialyzed using 3500 MWCO dialysis tubing against methylene chloride and methanol
ata 1:1 volume ratio for 24 h. After dialysis, the solution was concentrated under reduced pressure
to afford 9 in 94 % yield. '"H NMR (CDCls, 400 MHz, TMS): § (ppm) = 7.78-7.83 (m, 1H), 7.52-
7.61 (m, 10H), 6.91-7 (m, 7H), 6.75-6.82 (m, 6H), 6.15 (s, 5H), 4.22-4.32 (d, 63H), 3.91 (broad s,
705H), 3.64 (s, 478 H), 2.41 (s, 38H), 1.89-2.03 (m, 365H), 1.79 (s, 367H), 1.70 (s, 261H), 1.60
(s, 927H), 1.24-1.29 (m, 4172H), 1.01 (s, 506H), 0.88-0.89 (m, 1755H). '*C NMR (125 MHz,
CDCl3): 6 (ppm)=177.8,177.5,176.8,161.3, 161.0, 155.3, 152.4, 113.9, 112.3, 101.0, 70.6, 65.0,
54.2,45.8,45.1,44.8, 31.9, 29.7, 29.3, 29.2, 29.2, 28.3, 28.2, 26.1, 22.7, 18.7, 18.4, 16.5, 14.1.

GPC (THF): Mn = 53,798 g mol !, PDI = 1.34.
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Synthesis of 10 (Acetamine-P2): 100 mg (0.01 mmol) of 9 was dissolved in a round bottom flask
and dissolved in 5 mL methylene chloride under inert atmosphere. To the reaction mixture, acetyl
chloride (1.57 mg, 0.1 mmol) was added dropwise and stirred overnight. Afterwards, it was
concentrated under reduced pressure and dialyzed using 3500 MWCO dialysis tubing against
methylene chloride and methanol at a 1:1 volume ratio for 48 h. After dialysis, the solution was
concentrated under reduced pressure to afford 10 in 81 % yield. 'H NMR (CDCls, 400 MHz,
TMS): 6 (ppm) = 7.52-7.55 (m, 11H), 6.94-7 (m, 9H), 6.76-6.83 (m, 8H), 6.15 (s, 6H), 4.22-4.32
(d, 47H), 3.92 (broad s, 705H), 3.64 (s, 478 H), 2.41 (s, 31H), 1.89-2.08 (m, 282H), 1.90 (s, 397H),
1.60 (s, 1194H), 1.30 (m, 4142H), 1.02 (s, 432H), 0.88-0.90 (m, 1891H). 1*C NMR (125 MHz,
CDCl3): o (ppm) = 177.8, 177.5, 176.8, 160.9, 154.9, 152.4, 137.8, 118.7, 115.7, 113.8, 101.3,
70.6, 65.0, 54.7, 54.5, 54.2, 45.2, 44.8, 40.2, 31.9, 29.7, 29.3, 29.2, 28.3, 28.2, 26.1, 22.7, 18.3,

16.5, 14.1. GPC (THF): Mn = 52,607 g mol™!, PDI = 1.28.
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FIGURE 2.11: 'H-NMR spectrum of 6.
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FIGURE 2.20: '3C-NMR spectrum of 10 (Acetamide-P2).

c. Synthesis of 2-(2-methoxyethoxy)ethanethiol (EG2-SH)

S

NaOH 1) HZNJLNHz
TsCl o) OTs EtOH/H,0 o) SH
/O\/\O/\/OH SN T 2 o S
° NaOH
THF/H,0, 0°C 1 12
MPEG,-SH

SCHEME 2.3: Synthesis of thiol trigger EG,-SH

Synthesis of 11: The synthesis of 11 and 12 was performed according to a modified literature
procedure.”’” Solutions of 2-(2-methoxyethoxy)ethanol (4.81 g, 40.0 mmol, 10 mL
tetrahydrofuran) and sodium hydroxide (2.31 g, 57.8 mmol, 1.4 equiv., 12 mL water) were added
to an argon purged flask and cooled in an ice bath. A solution of p-toluenesulfonyl chloride (7.29
g, 38.2 mmol, 1 equiv., 10 mL tetrahydrofuran) was added dropwise over the course of 10 min,

while keeping the reaction mixture near 3 °C. The reaction was stirred in an ice bath for 4 h. The
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reaction mixture was then extracted with diethyl ether (20 mL) and the aqueous phase then
extracted further with diethyl ether (3 x 10 mL). The combined organic phase was washed with
water until the water wash reached neutral pH. The organic phase was then dried with sodium
sulfate, reduced under pressure (without heating), and yielded 11 as a clear oil (8.07 g, 274.33

g/mol, 29.4 mmol, 74%). The intermediate used in the next step without further purification.

Synthesis of 12 (2-(2-methoxyethoxy)ethanethiol)): 11 (6.00 g, 21.9 mmol), thiourea (1.69 g, 22.2
mmol, 1 equiv.), 12 mL anhydrous ethanol, and 1 mL water were added to a flask and purged with
argon. The reaction mixture was stirred under reflux for 3 h. A solution of sodium hydroxide (1.28
g, 32.0 mmol, 1.5 equiv. 5 mL water) was then added and the reaction mixture was refluxed for an
additional 4 h. The reacti on mixture was concentrated under pressure to 2 mL, diluted with 10 mL
of water, and neutralized with 1 M HCI. The aqueous phase was extracted with methylene chloride
(3 x 50 mL), dried over sodium sulfate, and reduced under pressure. The crude was purified with
column chromatography (25% ethyl acetate, 75% hexanes, Rf= 0.35) and reduced under pressure,
giving the title compound as a clear oil (0.86 g, 136.21 g/mol, 6.3 mmol, 29%). The 'H and '3C-
NMR spectra are in line with literature reports.'H-NMR (600 MHz, CDCl3): § (ppm) = 1.57 (t,
1H), 2.70 (q, 2H), 3.38 (s, 3H), 3.54 (m, 2H), 3.62 (m, 4H). *C-NMR (150 MHz, CDCls): § (ppm)

=24.3,59.2,70.3,72.0, 73.1.

2.2.4 METHODS
a. Formulation of Amine-P2 nucleophilic assemblies:
Amine-P2 and acetamide-P2 assemblies were prepared by dissolving 0.4 mg of the

respective P2 polymers in 200 pL. of methylene chloride. One mL of water was added to the
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solution and sonicated for 1 min using a probe sonicator and stirred overnight to obtain the amine-

P2 and acetamide- P2 self-assemblies of ~150 nm.
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Figure 2.21: DLS plots of Amine-P2 and Acetamide-P2 assemblies

b. Polymer CAC studies:

Critical Aggregation Concentration (CAC) values of amine-P2 and acetamide-P2 were also
determined using the encapsulation of Nile red. To 4 mg of either amine-P2 or acetamide-P2, 400
pL acetone was added and sonicated for 5 min. Following this, 2 mL of deionized water was added
dropwise to prepare polymer solutions of 2 mg/mL. A solution of 100 puL of 1 mg/mL Nile red in
acetone was then added to the aqueous solutions, stirred overnight, and the solutions filtered across
a nylon syringe filter with a pore size of 0.45 pm to remove unencapsulated dye. Fluorescence
measurements of the polymer assemblies with encapsulated dye were then performed at various

concentrations to calculate their respective CAC.

40



600

500

400

300

200

Fluorescence intensity

100

Fluorescence intensity

ek [ w L n (=)
(=3 (=3 (=3 (=3 (=3 (=3
< < < < < <

(=]

0.01

0.01

Amine-P2

0.1 1 10
Log concentration

Acetamide-P2

0.1 1 10

FIGURE 2.22: CAC plots of Amine-P2 and Acetamide-P2 assemblies

c. Formulation of nucleophile releasing polymersomes:

HMDA encapsulated in PEG-Azo-PLA polymerosomes (PAP-HMDA) was prepared

following the literature procedure®® by adding 100 puL of 2 mg/mL HMDA to a 1 mg/mL solution

of PAP polymer (Mn = 18 000 g/mol) in water (20 wt % HMDA to PAP) and stirred overnight.
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The solution was dialyzed against water for 24 h using a 3k MWCO membrane. The PAP-HMDA
solution was then concentrated to 4 mg/mL using 3k MWCO spin filters. DLS results indicate that

the size of PAP vesicles before and after the addition of HMDA is ~200 nm.
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FIGURE 2.23: DLS plot of PAP vesicles before and after encapsulation

d. Qualitative determination of interfacial tension:

We first attempted pendant drop studies on hexane dispersed in surfactant solutions to
determine interfacial tensions. However, the hexane drops were not stable during the measurement
and unreliable, quantitative measurements of interfacial tension were not possible. We, therefore,
used a qualitative study to determine what concentrations of each surfactant were necessary to
achieve the same interfacial tension at the HC/W interface, using morphology estimations. The
desired surfactant concentrations were determined to get uniform interfacial tension at the HC/W
interface using TEA12, PYR12, or DMAPI12. To this end, polydisperse double emulsions were
fabricated via the outlined polydisperse procedure at a constant Zonyl concentration (0.2 wt%)
with varying concentrations of reactive HC-surfactants to achieve the perfect Janus morphology.
At 0.2 wt% Zonyl, the following concentrations of surfactants were used to achieve perfect Janus

morphology: 5 mM TEA12, 4 mM PYRI12, and 4 mM DMAPI12 (Figure S32). At these
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concentrations, the surfactants achieve the same HC/Water interfacial tensions. For all double
emulsion studies, 5 mM TEA12,4 mM PYR12, or 4 mM DMAP12 with 0.2 wt% Zonyl were used
for the continuous phase. For all single emulsion studies, 5 mM TEA12, 4 mM PYRI12, or 4 mM

DMAP12 were used for the continuous phase.

FIGURE 2.24: Perfect Janus morphology for each reactive HC-surfactant with 0.2 wt% Zonyl and a) 5 mM TEA12,

b) 4 mM PYRI12, or ¢) 4 mM DMAPI12. Scale bar = 50 pm.

e. CMC studies of surfactants:

CMC studies were also performed by first preparing 4 mL of either TEA12, DMAP12, or
PYR12 in deionized water at a concentration of 2 mg/mL. Following this, 100 uL of 1 mg/mL Nile
red in acetone was added to the aqueous solutions and stirred overnight. The solutions were then
filtered across a nylon syringe filter with a pore size of 0.45 um to remove the unencapsulated dye.
Fluorescence measurements of the surfactant solutions with encapsulated dye were then performed

at various concentrations to calculate the respective surfactant CMC values.
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FIGURE 2.26: CMC plot of DMAP12
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FIGURE 2.27: CMC plots of PYR12

f. Preparation of single emulsions:
Single emulsions were prepared by hand-shaking hexane- and surfactant-containing aqueous

solution (neutral pH) at a 1:4 volume ratio for 10 s.

g. Preparation of double emulsions:

Polydisperse double emulsions were fabricated according to a published literature procedure.!’
Hexane and FC-770 in a 1:1 volume ratio were heated above their upper critical temperature (Tc)
to form a homogeneous mixture. A mixture of 25 puL of the heated hexane/FC-770 was added to
500 pL of the surfactant-containing aqueous continuous phase (neutral pH) and vortexed for 5 s
for emulsification. Double emulsions were imaged upon cooling and full phase separation of the
hexane/FC-770 mixture. Monodisperse double emulsions were fabricated on a Dolomite
Microfluidic device with a 50 um chip. The emulsion system consisted of an aqueous solution of
1 wt % SDS as the continuous phase (neutral pH) and a 1:1 volume ratio of hexanes and FC-770

(heated above their Tc) as the droplet phase. Pressures were controlled at 200 mbar for the
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continuous phase and 100 mbar for the dispersed phase during droplet formation through the chip.
After double emulsion formation, the continuous phase was exchanged for the desired surfactant

system. Monodispersity was retained with solvent exchange.

h. Testing Setups and General Procedures:

PDMS microfluidic device fabrication procedure was modified from a published protocol.’
Briefly, the microchannels were constructed by casting a mixture of 10:1 base/crosslinker onto a
reverse mold of SU-8 photoresist on a silicon wafer. After complete curing at room temperature
for 48 h, two holes were punched for the inlet and outlet, and the layer was plasma bonded (Harrick
Plasma, ambient air) to a thin PDMS layer (1.5 mm thick) with a circular hole (4 mm diameter) to
create a holding well for emulsions. The two bonded layers were then transferred and bonded to
another layer of flat PDMS bonded to the glass slide for additional support (Figure 2.28). PDMS
microfluidic device channels and the droplet well were first treated with 0.1 M NaOH to increase
the hydrophilicity of the walls. Continuous phase and droplets were then added to the well. After
the initial morphology was recorded, pump 2 (continuous phase) flow rate was set to a standard
100 puL/min and pump 1 (analyte, 12.5—50 mM) flow rate was adjusted to achieve 0.25—1.1 equiv
of the analyte to triggerable-surfactant concentration. The analyte and continuous phase meet at
the T-junction and start reacting. Continuous flow through the droplet well was sustained for 3
min to completely exchange the original continuous phase in the well with the mixed
analyte/continuous phase from the T-junction. After 3 min, both pumps were stopped, and clips
placed on the inlet and outlet tubing to isolate the droplet well and to allow further reaction between

the analyte and triggerable surfactants without additional flow.
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FIGURE 2.28: PDMS microfluidic device setup. a) Layering of PDMS components and glass slide base; b) Schematic
of top and side view of droplet well; ¢c) Representation of water pathway in droplet well. For emulsions denser than
water, droplet well orientated as shown above. For emulsions less dense than water, setup was inverted; d) Full

microfluidic device with T-junction and tubing.

A glass chamber device was fabricated for single emulsion studies without flow. Two pieces of
double-sided tape were placed on a glass slide 1 cm apart (height of 70 um). A coverslip was
placed over the tape to form a thin chamber. In general, 20 uL of single emulsion droplets were
injected into the chamber for all studies. Then, 10 pL of the analyte solution was added to one end

of the chamber to allow slow diffusion into the emulsion system. For studies without flow, double
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emulsions were tested in an Invitrogen Attofluor Cell Chamber (ThermoFisher). In general, 10—
20 pL of double emulsions were placed in 400 uL of the continuous phase. After the initial
morphology was recorded, the analyte solution was added and allowed to sit to track morphology
changes over time. For all studies presented in this report, the emulsion studies and reactivity were

started at neutral pH before the addition of nucleophiles.

i. Polyurethane studies:

For PU studies, xylene diisocyanate (XDI) in hexane (50 mg/mL) was mixed with aqueous 1,1,1-
tris(hydroxymethyl)ethane solution (8 mg/mL) at a 1:4 volume ratio, also containing TEA12 at 5
mM concentration. After hand shaking for 10 s, 1.1 equiv. (5.5 mM) piperidine with respect to

TEA12 was introduced to facilitate triggered release (Figure 2.33).

2.3 RESULTS AND DISCUSSION

a. Surfactants and emulsion system design:

The structures of the triggerable surfactants, used in this study, are shown in Figure 2.29a, b. These
structures are based on a quaternary ammonium moiety installed at the a-methyl carbon of an
alkyl-methacrylate molecule. From a surfactant perspective, the quaternary ammonium moiety
serves as the hydrophilic head group and the long alkyl chain as the hydrophobic tail. The inherent
Michael acceptor properties of the acrylate moiety are further aided by the quaternary ammonium
moiety as the leaving group. The triggering feature of these surfactants is highlighted by the fact
that they are susceptible to a formal SN2’ reaction, where incoming nucleophiles would release the
quaternary ammonium moiety (Figure 2.29a). Such a reaction would deprive the surfactant of the
charged hydrophilic head group causing it to alter its interfacial stabilization characteristics. The

nature of the leaving group has a profound influence on the kinetics of the Michael addition
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reaction. This feature is taken advantage of for tuning the kinetics of emulsion-triggering with
nucleophiles. The generally anticipated reactivity profile is expected to follow the following order
(from fastest to slowest): tetraalkylammonium-12 (TEA12), pyridinium-12 (PYR12), and 4-

dimethylaminopyridinium-12 (DMAP12).
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FIGURE 2.29: Design of reactive surfactants and emulsions. a) Design of reactive amphiphilic HC-surfactants
undergoing nucleophile-triggered cleavage; b) Chemical structures of HC-surfactants in this work; c) Bursting of
single emulsions as the result of nucleophile (purple triangles) induced cleavage of charged hydrophilic head groups,
thus reducing surfactant strength and destabilizing the HC/W interface; d) Change in morphology of HC (red) and FC
(blue) double emulsions from perfect Janus to HC-in-FC-in-water (HC/FC/W) in response to the decrease in mass
fraction of reactive HC-surfactant (fuc) to the FC-surfactant (frc) with the addition of a nucleophile and resulting HC-
surfactant cleavage. Changes in morphology are tracked optically by observing the increase in size of the FC-ring.

Nucleophile, surfactants, and emulsion sizes not to scale.

In systems comprising hydrocarbon-in-water single emulsions (HC/W), the nucleophile-
triggered reactions destabilize the HC/W interface to cause emulsions to break and phase separate

from the aqueous solution; during this process, the emulsions appear to “burst” to the naked eye
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(Figure 2.29¢). In double emulsions, comprising immiscible HC and fluorocarbon phases (FC)
with an FC co-surfactant, the destruction of the HC-surfactant would give rise to a clear
morphological change. The morphology of dynamic double emulsions is controlled by the balance
of interfacial tensions (y) at the HC/W and FC/W interfaces, and a Janus state will transform into
an encapsulated morphology in response to changes in the relative strength or concentration of
surfactants stabilizing one of the interfaces.!” In a co- surfactant system, Janus morphology
(YHC/W = yFC/W) is achieved with equal amounts of the immiscible liquids and a specific mass
fraction of surfactant FC-surfactant (JHC/ fFC). As the HC-surfactant concentration decreases with
nucleophilic addition and the benign FC-surfactant concentration stays constant, the FHC/FC
decreases leading to a HC-in-FC-in-W (HC/FC/W) morphology.

The concentration of each HC-surfactant was initially determined to achieve equivalent
YHC/W, thereby eliminating differences in the initial emulsion stability in the observed reactivity.
Determination of exact interfacial tensions using pendant drop studies were not possible due to the
instability of the hexane drops in surfactant solutions over the measurement time frame, making
equilibrium interfacial tensions inaccessible. Although not an absolute interfacial tension
measurement, the geometry at the junction between the three phases of double emulsions can be
used to determine relative interfacial tension at the HC/W and FC/W boundaries.!” At a given
morphology, the relative ratio of interfacial tensions at HC/W and FC/W interfaces will be
consistent across different emulsion and surfactant systems. Therefore, estimations of equal
YHC/W were qualitatively determined through matching morphologies for each double emulsion
system. The YFC/W is held constant across samples, and the YHC/W is adjusted to be equal for
each of the three HC-surfactants. To this end, polydisperse double emulsions of hexane/FC-770 in

water with a uniform configuration were readily obtained by phase separation emulsification.’> A
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constant 0.2 wt % FC-surfactant Zonyl FS-300 (Zonyl) was maintained and the concentrations of
the HC-surfactants were adjusted to produce the perfect Janus morphology, where YHC/W =
YFC/W. Specifically, 5 mM TEA12, 4 mM PYR12, or 4 mM DMAPI2 provided the fractions of
HC-surfactant to Zonyl(JHC/FC) necessary to yield perfect Janus emulsions (Figure 2.24). These
[HC/FFC were utilized in all the double emulsion studies. These concentrations were found to be
above the critical micelle concentration for each surfactant, which were calculated to be 0.6, 1.2,

and 1.5 mM for TEA12, PYR12, and DMAPI12, respectively (Figure 2.25-2.27).

b. Small Molecule Nucleophile Studies:

As a first step, the strategy and kinetic control were validated with a small molecule trigger:
2-(2-methoxyethoxy)ethanethiol (EG2-SH). Using a poly(dimethylsiloxane) (PDMS) microfluidic
array device, the emulsions were exposed to precise equivalents of the analyte trigger by
controlling the flow rates (analyte in pump 1 and surfactant in pump 2, Figures 2.28 and 2.30a).
The reactivity of the surfactants is reflected in the time required for single emulsion bursting and
the extent of bursting, which depends on the rate of decrease in [HC. Introduction of 1.1equiv. (5.5
mM) EG2-SH relative to the TMAc surfactant triggered bursting in TEA12-stabilized single
emulsions within 45 s. After 5 min, 90% of the single emulsions had burst and macroscopic phase
separation of hexane/water was observed (Figure 30b). PYR12 and DMAP12 displayed slower
rates with the onset of bursting occurring only after 3 min with the addition of 1.1 equiv (4.4 mM)
EG2-SH. In addition, at the end of 15 min, a significant amount of PYR12 and DMAPI12 single
emulsions was still intact compared to TEA12, which had completely burst and phase-separated

over the same time frame. Control experiments performed with cetyltrimethylammonium bromide
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(CTAB, 1 mM)-stabilized hexane emulsions revealed no response to the addition of 1.1 equiv (1.1

mM) EG>-SH (Figure 2.34).
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FIGURE 2.30: Small molecule trigger studies. a) PDMS microfluidic device for controlled analyte addition; b)
Schematic and optical microscopy images of single emulsions stabilized by TEA12, PYR12, and DMAP12 before and
after 1.1 equiv. EG,-SH addition: TEA12 droplets after 8 minutes, PYR12 and DMAP12 droplets after 15 minutes; c)
Top-view schematic and optical microscopy images of double emulsion morphology before and after 1.1 equiv. or

0.25 equiv. EG,-SH addition (1 min after addition). Scale bar = 50 um.

The much greater reactivity of TEA12 is consistent with kinetic studies performed by
Zhuang et al. with TMAc-based small molecule reactions with thiols.?® The slower reactivity of
the pyridinium-based TMAc molecules is understood based on the resonance stabilization of the
positive charge, which results in a weaker leaving group in the formal SN2’ reaction. In their study,
PYRI12 reacted slower with thiol compared with DMAP12 contrary to expectations of reactivity
based on structure alone. They reasoned that the DMAP base leaving group boosts the nucleophilic

reactivity of the thiol and thereby contributed to accelerated reactivity. The reactivity trend of TEA
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> DMAP > PYR was reflected in kinetic studies performed on the triggerable HC-surfactants
(Figures 2.23-2.29). Studies in DO were prohibitive because of the insolubility of the product;
therefore, experiments were performed in acetone-d6. We observed reaction completion within 15
min for TEA12 and 24 h for DMAP12 with 1.1 equiv EG2-SH; however, conversion of PYR12
was only observed after >2 days. The agreement of the kinetic results demonstrates that the added
hydrophobic tail does not inherently change the reactivity. Kinetic studies confirmed the superior
reactivity of TEA12 demonstrated in the single emulsion system. However, PYR12 and DMAP12
did not have differentiated reactivity in bursting studies, contrary to kinetic expectations. The
reactivity of PYR12 vs DMAPI12 leaving groups is greatly dependent on contributions from
bases.?> Our emulsion systems likely display a different reactivity because of the biphasic solvent
contributions, wherein the basic leaving groups partition partially into the oil phase, diminishing
their contribution to overall reactivity; we, therefore, expect trends more similar to those based on
structure alone. We also note that all emulsion studies are conducted starting at neutral conditions.
As Zhuang et al. observed, basic conditions can accelerate the reactivity of the formal SN2’
reaction.”> In addition, pH conditions can have an impact on nucleophile strength (extent of
protonation) and surfactant stability (increased hydrolysis at basic conditions). As a result of the
complexity of pH influence on reactivity, pH sensitivity was not investigated in this study.

As a complement to bursting the single emulsions with the nucleophile-induced reaction at
the emulsion interface, we explored the potential morphological changes in double emulsions in
response to this process. The rate and extent of change in morphology resulting from a decrease
in] HC/FEC after nucleophile addition can also be used as a metric to characterize the reactivity in
the double emulsion system because of complex double emulsion morphology sensitivity to subtle

changes in the surfactant environment. Further, any changes in morphology provide an optical
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readout because of HC/FC double emulsion micro lens properties, which, if desired, can be
exploited for sensitive detection of nucleophile triggers.>® In the present studies, the changes were
measured by tracking the increase in FC-ring size under an optical microscope, which provided
valuable information on the macroscopic response to nucleophile triggers. Janus droplets stabilized
by TEA12/Zonyl and PYR12/Zonyl rapidly formed encapsulated HC/FC/W double emulsions
with the addition of 1.1 equiv (5.5 and 4.4 mM, respectively) EG2-SH within 1 min of flow through
the PDMS device (Figures 30c and 38). DMAP12/Zonyl system, however, displayed the
anticipated slower reactivity as evidenced by the smaller morphology change after 1 min exposure
to 1.1 equiv (4.4 mM) EG2-SH. The slower reactivity of DMAP12, compared to PYRI12, is
understood as the electron-donating dimethylamino moiety offers greater resonance stabilization
of the positive charge in the TMAc molecule. Surprisingly, though, there was no discernible
difference between TEA12 and PYR12, and thus, we resorted to lowering the concentrations.
Indeed, clear reactivity differences between TEA12 and PYR12 were revealed at 0.25 equiv (1.25
mM and 1 mM, respectively) EG2- SH addition after 1 min of flow; full morphology changes were
observed with TEA12/Zonyl-stabilized double emulsions, whereas PYR12/Zonyl-stabilized
emulsions were largely unaffected owing to the lower rate of reaction (Figure 30c). The double
emulsion system allowed for clear differentiation in reactivity between the three HC-surfactants,
particularly in differing macroscopic responses for PYR12 and DMAP12. In control experiments,
no morphology changes were observed after the addition of 1.1 equiv (1.1 mM) EG2-SH to CTAB/
Zonyl-stabilized double emulsions (Figure 40).

Overall, the reactivity in double emulsions followed the trend TEA12 > PYRI12 >
DMAPI12, faithfully reflecting the anticipated reactivity based on the structures of the HC-

surfactants. As discussed, the observed difference between kinetic experiments in acetone-d6 and
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the rate of morphology changes is attributed to reduced contributions from the base because of the
multisolvent system. In both single and double emulsion systems, a simple small molecule thiol
successfully triggered bursting and morphology changes through the reduction in FHC, with rates
in accord with the surfactant reactivity trends. While quantitative kinetic reactivity is not
measurable with the macroscopic observations, the emulsion responses can reflect microscopic
reactivity.

To further show the control over the reaction, additional nucleophiles were studied:
hexamethylenediamine (HMDA), ethanol, and acetic acid (See “Control studies’). Conversely,
weaker nucleophiles such as ethanol and acetic acid are not expected to react with the HC-
surfactants quickly, as was demonstrated by a lack of response in both the single and double
emulsion systems (Figures 2.37 and 2.42). Overall, our results demonstrate the control over single
and double emulsion system stability with simple triggers and by tuning the reactivity of the
surfactants. Furthermore, we investigated the potential for a controlled release of reagents to lead
to on-demand polymerization to synthesize polyurethane. In our system, diisocyanate encapsulated
in TEA12 stabilized single emulsions was protected from reacting with triol in the continuous
phase by the TEA12 surfactant layer. Upon triggering with piperidine, a nucleophile, the triggered
release into the triol-containing continuous phase initiated an on-demand polymerization in a one-

pot system (Figure 2.33).

c. Molecular Assembly Nucleophile Studies:
Having validated the approach with small molecule triggers, we explored the possibility of
a three-dimensional (3D)-assembly triggering a response in the emulsions systems, thus

broadening nucleophile trigger types for potential applications. Studies with a small-molecule
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amine, HMDA, showed a similar reactivity profile to EG2-SH, demonstrating the capability of
utilizing amines as a trigger. Subsequently, we synthesized an amphiphilic block copolymer that

is functionalized with a primary amine moiety at the hydrophilic terminus (amine-P2, Figure 2.31).
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FIGURE 2.31: Amine functionalized assembly studies. a) Synthesis, self-assembly, and assembly size of amine and
acetamide end-functionalized amphiphilic polymer (Amine-P2 and Acetamide-P2, respectively); b) Optical
microscopy images of single emulsion bursting with addition of Amine-P2 after 3 min; c) Top-view optical microscopy
images of the morphology changes observed with the addition of Amine-P2 to Janus double emulsions after 3 min.

Amine-P2 assemblies are not visible in microscopy images. Scale bar = 50 um.

As a result of amine-P2's amphiphilic nature, the polymers self-assemble in water to form
nanoassemblies with an amine-functionalized surface. The resulting assembly of amine-P2 was

found to occur at concentrations of 0.25 mg/mL or greater and formed assemblies of ~150 nm,
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which is consequently too small to be observed optically in emulsion reactivity studies (Figures
2.21 and 2.43). To study these processes, we adjusted our testing setup to allow for direct diffusion-
controlled contact of the trigger without flow/ continuous agitation. The testbed includes a glass
enclosure with an opening on the side to introduce the analyte into single emulsion samples, which
are less dense than water. An open-air microscope chamber was used for double emulsions that
are denser than water. The new diffusion-limited test protocol was also validated with EG2-SH
and HMDA to TEA12-stabilized single emulsions and TEA12/Zonyl-stabilized double emulsions
and observed instantaneous bursting and morphology changes, respectively (Figures 2.36 and
2.41). Experiments were then performed by introducing amine-P2 assemblies to TEA 12-stabilized
single emulsions. Within 2 min of introduction, the onset of bursting was observed with complete
emulsion destruction in under 3 min (Figure 2.31b).

Similarly, the morphology of TEA12/Zonyl-stabilized double emulsions exhibited
complete conversion to the encapsulated HC/FC/W morphology within 3 min due to the decrease
in [HC/FEC (Figure 2.31c). Since the nucleophile-laden “attacking” assembly is amphiphilic in
nature, it is possible that simple interfacial contact could cause modifications in the emulsion
interfacial stability without the need for a specific nucleophile-induced modification of the
interfacial stability. To test for this possibility, the amine moieties in the amine-P2 functionalities
were converted to the corresponding amide moieties to form acetamide-P2 assemblies. Acetamide-
P2 self-assembles at concentrations of 0.22 mg/mL or greater with an average size of ~150 nm
(Figures 2.21 and 2.43). When this assembly, which is identical to the amine-P2 assembly except
for the nucleophilic functionality, was introduced to either the single or the double emulsion
systems, no bursting or morphological changes were observed (Figures 2.43-2.44). Since these

experiments were performed above the CAC of amine-P2 and acetamide-P2, it is likely that
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induced changes in the emulsions are a result of assembly interaction with the surfactants at the
emulsion interface and/or in the bulk solvent rather than the reaction of free polymer chains in
solution. These results confirm that both the single and double emulsion macroscopic responses

are triggered through assembly-induced modulation of the TMAc surfactants.

d. Light-triggered cascade studies:

We were next interested in evaluating the possibility of causing trans- formations in the
emulsions by the actuated release of a small molecule from another assembly, thereby modulating
emulsion response with an additional control beyond nucleophile addition. To this end, we utilized
a recently reported polymerosome, generated through the self-assembly of an amphiphilic diblock
copolymer comprising hydrophilic poly(ethylene glycol), an azobenzene linker, and a hydro-
phobic polylactide (PAP).?® This assembly has been shown to exhibit on-demand release of guest
molecules from the lumen of the assembly (Figure 2.32a). This process represents a far-from-
equilibrium behavior of the polymerosome, as the molecular release is observed only in the
presence of an active energy source. We were interested in investigating the possibility of bringing
this module into our system, to generate a cascade effect. For our experiments, we loaded PAP
assemblies with HMDA as the guest molecule (PAP-HMDA). Mixing the PAP-HMDA assembly
with the TEA12-stabilized emulsions did not cause any bursting or morphological changes (Figure
2.46 and 2.48). However, when the same PAP-HMDA assembly was first exposed to light for ~25
minutes, bursting and morphology changes indeed occurred in the single and double emulsion
systems, respectively (Figure 2.32c, Figure 2.48). PAP assemblies are ~200 nm in size, and

therefore are not visible in the microscope images. To further validate the response seen, HMDA
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at low equiv. was studied with TEA12 emulsions. At equiv. similar to those expected to that which

is released, morphology changes and bursting was observed (Figure 2.45 and 2.47).

PAP-HMDA
~ 200 nm

FIGURE 2.32: Controlled on-demand triggered release and response. a) Amphiphilic diblock copolymer (PAP) with
hydrophilic (orange) and hydrophobic (blue) units linked with an azobenzene unit (green); b) PAP self-assembles into
avesicle (~200 nm in size) for UV-triggered release of HMDA (purple hexagon); ¢) Schematic and optical microscopy
images of single emulsion bursting after pre-release of HMDA. Images from left to right — initial, 2 min and 3 min
after addition; d) Top-view schematic and microscopy images of the morphology changes with in situ irradiation of
PAP-HMDA with e) 5 min of irradiation and f) 10 total min of irradiation. PAP vesicles are not visible in microscopy

images. PAP, HMDA, and emulsion size in schematic representations are not to scale. Scale bar = 50 um

To better demonstrate the cascade process, PAP-HMDA was first introduced to the double
emulsion system and then photo-isomerized in situ; the release behavior and cascade effect can be

concurrently observed. We expect the double emulsions to exhibit morphology changes only upon
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exposure to UV light and by removing the UV source, no additional changes in morphology should
occur. This modulation of an on/off morphology change with UV light exposure cycles was
faithfully demonstrated. Upon exposure to UV light for 5 min, the double emulsions underwent
morphology changes and did not change further upon resting in ambient conditions for 5 additional
minutes (Figure 2.32d, e). An additional 5 min of UV light exposure resulted in a further change
in morphology, as demonstrated by an increase in the FC-ring size in the optical micrographs
(Figure 2.32f). Under ambient conditions without any light exposure, no additional morphology
changes were observed (Figure 2.49). Put together, these results show that an in situ actuatable
assembly can be combined as a module to impart emulsion sensitivity to an entirely different
stimulus (light). A lack of response in the emulsion systems upon the addition of PAP-HMDA
before irradiation confirms the encapsulation of the nucleophile within the PAP-HMDA vesicles
and the far-from-equilibrium release of the nucleophile in the presence of light (Figure 2.48).
Finally, we investigated the potential for a controlled release of reagents to lead to on-
demand polymerization. In our system, di-isocyanate encapsulated in TEA12 stabilized single
emulsions was protected from reacting with triol in the continuous phase by the TEA12 surfactant
layer. The addition of nucleophile burst the single emulsions facilitating the reaction between

isocyanate and triol to form polyurethane (PU) on demand.
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FIGURE 2.33: Trigger induced polyurethane formation. a) Polyurethane formation scheme; b) Nucleophile induced
bursting of XDI in hexane single emulsions masked by a TEA12 layer to form a polyurethane foam with water soluble

triol (images taken after 20 minutes).

2.4 CONTROL EXPERIMENTS

2.4.1. SMALL MOLECULE NUCLEOPHILE STUDIES
SINGLE EMULSION STUDIES
EG;>-SH controls in microfluidic setup:

Control experiments were performed using 1 mM CTAB stabilized emulsion droplets in
the microfluidics device by introducing 1.1 equiv. (1.1 mM) EG2-SH. As expected, no bursting
was observed even after 20 minutes of analyte introduction to the CTAB single emulsions (Figure

2.34).
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FIGURE 2.34: CTAB control studies, where no bursting was observed after introduction of 1.1 equiv. EG>-SH (after

20 min). Scale bar =50 pm.

HMDA in microfluidic array:
Studies were performed by flowing 1.1 equiv. (5.5 mM) HMDA into the microfluidics
array containing 5 mM TEA12 single emulsion droplets. Bursting was observed within 3 minutes

and continued over a total of 12 minutes (Figure 2.35).

FIGURE 2.35: TEA12 single emulsion studies with 1.1 equiv. HMDA. Scale bar = 50 pm.

EG>-SH and HMDA in no flow setup:

Single emulsions were prepared using the TEA12 surfactant and 20 pL of the droplets
were injected into the glass chamber no flow setup using a micropipette. To compare the PDMS
microfluidic testing device results and the glass chamber setup, 10 pL of 1.1 equiv. (5.5 mM) EG>-
SH or HMDA was loaded on one of the open ends of the chamber. Instant bursting was observed
and completed within 3 min for EG>-SH (Figure 2.36). However, with 1.1 equiv. (5.5 mM)
HMDA, bursting was observed ~3 minutes after the addition of HMDA and continued over the

next 10 minutes. These results are consistent with the microfluidic testing device.
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FIGURE 2.36: TEA12 droplets before and after the addition of a) 1.1 equiv. EG,-SH and b) 1.1 equiv. HMDA.

Scale bar = 50 pm.

Ethanol and acetic acid in no flow setup:

To further test the response of the surfactants to different nucleophiles, single emulsions
were prepared using the TEA12, PYR12, and DMAPI12 surfactants. 20 pL of the droplets were
injected into the glass chamber no flow setup using a micropipette, followed by addition of 10 puL
of 1.1 equiv. (5.5 for TEA12; 4.4mM for DMAP12 and PYR12) of ethanol or acetic acid to one
of the open ends of the chamber. As anticipated, minimal bursting was observed when ethanol and

acetic acid were introduced over 15 minutes (Figure 2.37).

TEA12 PYR12 DMAP12

Initial |

1.1 equiv. 0
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Initial

FIGURE 2.37: TEA12, PYR12 and DMAP12 droplets before and after the addition of, a) 1.1 equiv. ethanol and b)

1.1 equiv. acetic acid. Scale bar = 50 pm

DOUBLE EMULSION STUDIES
EG2-SH equivalence study in microfluidic array:

Using the PDMS microfluidic device and following the general procedure, 0.25-1.1 equiv.
(1.25- 5.5 mM for TEA12 and 1-4.4 mM for DMAP12 and PYR12) of EG2-SH was introduced to
double emulsions stabilized by 0.2 wt% Zonyl and either 5 mM TEA12,4 mM PYRI12, or 4 mM
DMAPI12. For the studies, the final morphology, wherein no more morphology changes occur with
additional reaction time, and the time necessary to reach the final morphology were recorded. In
Figure 2.38, the final morphology achieved for each equivalence of thiol added is shown, and the
time required to reach that final morphology is additionally provided. At 1.1 equiv, both
TEA12/Zonyl and PYR12/Zonyl droplets were quick to reach the final HC/FC/W morphology,
while DMAP12/Zonyl emulsions took an additional 2 min. At 0.5 equiv. the difference in
reactivity was further demonstrated with DMAP12/Zonyl, which showed the least change in
morphology, only deviating a minimal amount from the perfect Janus morphology. The difference

in reactivity between TEA12 and PYR12 was demonstrated at 0.25 equiv., where the final
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morphology in PYR12 was achieved after 2 min, compared to TEA12 final morphology reached

after 1 min.
Initial

1.1 equiv. )
0.5 equiv. )_‘ Yo

0.25 equiv. ,‘

FIGURE 2.38: EG»>-SH equiv. study with Zonyl and HC-surfactants. Time to final morphology (blue box) is shown.

Scale bar = 50 um

HMDA study in microfluidic array:

Using the PDMS microfluidic device and following the general procedure, 1.1 equiv. (5.5
mM for TEA12 and 4.4 mM for DMAPI12 and PYR12) of HMDA was introduced to double
emulsions stabilized by 0.2 wt% Zonyl and either 5 mM TEA12, 4 mM PYRI12, or 4 mM
DMAPI12. In Figure S39, the final morphology achieved is shown with the time required to reach
that final morphology. With the addition of 1.1 equiv. HMDA, TEA12/Zonyl and PYR12/Zonyl

showed complete conversion after 2 min, but appreciable bursting of the TEA12/Zonyl double
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emulsions was also observed, with some bursting observed with PYR12/Zonyl. We reasoned the
interface was highly destabilized due to rapid reduction of /HC, leading to bursting and
morphology changes. Over 5 min, small morphology changes and no bursting were observed with
DMAP12/Zonyl double emulsions. At lower equiv. of HMDA (0.25 and 0.5 equiv.), bursting was

observed in the TEA12/Zonyl sample, no bursting was observed in the PYRI12/Zonyl or

DMAP12/Zonyl samples.

PYR12

Initial

FIGURE 2.39: Double emulsion HMDA study. Time to final morphology (blue box) is shown after the addition of

1.1 equiv. HMDA. Scale bar = 50 pm

EG2-SH and HMDA controls in microfluidic array:

Using the PDMS microfluidic device and following the general procedure, 1.1 equiv. (1.1
mM) of EG2-SH and HMDA were introduced to double emulsions stabilized by 0.2 wt% Zonyl
and 1 mM CTAB. CTAB does not contain a leaving group and is not expected to react with the
nucleophiles. This was demonstrated by no observed changes in morphology or bursting from

initial FC-in-HC-in-W (FC/HC/W) with the addition of EG2-SH or HMDA (Figure 2.40).
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FIGURE 2.40: Control studies with CTAB/Zonyl with the addition of EG>-SH and HMDA. a) Initial FC-in-HC-in-

W (FC/HC/W) morphology; b) No change in morphology with the addition of 1.1 equiv EG,-SH

EG2-SH and HMDA in no flow setup:

Studies were performed using the double emulsion no-flow setup and general procedure,
with double emulsions stabilized by 0.2 wt% Zonyl and 5 mM TEA12. To compare the no flow
results to the PDMS microfluidic testing device, 1.1 equiv. (5.5 mM) of EG2-SH and HMDA were
added to the double emulsions. Within 1 min, the complete conversion from perfect Janus to

HC/FC/W was observed for EG2- SH (Figure 2.41a to b) and HMDA and (Figure 2.41a to c).
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FIGURE 2.41: EG,-SH and HDMA study in no flow setup. a) Initial perfect Janus morphology of TEA12/zonyl
stabilized double emulsions; b) Morphology change observed within 1 min with the addition of 1.1 equiv. EG,-SH;

¢) Morphology change observed within 1 min with the addition of 1.1 equiv. HMDA. Scale bar = 50 pm.
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Ethanol and acetic acid in no flow setup:

Additional nucleophile studies were performed using the double emulsion no-flow setup
and general procedure, with double emulsions stabilized by 0.2 wt% Zonyl and 5 mM TEA12, 4
mM PYRI12, or 4 mM DMAPI12. 1.1 equiv. (5.5 for TEA12; 4.4 for DMAP12 and PYR12) of
ethanol or acetic acid were added to the system. Over 30 min, minimal to no morphology changes

were observed.

Initial

Ethanol

Acetic acid

FIGURE 2.42: Ethanol and acetic acid nucleophile studies with Zonyl and HC-surfactant double emulsions. Initial

morphology and morphology 30 min after addition of nucleophiles shown for each surfactant. Scale bar = 50 pm

2.4.2. POLYMERIC ASSEMBLY NUCLEOPHILE STUDIES USING AMINE-P2

SINGLE EMULSION STUDIES
Single emulsions — Amine-P2 controls in no flow setup:

Single emulsions were prepared using the TEA12 surfactant and injected into the glass
chamber no flow setup using a micropipette. 10 pl of 0.9 mg/mL Acetamide-P2 was used as a

control with the TEA12 droplets and no bursting was observed over 5 min (Figure 2.43a). Other
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control experiments were set up using single emulsion droplets stabilized by | mM CTAB, where
Amine-P2 and Acetamide-P2 were introduced at the same concentrations into the glass chamber.
No bursting was observed after introduction of the analyte within 5 minutes of observation (Figure

2.43b-c).

FIGURE 2.43: Control studies with 3D assemblies. a) TEA12 stabilized emulsions exposed to Acetamide-P2 particles
after 5 min; b) CTAB stabilized emulsions exposed to Amine-P2 particles after 5 min; ¢) CTAB stabilized emulsions
exposed to Acetamide-P2 particles after 5 min; d) DLS plots of Amine-P2 and Acetamide-P2 assemblies. Scale bar =

50 pm.

DOUBLE EMULSION STUDIES:
Double emulsions — Amine-P2 controls in no flow setup
Studies were performed using the double emulsion no-flow setup and general procedure,

with double emulsions stabilized by 0.2 wt% Zonyl and 5 mM TEA12. Controls for the Amine-
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P2 studies were performed by adding 20 puL of 4 mg/mL Acetamide-P2 particles to the double
emulsions. No morphology changes were observed after 30 min (Figure 2.44a).

Further control studies were performed with 0.2 wt% Zonyl and 1 mM CTAB stabilized
double emulsions. To the double emulsions, 20 uL. of 4 mg/mL Amine- P2 in water was added.
No changes in morphology from initial FC/HC/W morphology were observed with the addition of

Amine-P2 over 60 min (Figure 2.44b).

~ OO /A\&
FIGURE 2.44: Control studies for Amine-P2 assembly. a) 0.2 wt% Zonyl and 5 mM TEA12 stabilized emulsions
initial perfect Janus morphology with no morphology changes observed after 30 min with addition of Acetamide-P2

assembly to TEA12/Zonyl stabilized double emulsions; b) 0.2 wt% Zonyl and 1 mM CTAB stabilized emulsions

displayed no change in morphology after 60 min with the addition of Amine-P2 assemblies. Scale bar = 50 um
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2.4.3. CASCADE NUCLEOPHILE STUDIES

SINGLE EMULSION STUDIES
HMDA equivalence study in no flow setup

Lower equivalents of HMDA with TEA12 were studied to determine if response to PAP-
HMDA is equivalent to the amount of HDMA released from PAP-HMDA. It has been reported
previously that ~20% of HMDA is released from the PAP vesicles after 25 minutes of irradiation
and this amounts to ~0.05 equiv. HMDA being released over the period of irradiation with respect
to the surfactant. Single emulsions were prepared using the TEA12 surfactant and 20 pL of the
droplets were injected into the glass chamber no flow setup using a micropipette. 10 uL. of 0.025,
0.05, and 0.1 equiv. (0.125, 0.25 and 0.5 mM) HMDA were added to an open end of the chamber
to test the effect at sub-stoichiometric amounts of the nucleophile. In all three cases, bursting was
observed within 3 minutes of addition of HMDA. However, the rate of bursting was slower at
lower amounts of HMDA. With 0.025 equiv., about 90% of droplets were intact after 15 minutes.
As expected, there were fewer number of intact droplets (~ 70- 80%) after the introduction of 0.05

and 0.1 equiv. HMDA after the same period (Figure 2.45).
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FIGURE 2.45: TEA12 HMDA study. Droplets before and after the addition of a) 0.1 equiv. b) 0.05 equiv. and c)
0.025 equiv. HMDA. Images were taken 7 minutes after the addition of the respective amounts of HMDA. Scale bar

=50 pm

PAP-HMDA studies and controls

HMDA encapsulated PAP polymerosomes were prepared using the protocol outlined in
Methods. Single emulsions were prepared using the TEA12 surfactant and 20 pL of the droplets
were injected into the glass chamber no flow setup using a micropipette. 10 uL of 4 mg/mL PAP-
HMDA polymerosomes before and after UV treatment (365 nm) were introduced from one of the
open ends of the chamber. Untreated PAP-HMDA triggered no response in the emulsion droplets,
whereas UV-treated PAP-HMDA initiated bursting within 3 minutes of analyte introduction, as

expected (Figure 2.46a and Figure 4c, respectively). Control experiments were performed using 1
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mM CTAB emulsion droplets, where PAP- HMDA was introduced with and without UV
treatment. In both cases, no changes were observed in the emulsion droplets after analyte addition

(Figure 2.46b-c).

FIGURE 2.46: Control studies for PAP-HMDA addition. a) TEA12 droplets with UV untreated PAP-HMDA after 5
min; b) CTAB droplets with UV untreated PAP-HMDA after 5 min; ¢) CTAB droplets with UV treated PAP-HMDA
after 5 min. d) DLS plots of PAP vesicles before and after encapsulation; e) Correlation coefficients of PAP vesicles

before and after encapsulation. Scale bar = 50 um

DOUBLE EMULSIONS
HMDA equivalence study in no flow setup

Studies were performed using the no-flow setup and general procedure with double
emulsions stabilized by 0.2 wt% Zonyl and 5 mM TEA12. To the double emulsions, 0.025, 0.05,
and 0.1 equiv. (0.125, 0.25, and 0.5 mM) HMDA were added. With the addition of 0.1 equiv.

HMDA, full conversion from perfect Janus to HC/FC/W emulsions was observed within 2 min
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and unlike the microfluidic array setup tests with 0.25-1.1 equiv., no bursting was observed (Fig.
2.47a to b). A clear morphology change was observed over 15 minutes with 0.05 equiv. HMDA
(Figure 2.47a to c¢). A small morphology change was observed with addition of 0.025 equiv.

HDMA over 15 min (Figure 2.47a to d).

FIGURE 2.47: HMDA equivalence study in no flow setup. a) TEA12/Zony] stabilized emulsions initial perfect Janus
morphology; b) Morphology change after exposure to 0.1 equiv. HMDA over 2 min; ¢) morphology changes, but not
full conversion to HC/FC/W, observed after exposure to 0.05 equiv. HMDA; d) Minimal morphology changes were

observed after 15 min with the addition of 0.025 equiv. HMDA. Scale bar = 50 pm

PAP-HMDA studies and controls
Studies were performed using the no-flow setup and general procedure with double
emulsions stabilized by 0.2 wt% Zonyl and 5 mM TEA12. For excitation of the PAP-HMDA, a

365 nm LED was used. 100 pL. PAP-HMDA (4 mg/mL) was irradiated for 25 minutes to release
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HMDA. The entire mixture was then transferred to the microscope chamber containing the double
emulsion solution and the changes in morphology were recorded after 10 min (Figure 2.48a-b).
Control studies were then performed. First, the TEA12/Zonyl stabilized droplets were
irradiated for 25 min in the absence of PAP-HMDA (Figure 48c). Second, 100 puL of the PAP-
HMDA (4 mg/mL) were added without excitation (Figure S48d). No morphology changes were
observed for either test. Further control studies were performed with 0.2 wt% Zonyl and 1 mM
CTAB stabilized double emulsions. 200 pL. of the HMDA-PAP solution (2 mg/mL) was irradiated
for 25 min to release HMDA and the solution was then added to the double emulsions (Figure

2.48¢). No changes in morphology from initial FC/HC/W were observed over 30 min.
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FIGURE 2.48: Control studies for PAP-HMDA addition. a) TEA12/Zonyl stabilized emulsions initial perfect Janus
morphology; b) Morphology change after exposure to pre-released HMDA from PAP; c) No morphology changes
were observed after droplets (in the absence of PAP-HMDA) were irradiated for 25 min; d) No morphology changes
were observed after 30 min with the addition of HMDA-PAP without excitation; e) No morphology changes were
observed after pre-released HMDA from PAP was added to CTAB/Zonyl stabilized emulsions after 30 min. Scale bar

=50 pm
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Next, in situ irradiation of PAP-HMDA was performed. As described, 100 uL. of PAP-
HMDA solution (4 mg/mL) was added to TEA/Zonyl stabilized emulsions and exposed to 365 nm
UV-light in situ. The entire solution was irradiated for 5 min and morphology recorded (Figure
2.49). The system was then allowed to sit in ambient conditions for 5 min, but no additional
morphology changes were observed. The system was then exposed to UV-light for an additional
5 min (10 min total) and process repeated. Morphology changes were observed after additional

UV exposure, but no further changes were observed under ambient conditions.

After 5 min in After 5 min in
mbient conditions After irradiation ambient conditions
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FIGURE 2.49: PAP-HMDA studies with in sifu irradiation. Scale bar = 50 pm

2.4.4. KINETICS STUDIES
Study of EG2-SH reaction with surfactants and product kinetic studies:

Kinetics studies were performed to test the rate of reaction of the TEA12, PYR12 and
DMAP12 surfactants with EG2-SH as the nucleophile. The desired surfactant was dissolved in
500 pL acetone-d6, followed by the addition of 1.1, 0.5, or 0.1 equiv. EG2-SH (5.5, 2.5 or 0.5 mM
for TEA12; 4.4, 2.0 or 0.4 mM for DMAP12 and PYR12). The mixture was then monitored
immediately via IH-NMR to study the kinetics of reaction (Figure 2.50-2.55). Analysis over 24 h
shows that TEA12 displayed the fastest reaction kinetics followed by DMAP12. PYR12 was the
slowest, with no product peak evolution even after 48 h. Appearance of Hy, highlighted in each

example, was compared to the disappearance of Ha to track reaction progress.
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FIGURE 2.50: 'H-NMR Kkinetics studies of TEA12 with 1.1 equiv. EG>-SH.
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FIGURE 2.51: 'TH-NMR Kkinetics studies of TEA12 with 0.5 equiv. EG,-SH.
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FIGURE 2.52: '"H-NMR Kkinetics studies of TEA12 with 0.1 equiv. EG>-SH.
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FIGURE 2.53: 'H-NMR kinetics studies of DMAP12 with 1.1 equiv. EG,-SH.
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FIGURE 2.54: 'H-NMR kinetics studies of DMAP12 with 0.5 equiv. EG,-SH.
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FIGURE 2.55: "TH-NMR kinetics studies of PYR12 with 1.1 equiv. EG,-SH.

2.4.5. PARTITIONING STUDIES:

Partitioning studies of the product in water vs hexanes were additionally performed to test
the fate of the reacted small molecule, its partitioning from water to hexane was tested. 20 mg
(56.4 mmol) TEA12 surfactant was dissolved in 500 puLL water, followed by the addition of 1.1
equiv. (62.1 mmol) EG2-SH. The product formed as an insoluble precipitate, which was isolated,

characterized and confirmed via "H NMR (Figure 2.56). To this mixture in water, 500 pL of hexane
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was added and it was observed that the precipitate partitioned into the hexane layer after shaking
(Figure 2.57). Due to volume difference in the emulsion systems, wherein the hexane phase is a
fraction of the water, it is likely not all the product is dissolved in the hexane phase; however, this

shows the preference of the product to partition into the hexane phase.
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FIGURE 2.56: 'H-NMR of the isolated product
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Figure 2.57: Partitioning studies showing the reacted product formed an insoluble product in water, which partitioned
into the hexane after shaking.

2.5 CONCLUSIONS

In this work, we have designed covalently triggerable surfactants, based on TMAc
chemistry, that respond to specific nucleophilic stimuli and utilized them as interfacial stabilizers
of single and double emulsions. We have shown that through the rational design of the surfactant
molecules, specific nucleophile triggers reduce surfactant strength through the loss of the charged
hydrophilic head group, thus destabilizing HC/W interfaces. The destabilization of HC/W
interfaces causes single and double emulsions to burst and undergo morphological changes,
respectively, providing a macroscopic response to microscale reactivity. Importantly, the structure

of the surfactant molecules imparted tunable kinetic control on the emulsion response through
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changes in the leaving group ability. Further, we demonstrated that both small molecule and

nanoassembly nucleophiles can be utilized as stimuli. Finally, by combining TMAc-functionalized

emulsions with an orthogonally responsive modality, a cascade response was observed, wherein a

light-induced release of a nucleophile guest from a nanoassembly resulted in emulsion response.

Overall, a formal Michael-type SN2’ reaction has been conveniently utilized to create

programmable emulsion systems with significant control. Such emulsion programming capability

has implications in sensing, delivery, adhesion, and self-healing applications.
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3.1 INTRODUCTION

Lipid bio-membranes due to their thin, flexible, and fluid-like properties, allow shape
reorganization when it encounters complementary proteins, viruses, or synthetic particles.! Most
interactions on a cell surface are based on specific receptor-mediated ligand interactions; an
important mechanism by which biomolecules and particles can enter and leave an animal cell.?
This mechanism is advantageous since it can be leveraged in nanomedicine to develop
nanoparticles that display complementary surface ligands to selectively adhere to cell receptors,
increasing interaction specificity and uptake.’> However, with the advent of nanomedicine, which
makes use of nonspecific and specific interactions for drug delivery, there have been growing
concerns associated with nanoparticle cytotoxicity as a result of membrane interaction, '°.
Biological systems are inherently complex, and to understand more about the interaction process,
disentangling the physicochemical process from biological complexities becomes necessary for
rationalization. Computational models that use coarse-graining and multi-scale simulations have
provided useful clues; however, the complexity of the cellular membrane poses several hurdles for
theoretical routes.!®!? Synthetic lipid membrane platforms such as giant unilamellar vesicles
(GUVs) are a simplified alternative that can be utilized as a repeatable and robust experimental
model for this purpose.

Mechanisms by which nanoparticles interact with the cell membrane have been of much
interest. It is generally agreed upon that the local geometry, ligand density, size, and rigidity of a
nanoparticle determine the outcome after interaction with the cellular bio-membrane.'!"!* From the
membrane point of view, the interaction process would also depend on the bending elasticity of
the membrane and the geometry of the curved membrane.!? Although synthetic lipid platforms

have been previously used to study the effect of polymers and nanoparticles on membrane
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morphology, adhesion, and rupture,'**

most of these experimental and theoretical studies focus
on the impact of non-specific interactions such as electrostatics in inducing changes to membrane
morphology.”!>?! Results from these studies, however, cannot be fully extended to systems
utilizing specific receptor-ligand interactions. Variations in solvation/desolvation contributions,
entropic costs, and overall size scale of interaction?? do not permit this, and studies that seek to
fundamentally understand the role of specific receptor-ligand binding in nanoparticle-membrane
interactions are rare. As a result, it becomes important that suitable synthetic models capable of
mimicking the natural binding event between receptors and ligands displayed on nanoparticles be
developed. With synthetic GUV platforms, experimental conditions can be simplified, and it would
be possible to retrieve information about the physical rules that regulate the behavior of
membranes during this process.

% g 2
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FIGURE 3.1: Schematic showing nanoparticle-induced GUV adhesion via non-covalent binding with immobilized

hCAII on GUV surface
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In this work, we adopt a strategy to explore specific receptor-mediated nanoparticle binding
in GUVs by utilizing hCAll-benzenesulfonamide as the model receptor-ligand (R-L) pair (Figure
3.1). We immobilized hCAII onto the surface of GUVs as a receptor-decorated cell mimic to
evaluate the effect of benzenesulfonamide decorated nanoparticles through membrane
morphology transformations. These interfacial changes and associated systemic energies were
found to be dependent on nanoparticle size, R and L surface densities, individual concentrations

of R and L, and finally, overall R:L concentration ratios.

3.2 EXPERIMENTAL SECTION

3.2.1 MATERIALS

All reagents were obtained from commercial sources and used as received without further
purification. 18:1 DOPC (1,2-dioleoyl-sn-glycero-3-phosphocholine), cholesterol, 18:1 DGS-NTA
(Ni)  (1,2-dioleoyl-sn-glycero-3-[(N-(5-amino-1-carboxypentyl)iminodiacetic  acid)succinyl]
(nickel salt), 18:1 NBD-PE (1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(7-nitro-2-1,3-
benzoxadiazol-4-yl) (ammonium salt)) and 18:1 Rhod-PE (1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (ammonium salt)) lipids were
purchased from Avanti Polar Lipids, Inc. Tetraethyl orthosilicate, 3-aminoproyltriethoxysilane, 4-
(2-Aminoethyl)benzenesulfonamide, N,N’-dicyclohexylcarbodiimide (DCC), rhodamine-tagged
dextran (70 kDa), FITC-tagged dextran (70 kDa), silica nanoparticles were purchased from Sigma-
Aldrich. Sucrose, tetrahydrofuran (THF), toluene, ammonium hydroxide, and dimethylformamide
(DMF) were obtained from Fisher Scientific. Succinic anhydride was obtained from Acros

Organics. 190 proof Ethanol was obtained from Pharmco. 4-dimethylaminopyridine was obtained
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from Chem-Impex International. Dansylamide (DNSA) was purchased from Aldrich Chemical

Company. Perfusion chambers were purchased from Grace Biolabs.

3.2.2 INSTRUMENTAL ANALYSIS

Dynamic light scattering (DLS) measurements were performed on a Malvern
Nanozetasizer-ZS operating at 633 nm. Absorbance measurements were performed on a Perkin-
Elmer Lambda 35 UV-Visible spectrometer. Fluorescence measurements were performed using a
PerkinElmer LS 55 spectrometer. Small volume (~200 pL) absorbance and fluorescence
measurements were performed on a Molecular Devices multi-mode plate reader. All optical images
were captured using NIS-Elements AR software on a Nikon Ti2-E spinning disk confocal

microscope.

3.2.3 METHODS

a. SURFACE MODIFICATION OF SILICA NANOPARTICLES

o 0 o_ 0 H
@&SIMNMOH @%9&/\/\”)]\% \/\©\ o
o H 0 DCC, DMAP 0 0 (usu)‘NH2
; DMF, 16 h, r.t. )

SCHEME 3.1: Surface modification of silica nanoparticles with benzenesulfonamide

Synthesis of 2: 20 nm, 200 nm, 300 nm, 420 nm silica nanoparticles were surface-functionalized

with succinic anhydride to obtain silica-COOH (1) using a procedure from literature.?* To obtain

93



varying surface densities of sulfonamide on the silica particles, calculations in Table 3.1 and 3.2

were used. It is known that Stober silica particles contain ~ 4-6 hydroxyl units per nm-”.

2 23-25

Table 3.1: Moles, weights, and equivalents of different reagents used for sulfonamide surface density = 2.3 per nm?

.. DCC DMAP 4-(2- DMF
Silica-COOH (1) Aminoethyl)benzenesulfonamide

420 nm 12.2 mg, 59.4 pmol 3.61 mg, 29.7 pmol 11.2 mg, 59.4 pmol, 1.5 mL
(500 mg, 1.670 mmol)

300 nm 17.1 mg, 82.9 pmol 5.02 mg, 41.5 pumol 16.6 mg, 82.9 pmol 1.5 mL
(500 mg, 1.670 mmol)

200 nm 25.8 mg, 125 pmol 7.56 mg, 62.4 umol 25.1 mg, 125 pmol 1.5 mL
(500 mg, 1.670 mmol)

20 nm 257 mg, 1250 pmol 75.5 mg, 623 pmol 250 mg, 1250 pmol 1.5 mL

(500 mg, 1.670 mmol)

Table 3.2: Moles, weights, and equivalents of different reagents used for sulfonamide surface density = 0.27 per nm?

DCC

DMAP

4-(2-

_ DMF
Silica-COOH (1) Aminoethyl)benzenesulfonamide

420 nm 0.422 mg, 2.51 pmol | 0.124 mg, 1.02 pmol 0.410 mg, 2.51 pmol 1.5 mL
(500 mg, 1.670 mmol)

300 nm 0.591 mg, 2.92 pmol | 0.176 mg, 1.45 pmol 0.581 mg, 2.92 umol 1.5 mL
(500 mg, 1.670 mmol)

200 nm 0.891 mg, 4.34 pmol | 0.263 mg, 2.17 pmol 0.870 mg, 4.34 umol 1.5 mL
(500 mg, 1.670 mmol)

20 nm 8.91 mg, 43.2 umol 2.62 mg, 21.6 pmol 8.64 mg, 43.2 umol 1.5 mL

(500 mg, 1.670 mmol)

In our experiments, we first fixed this value to 10 hydroxyl units per nm? to estimate the weight of

4-(2-Aminoethyl)benzenesulfonamide required. An excess value of 10 hydroxyl units was used to

ensure the complete functionalization of the silica surface. Based on this, the moles, weights, and

equivalents of different reagents required for complete coverage for each silica sample are in Table

3.1. The number of sulfonamides per nm? was then determined using a quantification method
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discussed in the next section to obtain the maximum number of sulfonamides per nm? that can be
functionalized for all silica sizes. This value was found to be 2.3 per nm?. Based on this, the weights
of the reagents required for a lower sulfonamide surface density of 0.27 per nm? were calculated
(Table 3.2). Using these calculations, 1 was weighed in a glass vial and dispersed in 1.3 mL. DMF
under sonication for 30 minutes. To this, corresponding amounts of DCC and DMAP were added
to the vial and stirred for 10 minutes while purging under argon. This was followed by the addition
of corresponding amounts of 4-(2-Aminoethyl)benzenesulfonamide (dissolved in a total of 200 pLL
DMF) under inert conditions . The reaction was left to continue overnight after which silica

particles were centrifuged and washed with ethanol 3X, and lyophilized for binding studies.

b. SULFONAMIDE QUANTIFICATION ON SILICA NANOPARTICLES

The amount of sulfonamide functionalized on the silica particles was quantified using UV-
Vis. A calibration plot of 4-(2-Aminoethyl)benzenesulfonamide was first made by measuring
absorbances at 366 nm (Figure 3.2). The absorbance values of the various amounts of 4-(2-
Aminoethyl)benzenesulfonamide used in Scheme 3.1 were then determined at 366 nm before and
after reaction with the silica particles. The amount of sulfonamide that was conjugated to the
surface of the silica particles was then determined by subtracting the absorbance values before and
after completion of the reaction. Tables 3.3-3.4 show the sulfonamide surface density, sulfonamide
molarity and total particle number that were calculated from absorbance values. Also note that the
sulfonamide molarity can be varied by tuning the total particle number of sulfonamide

nanoparticles in solution.
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FIGURE 3.2: Calibration plot of 4-(2-Aminoethyl)benzenesulfonamide at 366 nm
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Table 3.3: Sulfonamide molarity, surface density and corresponding particle number (at 10 mg/mL surface
modified silica solution)

Size of silica nanoparticles #sulfonamide [sulfonamide] total number of modified silica
(sulfonamide per nm? = 2.3) per nm’ uM particles in 1 mL
1.6 0.08E+10
400 nm 2.3 3 0.15E+10
6 0.32E+10
13 0.65E+10
1.6 0.14E+10
300 nm 23
3 0.27E+10
6 0.55E+10
13 1.19E+10
1.6 0.32E+10
200 nm 23
3 0.61E+10
6 1.21E+10
13 2.61E+10
1.6 0.33E+12
20 nm 23
3 0.62E+12
6 1.24E+12
13 2.68E+12
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Table 3.4: Sulfonamide molarity, surface density and corresponding particle number (at 10 mg/mL surface
modified silica solution)

Size of silica nanoparticles #sulfonamide per [sulfonamide] total number of modified silica
(sulfonamide per nm? = 0.27) nm’ uM particles in 1 mL
1.6 0.65E+10
6 2.44E+10
13 5.28E+10
1.6 1.19E+10
300 nm 0.278
3 2.23E+10
6 4.46E+10
13 9.67E+10
1.6 2.61E+10
200 nm 0.277
3 4.89E+10
6 9.98E+10
13 21.21E+10
1.6 2.68E+12
20 nm 0.275
3 5.03E+12
6 10.05E+12
13 21.78E+12
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c. HCAII EXPRESSION PROTOCOLS

Green fluorescent protein (GFP) and human carbonic anhydrase 11 (hCAII) enzyme were

expressed using a procedure in literature.?® Protein constructs for a 6-histidine motif at the N-

terminus were made from the original plasmid via standard mutagenesis protocols.

d. HUMAN CARBONIC ANHYDRASE (HCAII) IMMOBILIZATION ON GUVS

Table 3.5: Volumes of fluorescent GUVs and hCAII added for GUV immobilization
RG GUVs FG GUVs Total Vol. of hCAIT| hCAII [hCAII] (uM)/surface

(Vol. added/ (Vol. added/DGS- | [DGS-NTA(Ni?")] added nmol density (per nm?)

DGS-NTA(Ni?") | NTA(Ni*") nmol) uM uL
nmol)

5 uL RNGO/ - 5 uL FNGO/ - - -
5 uL RNG1/0.78 | 5 uL FNG1/0.78 1.56 3.95 1.56 1.56/9.1E-4
5 uL RNG2/1.56 | 5 uL FNG2/1.56 3.13 7.96 3.13 3.13/18.3E-4
5 uL RNG3/3.13 | 5uL FNG3/3.13 6.25 15.92 6.25 6.25/37.5E-4
5 uL RNG4/6.25 | 5 uL FNG4/6.25 12.5 31.84 12.5 12.5/75E-4

hCAII enzyme containing a polyhistidine (6-histidine) tag at the N-terminus was expressed
using the protocols outlined in the previous section. Tris-HCI buffer in the hCAII enzyme samples
was then exchanged with 197 mOsm/L glucose solution via spin filtration using 3k MWCO filters.
In separate Eppendorf tubes, 5 pL of RGNO-RGN4 GUVs and 5 pL of corresponding FGNO-
FGN4 GUVs were then mixed. Assuming that there is a 1:1 coordination between the Ni** in DGS-
NTA(Ni*") and the histidine tag in hCAII, appropriate volumes of 392.5 uM hCAII were

calculated (3.95 — 31.84 uL; 1.56 — 12.5 nmol) and added to the Eppendorf tubes. The final GUV
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mixtures contained 1.56, 3.13, 6.25, and 12.5 uM of immobilized hCAII, respectively when diluted

to 1 mL (Table 3.5).

e. DNSA BINDING EXPERIMENT

To determine the binding affinity of sulfonamide human carbonic anhydrase II (hCAII)
enzyme, a published literature procedure was followed.?” The binding affinity of sulfonamide
nanoparticles with carbonic anhydrase enzyme was estimated via a competitive binding assay with
dansylamide (DNSA). The Kq of DNSA with carbonic anhydrase was calculated to be 1 uM, which
is in close agreement with the value of 0.9 uM, reported by Nair et al.?® The K4 of sulfonamide
surface-modified silica nanoparticles were found to have a calculated value of 0.25 puM from

competitive binding experiments with DNSA.

f. DLS PLOTS OF SURFACE MODIFIED SILICA NANOPARTICLES:
DLS experiments were performed by using 0.1 mg/mL solutions of surface modified silica

nanoparticles to confirm size.

)
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FIGURE 3.3: DLS plots of sulfonamide modified silica nanoparticles
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g. HCAIl ENZYME SURFACE COVERAGE DETERMINATION ON GUVS

Electroformed GUVs containing rhodamine and FITC- dextran were an average size of 20
um. This was used to calculate the total number of DGS-NTA (Ni**) lipid in each GUV. Assuming
an average GUV size of 20 um, the total number of lipids on the outer leaflet of the GUV bilayer
was theoretically calculated. From this, the number of DGS-NTA (Ni*") lipids was estimated based
on the amounts doped into the DOPC-cholesterol mixture before electroformation. Assuming there
is 1:1 binding between hCAIIl and DGS-NTA (Ni?"), the number of hCAII enzymes per nm? on

the GUV surface sample was then calculated (Table 3.6).

Table 3.6: Surface density of hCAII per nm? of GUV corresponding to the percent surface coverage of DGS-
NTA(Ni?")
% DGS-NTA ( Ni?") doping [hCAII] uM # hCAII per nm?
0.063% 1.56 9.1E-4
0.125% 3.13 18.3E-4
0.25% 6.25 37.5E-4
0.5% 12.5 75.0E-4

h. PREPARATION OF NON-FLUORESCENT GUVS VIA ELECTROFORMATION
Non-fluorescent GUVs were formed via electroformation, using a modified procedure in
literature.?” Briefly, DOPC (1,2-dioleoyl-sn-glycero-3-phosphocholine) (44.6 uL, 25 mg/mL, 1.5
pmol) and cholesterol (15 pL, 25 mg/mL, 1 pmol) were measured into 4 glass vials. The final ratio
of DOPC:cholesterol was 3:2, with a total lipid concentration of 2.5 mM. 0.17, 0.33, 0.66, and
1.32 uL (1.56, 3.13, 6.25 and 12.5 nmol respectively) of 10 mg/mL DGS-NTA(Ni2") lipid were

then added to glass vials containing the DOPC-cholesterol mixture. The final lipid formulations
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had DGS-NTA(Ni*") at concentrations of 1.56, 3.13, 6.25, and 12.5 uM and were labeled as N1,
N2, N3, N4 respectively. A control lipid mixture, NO, was also formulated with DOPC and
cholesterol without DGS-NTA(Ni?"). Each of the lipid formulations, NO-N4, was then smeared as
a thin layer on a pair of ITO-coated slides and dried under vacuum for 90 minutes. Each pair of
ITO slides were then positioned on either side of a Teflon spacer with the lipid-coated surfaces
facing each other and secured to form an electroformation chamber. 197 mOsm/L sucrose solution
prepared in distilled water was then injected into each chamber and filled completely.
Electroformation was carried out at 50 °C at a sinusoidal applied frequency of 10 Hz and peak-to-
peak voltage 2.4 V for 90 min. Post electroformation, the respective GUV solutions, GN0-GN4,
were extracted from the chambers and placed into Eppendorf tubes. 197 mOsm/L glucose solution
prepared in distilled water was then added to each tube and left undisturbed for 3 h to facilitate
GUYV sedimentation. The solutions were then gently centrifuged for complete sedimentation of
formed GUVs. The supernatant was discarded, and the sedimented GUVs were recovered for

further studies.

1. PREPARATION OF FLUORESCENT GUVS VIA ELECTROFORMATION

To prepare fluorescent GUVs, 0.5 mg/mL rhodamine- and FITC-tagged dextran solutions
were dissolved in 180 mM sucrose solution. The osmolarities of these dextran solutions were
finally adjusted to 197 mOsm/L. Electroformation protocols were then followed by using either
197 mOsm/L rhodamine or FITC-tagged dextran solutions instead of the non-fluorescent sucrose
solution used in the previous section. This yielded fluorescent DGS-NTA(Ni?*) containing GUV's

encapsulating either rhodamine-dextran (RGNO-RGN4) or fluorescein-dextran (FGNO-FGN4) in
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their lumen. To these GUV samples, 197 mOsm/L glucose was added to facilitate sedimentation

prior to extraction for further studies.

j- HUMAN CARBONIC ANHYDRASE (HCAII) IMMOBILIZATION ON GUVS

hCAII protein containing a polyhistidine (6-histidine) tag at the N-terminus was expressed
using the protocols outlined above. Tris-HCI buffer in the hCAII samples was then exchanged with
197 mOsm/L glucose solution via spin filtration using 3k MWCO filters. In separate Eppendorf
tubes, 5 uL of RGNO-RGN4 GUVs and 5 pL of corresponding FGNO-FGN4 GUVs were then
mixed. Assuming that there is a 1:1 coordination between the Ni** in DGS-NTA(Ni**) and the
histidine tag in hCAII, appropriate volumes of 392.5 uM hCAII were calculated (3.95 —31.84 uL;
1.56 — 12.5 nmol) and added to the Eppendorf tubes. After addition, the final GUV mixtures
contained 1.56, 3.13, 6.25, and 12.5 pM of immobilized hCAII, respectively when diluted to 1 mL
(Table 3.5). Experiments to confirm protein immobilization on the GUV surface were also

performed using green fluorescent protein (GFP) (Control experiments, Figure 3.8).

k. PARTICLE-GUV INTERACTION STUDIES

10 mg of modified sulfonamide silica nanoparticles of various sizes were weighed, and 1
mL distilled water added to make a series of silica nanoparticle solutions of 10 mg/mL. After
mixing hCAIl and GUV (using values from Table 3.3), the corresponding volumes of the
sulfonamide containing silica nanoparticle solutions in Tables 3.7-3.14 were added and incubated
at 4°C. The incubated solutions were then diluted to 1 mL with 197 mOsm/L glucose and 20 pL

injected into perfusion chambers to obtain optical microscopy images.
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Table 3.7: Volumes of sulfonamide nanoparticles added to hCAII immobilized GUVs (420 nm, high sulfonamide

surface density)

The volume of 420 nm particles added (sulfonamide surface density = 2.3 per nm?)

[hCAIT] uM pL
1 uM sulfo 3 uM sulfo 6 uM sulfo 13 uM sulfo
1.56 5.95 11.9 23.8 47.6
3.13 5.95 11.9 23.8 47.6
6.25 5.95 11.9 23.8 47.6
12.5 5.95 11.9 23.8 47.6

Table 3.8: Volumes of sulfonamide nanoparticles added to hCAIIl immobilized GUVs (420 nm, low sulfonamide

surface density)

Volume of 420 nm particles added (sulfonamide surface density = 0.27 per nm?)

[hCAII] uM uL
1 uM sulfo 3 uM sulfo 6 uM sulfo 13 uM sulfo
1.56 49.59 99.17 198.34 396.68
3.13 49.59 99.17 198.34 396.68
6.25 49.59 99.17 198.34 396.68
12.5 49.59 99.17 198.34 396.68

Table 3.9: Volumes of sulfonamide nanoparticles added to hCAII immobilized GUVs (300 nm, high sulfonamide

surface density)

Volume of 300 nm particles added (sulfonamide per nm? = 2.3)

[hCAII] uM uL
1 uM sulfo 3 uM sulfo 6 UM sulfo 13 uM sulfo
1.56 4.2 8.4 16.81 33.62
3.13 4.2 8.4 16.81 33.62
6.25 4.2 8.4 16.81 33.62
12.5 4.2 8.4 16.81 33.62
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Table 3.10: Volumes of sulfonamide nanoparticles added to hCAII immobilized GUVs (300 nm, low
sulfonamide surface density)

Volume of 300 nm particles added (sulfonamide surface density = 0.27 per nm?)

[hCAII] uM uL
1 uM sulfo 3 uM sulfo 6 uM sulfo 13 uM sulfo
1.56 32.35 64.69 129.39 258.79
3.13 32.35 64.69 129.39 258.79
6.25 32.35 64.69 129.39 258.79
12.5 32.35 64.69 129.39 258.79

Table 3.11: Volumes of sulfonamide nanoparticles added to hCAIIl immobilized GUVs (200 nm, high sulfonamide

surface density)

Volume of 200 nm particles added (sulfonamide per nm? = 2.3)

[hCAII] uM uL
1 uM sulfo 3 uM sulfo 6 uM sulfo 13 uM sulfo
1.56 2.81 5.61 11.22 22.44
3.13 2.81 5.61 11.22 22.44
6.25 2.81 5.61 11.22 22.44
12.5 2.81 5.61 11.22 22.44

Table 3.12: Volumes of sulfonamide nanoparticles added to hCAII immobilized GUVs (200 nm, low
sulfonamide surface density)

Volume of 200 nm particles added (sulfonamide surface density = 0.27 per nm?)

[hCAII] pM pL
1 uM sulfo 3 uM sulfo 6 UM sulfo 13 uM sulfo
1.56 21.75 43.51 87.01 174.02
3.13 21.75 43.51 87.01 174.02
6.25 21.75 43.51 87.01 174.02
12.5 21.75 43.51 87.01 174.02
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Table 3.13: Volumes of sulfonamide nanoparticles added to hCAII immobilized GUVs (20 nm, high sulfonamide

surface density)

Volume of 20 nm particles added (sulfonamide per nm? = 2.3)

[hCAIT] uM uL
1 uM sulfo 3 uM sulfo 6 UM sulfo 13 uM sulfo
1.56 0.28 0.56 1.12 2.25
3.13 0.28 0.56 1.12 2.25
6.25 0.28 0.56 1.12 2.25
12.5 0.28 0.56 1.12 2.25

Table 3.14: Volumes of sulfonamide nanoparticles added to hCAIIl immobilized GUVs (20 nm, low sulfonamide
surface density)

Volume of 20 nm particles added (sulfonamide surface density = 0.27 per nm?)

[hCAII] uM uL
1 uM sulfo 3 uM sulfo 6 uM sulfo 13 uM sulfo
1.56 2.29 4.58 9.17 18.34
3.13 2.29 4.58 9.17 18.34
6.25 2.29 4.58 9.17 18.34
12.5 2.29 4.58 9.17 18.34

106




3.3 RESULTS AND DISCUSSION:

To explore the interfacial GUV morphology effects induced by receptor-mediated
nanoparticle binding, a model receptor was immobilized on the surface of the lipid membrane and
subsequently allowed to interact with nanoparticles bearing complementary ligands. Human
Carbonic Anhydrase II (hCAII) protein was chosen as the model receptor due to its relevance as a
surface biomarker in several diseases and syndromes.>* A library of sulfonamides, which are
complementary ligands of hCAII, is also known.** For surface immobilization of hCAII, a known
interaction between Ni** with polyhistidine amino-acid motifs was used to our advantage.*! hCAII
was expressed to contain a 6-histidine tag and then introduced to GUVs electroformed with Ni**
to facilitate immobilization. In addition, the hCAII surface densities on the GUVs were tuned by
varying the total amount of Ni** doped into the lipid membrane. Assuming that there is 1:1 binding
between the Ni?" and hCAII, the final receptor surface densities after immobilization were
calculated to be 0, 9.1E-4, 18.3E-4, 37.5E-4, or 75E-4 per nm?. These surface densities translate
to a total concentration of 0, 1.56, 3.13, 6.25, and 12.5 uM hCAII, respectively. Next, a series of
silica nanoparticles were surface modified to display benzenesulfonamide, a complementary
ligand of hCAII (Scheme 3.1, Tables 3.1-3.2). Since the introduction of these nanoparticles
facilitates non-covalent interfacial binding with the hCAII, changes in GUV membrane
morphology are expected to occur post binding. In the following sections, we explore the effects
of receptor/ligand surface density, nanoparticle size, and overall ratios of receptor and ligand

concentrations on this receptor-mediated nanoparticle interaction process.
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3.3.1 EFFECT OF HCAII SURFACE DENSITY ON NANOPARTICLE BINDING

The surface density of hCAII immobilized on the GUV surface were seen to influence the
extent of nanoparticle binding and induces varying GUV membrane morphologies. To explore this,
hCAII surface density on the GUVs was varied between 0 — 75E-4 per nm?, whereas, the
sulfonamide nanoparticles were held at a constant size of 420 nm, total sulfonamide concentration
of 13 pM, and sulfonamide surface density of 2.3 per nm?. As a result, any changes in the system
would be a result of hCAII surface density variation. Due to the presence of multiple sulfonamide
ligands on the nanoparticle surface, a single nanoparticle can establish contacts with multiple
receptors at any given time. Due to this property of nanoparticle multivalency, inter-GUV adhesion
was expected to occur. However, the extent of this adhesion would be dependent on hCAII surface
density and will be reflected in the adhesion angles between adhered GUVs. This may be used as
a qualitative estimate of the adhesion energy at the GUV interface. Figure 3.4 shows the
morphology changes observed after introducing 420 nm sulfonamide particles (sulfonamide
concentration of 13 pM and surface density of 2.3 per nm?) at various hCAII surface densities. At
a hCAII surface density of 9.1E-4 per nm?, nanoparticle introduction did not induce any changes
in the system (Figure 3.4a). Since there was no interaction between GUVs, the contact angle of
adhesion here was assigned a value of 0°. However, at a higher surface density of 18.3E-4 per nm?,
adhesion was observed between the GUVs, and the average contact angle in the samples was
measured to be 37.3° (Figures 3.4c, 3.4k). At a value of 37.5E-4 per nm?, adhesion became visibly
stronger, as evidenced by the increase in average adhesion angle to 118.8° (Figures 3.4e, 3.4k). At
the highest surface density of 75E-4 per nm?, the largest adhesion angles were also observed and
amounted to an average of 140.7° (Figure 3.4g, 3.4k). Interestingly, at 75E-4 per nm? surface

density, about 10% of the GUVs also exhibited a “swallowing” phenomenon as evidenced by the
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presence of FITC-dextran containing GUVs within GUVs containing rhodamine-dextran, or vice-
versa (Figure 3.4i). In addition, at 37.5E-4 and 75E-4 per nm? hCAIl, GUV lysis was observed
after ~ 36 h of incubation as evidenced by the leakage of the dextran-dye in the surrounding GUV
environment (Figures 3.4f and 3.4h). However, at lower hCAII surface densities of 9.1E-4 and
18.3E-4, no lysis was observed even after 80 h of incubation with the sulfonamide nanoparticles

(Figures 3.4b and 3.4d).

=

adhesion angle (6)
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ThCAl] (uM)

FIGURE 3.4: Composite microscopy images showing extents of GUV adhesion at varying hCAII surface densities.
Nanoparticles were fixed at 420 nm, 13 pM sulfonamide concentration, and surface density of 2.3 per nm?>. a-b) No
adhesion with nanoparticle addition at 9.1E-4 per nm?> hCAII after 80 h; c-d) maintenance of GUV adhesion with
nanoparticle addition at 18.3E-4 per nm? hCAII even after 80h ; e-f) adhesion followed by rupture with nanoparticle
addition at 37.5E-4 per nm? hCAII; g-h) adhesion followed by rupture with nanoparticle addition at 75E-4 per nm?
hCAII; i) swallowing observed with nanoparticle addition at 75E-4 per nm? hCAII; j) Image showing how adhesion
angles were measured in GUV samples; k) Plot of adhesion angle vs. [hCAII] (angles were measured 1h after

nanoparticle addition). Scale bar is 20 um.
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3.3.2 ESTIMATION OF ADHESION STRENGTH

An estimation of adhesion strength was made by utilizing average adhesion angles obtained
in the previous section in terms of the work of adhesion (W). Generally, the shape of a vesicle is
determined by a combination of W, membrane tension (t), and bending modulus of the lipid
membrane (k). While k affects the shape of the membrane over smaller length scales, the
membrane tension affects the GUV shape over larger scales of length. Considering that value of
is small for a DOPC/Chol membrane, the membrane shape will be dominated by T rather than k.
In this tension dominated regime, it would be possible to obtain actual adhesion energy values>?
using Young’s equation,

W =21(1-cos0)
where 0 is the contact angle between the vesicles. Since the value of T is unknown in our
experiments, we estimated the upper limit of W for our system using an approximate T value. In
general, the values of T in GUVs composed of a DOPC/Chol membrane can range between the
uN/m and mN/m range. The value of maximum t for DOPC/Chol just below lysis is usually in
the mN/m range.?’*® Hence, if we consider an approximate T value of 1 mM/m, the upper value
of W at the largest contact angle value (140.7°) would be 3.55 mJ/m?. The lower limit of W would
be zero since at low amounts of enzyme or ligand, no adhesion was observed. From these values,

the range of W in our GUV system is anticipated to be between 0 — 3.55 mJ/m?.

3.3.3 INFLUENCE OF CONCENTRATION RATIO OF RECEPTOR AND LIGAND

In this section, the effect of the receptor (R) and ligand (L) concentrations, and

subsequently the R:L concentration ratio were explored and were all found to influence GUV
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adhesion. Receptor and ligand concentrations were varied by keeping the nanoparticle size and
sulfonamide density a constant (at 420 nm and 2.3 per nm?, respectively). The values of contact
angles were obtained at different R:L ratios in Figures 3.5a and 3.6a. A closer look at these values
reveals a trend in adhesion based on the total concentrations of hCAII and sulfonamide in the
sample. When the receptor and ligand concentrations were increased gradually but maintained at
a constant R:L value of ~1, the average adhesion angles were also seen to increase and measured
to be 0°,30.4°, 109.2°, and 140.7° respectively (highlighted by the diagonal green boxes in Figure
3.6a). However, when the R:L ratio was not maintained at 1, the values of adhesion angles were
dependent on whether the receptor or ligand concentration “limited” the binding event. For
example, when the concentration of the receptor or ligand was limited to 3 uM, adhesion angles
were close to each other and are highlighted by the red boxes in Figure 4a. A similar observation
can be made when the concentration was limited to 6 uM (highlighted by yellow boxes in Figure

3.6a). Corresponding W values were also calculated and can also be found in Figure 3.6a.

Next, the effect of R:L ratio was explored at a lower sulfonamide surface density of 0.27 per nm?

at the same nanoparticle size of 420 nm. It was observed that at both sulfonamide surface densities
of 2.3 and 0.27 per nm?, the corresponding adhesion angles (and W values) at various R:L ratios
were similar to each other when compared (Figure 3.5a-b, 3.6a-b). As seen previously, an
increasing trend was obtained when the receptor and ligand concentrations were increased
gradually but maintained at R:L ~1. The similarity of these angles even at the lower sulfonamide
density suggests that the nanoparticle size is a crucial parameter that directs membrane

morphology changes, and we sought to explore the effects of size in the next section.
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FIGURE 3.5: Influence of R:L ratio at various sizes. a) Plots of average adhesion angles at 420 and at sulfonamide

surface density of 2.3 per nm?; b) plots of average adhesion angles at 420 and at sulfonamide surface density of 0.27

per nm?; ¢) plots of average adhesion angles at 300 nm and at sulfonamide surface density of 2.3 per nm?; d) plots of

average adhesion angles at 300 nm and at sulfonamide surface density of 0.27 per nm?; €) plots of average adhesion

angles at 200 nm and at sulfonamide surface density of 2.3 per nm?; f) plots of average adhesion angles at 200 nm and

at sulfonamide surface density of 0.27 per nm?; g) plots of average adhesion angles at 20 nm and at sulfonamide surface

density of 2.3 per nm?; h) plots of average adhesion angles at 20 and at sulfonamide surface density of 0.27 per nm?2.
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3.3.4 INFLUENCE OF CONCENTRATION RATIO OF RECEPTOR AND LIGAND (AT

DECREASING NANOPARTICLE SIZES)

Nanoparticle size was seen play a role in GUV morphology change at varying
receptor/ligand concentrations and R:L ratios. To study the effects of size, 300 nm, 200 nm, and
20 nm silica nanoparticles were surface-modified with benzenesulfonamide (Scheme 3.1, Tables
3.1-3.2). First, studies were performed while maintaining the sulfonamide surface density at ~2.3
per nm? to directly compare with the results obtained at 420 nm. As a result, any changes in
adhesion angles while maintaining sulfonamide surface density would be attributed to a size
decrease. This is based on the premise that as the nanoparticle size grows, its surface area also
increases, making it less challenging to establish multivalent surface contacts on GUVs (Figure
3.7a). In addition, the property of steric exclusion would come into play since the exposed surface
area of the nanoparticle after initial binding would be greatly reduced in the case of the 20 nm
particle compared to a particle that is 420 nm. This, in turn, would result in a lower affinity of the
smaller particle to recruit and establish multivalent contacts between receptors on adjacent GUVs,
leading to an overall decrease in the extent of adhesion and W values. On comparing the adhesion
angles obtained for 300 nm, 200 nm, and 20 nm nanoparticles, the corresponding adhesion angles
and W were seen to decrease based on size across all concentrations of hCAII and sulfonamide
(Figures 3.5a, c, e, g, and Figures 3.6a, c, e, g). In general, the observed trend in corresponding
contact angles was 420 nm > 300 nm > 200 nm > 20 nm. This suggests that steric exclusion and a
decreased ability to establish multivalent contacts with GUVs does play a role during the binding
process as result of size decrease. In addition, at all sizes, there was an overall increase in adhesion
angles as sulfonamide and hCAII concentrations were increased but maintained at a R:L ratio of ~

1. Again, at R:L ratios greater and less than 1, the angles and W values were dependent on whether
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the receptor or ligand limited binding (Figures 3.5a, c, e, g and 3.6a, c, e, g). Studies were also
done at a lower sulfonamide surface density of 0.27 per nm? across all sizes (Figures 3.5b, d, e, f
and 3.6b, d, e, f). At 300 nm, a drastic change in angles were not observed at a lower sulfonamide
surface density and were similar to those obtained at the surface density of 2.3 per nm? (Figure
3.5¢c-d, 3.6¢-d). Overall, the angles at 300 nm and respective W values increased when hCAII and
sulfonamide concentrations increased while maintaining the R:L ratio of 1. When this ratio was
not maintained, receptor or ligand concentration limited binding was again observed. However, a
lower sulfonamide surface density greatly influenced binding when the size was 200 nm or 20 nm
(Figures 3.5e-f, 3.6e-f, 3.5g-h, 3.6g-h). For 200 nm particles at the lower density, adhesion angles
fell to 0° when sulfonamide or hCAII concentrations approached a concentration of 3 uM or lower
(Figure 3.6f). This effect was especially magnified in the case of the 20 nm particles at the lower
surface density, where adhesion was observed only at 12.5 puM hCAII and 13 pM sulfonamide,

and at all other concentrations, the angles were found to be 0° (Figure 3.6h).
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FIGURE 3.6: Influence of concentration ratio of receptor and ligand at varying nanoparticle size: the green boxes
indicate the representative angles obtained when R:L is ~1; red boxes indicate the representative angles when binding
is limited by a concentration of 3 uM ; yellow boxes indicate the representative angles when binding is limited by a
concentration of 6 M. a) Optical images of representative adhesion angles at 400 nm and sulfonamide surface density
of 2.3 per nm?; b) Optical images of representative adhesion angles at 400 nm and sulfonamide surface density of 0.27
per nm?; ¢) Optical images of representative adhesion angles at 300 nm and sulfonamide surface density of 2.3 per
nm?; d) Optical images of representative adhesion angles at 300 nm and sulfonamide surface density of 0.27 per nm?;
¢) Optical images of representative adhesion angles at 200 nm and sulfonamide surface density of 2.3 per nm?; f)
Optical images of representative adhesion angles at 200 nm and sulfonamide surface density of 0.27 per nm?; g) Optical
images of representative adhesion angles at 20 nm and sulfonamide surface density of 2.3 per nm?; h) Optical images
of representative adhesion angles at 20 nm and sulfonamide surface density of 0.27 per nm?. In all images

corresponding W values are indicated in parentheses. Scale bar is 5 pm.

3.3.5 NANOPARTICLE-GUV INTERACTION MODELS

Particle-GUV interaction models provide useful information to explain the variation in
adhesion extents seen in the previous sections (Figure 3.6). In cases where no adhesion was
observed, it is hypothesized that the surface density of the receptor and/or sulfonamide ligand is
below the threshold required to facilitate multivalent contacts on the GUV surface. As a result, it
would be impossible for the sulfonamide nanoparticles to initiate binding with hCAII on adjacent
GUVs (Figure 3.7b). In samples where only adhesion was the outcome of the interaction, the
surface densities of hCAII or sulfonamide are such that multivalent interactions with hCAII can
be facilitated, and inter-GUV adhesion can be maintained over time (Figure 3.7c). Under these
conditions, the nanoparticles are also hypothesized to be present superficially at the GUV
membrane interface and remain only partially wrapped by the membrane, as shown. This would

fail to cause any significant change in the GUV membrane tension, and as a result, it would be
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difficult for the system to transition to lysis. For the outcomes that involve adhesion followed by
lysis, hCAII and sulfonamide surface densities are large enough for the particles to first establish
multivalent contacts between adjacent GUVs. However, since the number of contacts would be
higher than in Figure 5c, these nanoparticles can additionally get wrapped almost completely by
the membrane with increasing time, as shown in Figure 3.7d. Subsequent membrane stretching
due to this wrapping process would then lead to an increase in membrane tension until it reaches
the membrane lysis point. In Figure 3.5, the points at which lysis occurs are shown by the dotted
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FIGURE 3.7: Nanoparticle-GUV interaction models. a) Illustration showing the influence of nanoparticle size on
binding and steric exclusion leading to insufficient/weak binding due to smaller exposed surface area in a smaller
nanoparticle b) no adhesion observed at insufficient surface coverages of hCAII or sulfonamide; c) adhesion without
lysis due to partial membrane binding around nanoparticles; d) adhesion followed by lysis due to complete membrane
wrapping around nanoparticles; e) swallowing observed in GUVs when 420 nm particles were introduced at 13 M

sulfonamide and sulfonamide surface density of 2.3 per nm?. Scale bar = 20 um.
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red lines. Since rupture was observed to start occurring at adhesion angles close to 78°, the
minimum W value to facilitate lysis can be roughly estimated to be ~ 1.58 mJ/m?. Finally, the
“swallowing” phenomenon observed at 420 nm (Figure 3.7¢) is believed to be a result of
morphology changes induced in the membrane during interfacial nanoparticle interactions. When
these fluctuations induce the opportune morphology, smaller GUVs may be produced within the
same GUYV internally. Alternatively, larger GUVs may also interact with adjacent smaller ones
through receptor-nanoparticle binding, where this event finally leads to the smaller GUV to be

engulfed over time.

34  CONTROL EXPERIMENTS
3.4.1 GFP IMMOBILIZATION ON GUVS:

To confirm the immobilization of hCAII on the surface of the GUVs via coordination with
Ni?*, microscopy experiments were performed using rhodamine-dextran containing GUVs and
GFP protein. The presence of a green ring around the GUV encapsulating rhodamine dextran dye

confirms the immobilization of GFP on the surface of the GUV via coordination with Ni** (Figure

3.8).

FIGURE 3.8: Composite image of rhodamine-dextran containing GUV (red channel) immobilizing GFP (green

channel).
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3.4.2 VESICLE SWALLOWING STUDIES WITH MEMBRANE-TAGGED GUVS:

To confirm vesicle swallowing, imaging experiments were performed using membrane-
labeled GUVs instead of encapsulating a dextran dye within the GUV lumen. For labeling GUV
membrane, either NBD tagged- or rhodamine tagged-lipid was doped into the DOPC-cholesterol
at 0.5% total lipid concentration. The presence of differently colored vesicles within the larger
vesicle suggests that the swallowing process happened after introducing the sulfonamide modified

silica nanoparticles and not inherently formed during the GUV electroformation process (Figure

3.9).

FIGURE 3.9: Membrane labeling experiments to confirm vesicle swallowing. a) Image of GUVs containing NBD-
tagged lipid in the membrane (Scalebar is 20 um); b) Image of GUVs containing rhodamine-tagged lipid in the
membrane (Scalebar is 20 pm); ¢) Composite image of NBD membrane-tagged GUV within rhodamine membrane-

tagged GUV confirming swallowing process (Scale bar is 10 pm).

3.4.3 STUDIES AT NO HCAII IMMOBILIZATION:

Experiments were performed to confirm that GUVs containing no surface immobilized
hCAII did not show adhesion. 10 mg of sulfonamide-modified silica nanoparticles were weighed,
and 1 mL distilled water added to obtain a solution of 10 mg/mL. Studies were done by incubating
10 uL of GUVs with no hCAII and adding 400 pL of the corresponding 10 mg/mL solution

containing sulfonamide-modified silica nanoparticles of varying sizes. The samples were diluted
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to 1 mL and imaged by injecting 20 puL of the GUV-nanoparticle mixture into perfusion chambers.
Microscopy images in Figure 3.10 show that the hCAII immobilized GUVs remain separated from

each other after introducing nanoparticles with no sulfonamide.

FIGURE 3.10: Control experiments showing that GUVs remain separated from each other when no hCAII was present
on the surface of GUVs a) with 420 nm sulfonamide modified silica nanoparticles; b) with 300 nm sulfonamide
modified silica nanoparticles; c¢) with 200 sulfonamide modified silica nanoparticles; d) with 20 nm sulfonamide

modified silica nanoparticles. Scale bar is 20 pm.

3.4.4 Studies with unmodified silica nanoparticles:
Experiments were performed to confirm that unmodified silica nanoparticles did not induce
adhesion between GUVs. Studies were done at highest hCAII concentration by incubating 10 pL

of the GUV sample with 400 pL unmodified silica nanoparticles. The samples were diluted to 1

FIGURE 3.11: Control experiments showing that GUVs remain separated from each other when non-functionalized
a) 420 nm silica nanoparticles were used; b) 300 nm silica nanoparticles were used; c) 200 silica nanoparticles were

used; d) 20 nm silica nanoparticles were used. Scale bar is 20 pm.
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mL and imaged by injecting 20 uL of the GUV-nanoparticle mixture into perfusion chambers.
Microscopy images in Figure 3.11 show that the hCAII immobilized GUVs remain separated

from each other after introducing nanoparticles with no sulfonamide.

3.5 CONCLUSIONS

We used a synthetic GUV-based platform to immobilize a model receptor, hCAII, to
evaluate the interfacial membrane effects of complementary sulfonamide-based nanoparticles. The
introduction of sulfonamide nanoparticles led to GUV adhesion via receptor-mediated binding,
and adhesion strength could be qualitatively estimated through the angles of adhesion. Overall, it
was found that interfacial changes and associated systemic energies were found to be dependent
on nanoparticle size, R and L surface densities, individual concentrations of the R and L, and
overall R:L concentration ratio. At a certain sulfonamide and hCAII surface density, it was found
that the nanoparticle size influenced adhesion strength and followed the trend: 420 nm > 300 nm
> 200 nm > 20 nm. Adhesion was also dependent on the concentration ratios of the receptor and
ligand, with a ratio of R:L ~ 1 being most favorable for adhesion. These results indicate that the
combined effects of nanoparticle multivalency and steric exclusion play a crucial role in
determining the outcome after the interfacial binding process. We also estimated an approximate
range for the work of adhesion during nanoparticle binding and was calculated to be between 0 —
3.55 mJ/m?. Within this range, systemic instabilities started to occur at 1.58 mJ/m?, making the
system transition from adhesion to lysis. Our simple synthetic model also is extended as a platform
to study the effects of any other receptor-ligand pair and can have vast implications in the fields

of synthetic biology, nanotechnology, and medicine.
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CHAPTER 4

4.1 INTRODUCTION
In the previous chapters, covalent, and non-covalent interactions were used to bring about

interfacial destabilization and morphology changes in surfactant and lipid-based supramolecular
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assemblies respectively. These processes mimic some of the interfacial processes occurring at the
interface of various cellular components. Next, we turn our attention towards chemotactic activity
of biological systems. Various supramolecular assemblies found in Nature exhibit fascinating
dynamical chemotactic properties and stimuli-responsive behaviors.!? For example, during
different phases of growth, development and sustenance, cells can sense the density and
distribution of extracellular matrix (ECM) molecules via surface proteins and through the
formation of complexes.!” Through selective recognition and binding of ligands, crucial control
over cellular activity can be obtained.>-> Leukocytes for example, which form a part of the immune
system, displays a unique chemotactic ability to sense and react to an external “threat”. This
dynamic capability is controlled by a complex network of protein-protein and protein-carbohydrate
interfacial interactions.!%!® Initially, these cells scan the surface of blood capillaries via rolling,
however, they start to slow down in the presence of surface markers indicative of an infection, and
eventually stop and release inflammatory signals to combat the foreign material.!*® The
development of synthetic systems/materials that mimics the complexity and autonomous fidelity
of the immune system is certainly a daunting challenge. It would be a breakthrough in many fields
if similar autonomous functionalities exhibited in biological systems can be introduced into
synthetic platforms for selective binding, dynamic scanning/movement, and reaction to ligand
density, (Figure 4.1a). However, to achieve this goal, fundamental insights must be obtained on
the molecular factors controlling the selective non-covalent interactions and the complex interplay

(and competition) between them at the interface.
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FIGURE 4.1: Multivalent adhesion and chemotaxis in natural and synthetic assemblies. a) Cells can bind and
autonomously, translocate on surfaces by rolling, and sample them to release inflammatory signals in the presence of
high densities of surface markers indicative of an infection. b). AEy;,4 vs AE,s competition. Upon interaction with a
surface, the nanoparticle morphology depends on the competition between the monomers-receptors interactions and
the monomer-monomer self-assembly energy. If AE g prevails, accumulation can be expected; and if AE};,q4
dominates, deformation or disassembly of the nanoparticle can be expected. ¢) Example molecular model of a
supramolecular NP (monomers colored in blue and green) before (left) and after adhesion (right) on a ligand-coated

surface (ligands in gray, active binding groups in orange). (Figure 4.1 c obtained from reference 29)

Some notable platforms that provide design guidelines for the development of such systems

are based on synthetic supramolecular structures obtained via self-assembly of molecular units,
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such as fibers, vesicles, tubes, etc., which can actively respond to selective stimuli.’!'? Micellar
assemblies that selectively disassemble upon specific binding of proteins to complementary
ligands present in the structure of the self-assembling dendron units have been also been
reported.!> In other reports, responsive nanoparticles (NPs) capable of surface binding,
autonomous moving and releasing encapsulated guests under specific biological stimuli have been
studied.'*!” For example, Liao et al. studied the correlation of the surface density of active binding
groups on gold nanoparticles and their diffusion rate during their interaction with supported lipid
bilayer membranes. They were able to show that a reduction in the density of the active binding
groups accelerates the diffusion of nanoparticles on the lipid bilayer surface.!® However, despite
notable advances in surface modification and control, several technical experimental limitations
persist and prevent the rational design of chemotactic functional materials.!® Tracking and
observation of the movement of soft nanoparticles on surfaces have proven to be a challenge due
to resolution limitations associated with current characterization techniques.?’?! At drastically
small spatiotemporal scales, it is difficult to gain sufficient insight into various molecular factors
and processes that govern chemotactic responsive behavior since these materials have to be
observed sub-molecular resolution. As a result, molecular models and computer simulations have
become fundamental to reach such goals. Recent studies have used minimalistic coarse-grained
(CG) models to study the adhesion and dynamics of nanoparticles/cells onto ligand-functionalized
surfaces?>?¥**23_ Similar minimalistic CG models have also allowed the monitoring of the rolling
process of a deformable or soft spherical cell model on surfaces under the presence of an external
flow.”> These studies however, treat nanoparticles as a single soft spheres, and allow the
observation of the tendency of a sphere covered by ligands to autonomously move onto a surface

to maximize the multivalent interactions with the surface. However, finer-level models are
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required to support the development of self-assembled nanoparticles that can respond to a surface
chemical gradient via rolling, subsequently getting triggered to exhibit controlled responses such
as disassembly, and release of encapsulated guest molecules after the rolling process. This requires
modeling techniques to visualize the self-assembled nanoparticles as an assembly of monomers
rather than as a single soft sphere. At the same time, it would also be desirable to keep the
resolution in the molecular models high enough to maintain a chemical relevance, and to obtain
molecularly relevant insights. In silico simulations coupled with traditional experimental
techniques would allow the development and response of supramolecular polymeric materials to
different biorelevant stimuli, such as changes in temperature, salts, solvents, light, etc.!*3!32,
However, it should be kept in mind that intriguing bioinspired properties such as chemotaxis are
intrinsically dynamic, and it is important that the dynamic behavior of chemotactic assemblies be
observed at sub-molecular resolution to obtain molecularly relevant information on how to control
them.

This collaborative work describes a reverse multiscale modeling approach to reach this
goal. Minimalistic CG models were used to study the chemotactic behavior of functionalized
supramolecular assemblies on a complementary surface. Instead of using hypothetical examples,
these models focused on a realistic example of trimer-based supramolecular assemblies developed
within our group. Specifically, this chapter focuses on the interaction outcome of supramolecular
assemblies when it comes in contact in a complementary surface. These computational studies
were also supported by various experimental techniques such as super-resolution microscopy,
AFM and contact angle studies to obtain more insight into the binding interaction process. This
combined multiscale approach offers a flexible platform toward the rational design of assembled

structures with programmable autonomous chemotactic properties.

130



4.2 EXPERIMENTAL
4.2.1 MATERIALS:

All reagents were obtained from commercial sources and used as received without further
purification. Poly-L-lysine coated glass slides were purchased from Thermo Scientific. Reagents
for the synthesis of various trimers can be obtained from the dissertation work by Dr. Manisha

Shivrayan, UMass-Amherst.?8

4.2.2 INSTRUMENTAL:

'H and *C NMR spectra of synthesized molecules were recorded on a Bruker DPX-400
MHz calibrated against trimethylsilyl (TMS) standard. Dynamic light scattering (DLS)
measurements were performed on a Malvern Nanozetasizer-ZS operating at 633 nm. Structural
[Mlumination Super-Resolution Microscopy studies were performed on a Nikon A1R-SIMe.
Contact angle measurements were performed on a Attension Theta from Biolin Scientific contact
angle goniometer. AFM studies were done on a Jupiter XR AFM instrument (Oxford

Instruments/Asylum Research)

4.2.3 METHODS
a. Simulations and computational models:

All simulations were conducted using GROMACS 2018.6***° patched with PLUMED
2.5%!. The VMD visualization suite was used to display and render the simulated systems. Details
on the various parameters used for building computational models and simulation runs have been

outlined in detail by Pavan et al.?’
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b. Synthesis of trimers
The structures of 1, 2 and 3 COOH trimers used are in Figure 4.2. Synthetic protocols used
to synthesize these trimers can be obtained from the dissertation work by Dr. Manisha Shivrayan,

UMass-Ambherst.?8

c. General formulation of trimer micellar assemblies

1 mg/mL solutions of trimers were used in all experiments unless otherwise noted. 1 mg
of either 1, 2 or 3 COOH trimers were first dissolved in 100 puL acetone in a glass vial. To this, 1
mL DI water was added dropwise under continuous stirring. The vial was left uncapped overnight
with constant stirring to allow the evaporation of acetone. Trimer solutions were recovered the

following day for further use.

d. Structural Illumination Microscopy (SIM)

The quantification and rearrangement of trimeric assemblies on positively charged
polylysine surfaces was carried out via Structural Illumination Microscopy (SIM). First, 1 mg of
either 1, 2 or 3 COOH trimer was dissolved in 100 puL acetone. To this, a I mg/mL solution of
DiD (1,1'-Dioctadecyl-3,3,3",3'-Tetramethylindodicarbocyanine4-Chlorobenzenesulfonate Salt)
was loaded at 10 v/v%. 1 mL DI water was then added dropwise and stirred overnight to obtain
trimeric assemblies dispersed in water and non-covalently encapsulating DiD dye. Solutions of the
trimeric assemblies were then diluted to 0.05 mg/mL for SIM experiments. For experiments with
SIM, a glass chamber setup was fabricated. Briefly, two pieces of clear double-sided tape of

dimensions 1 cm x 3cm x 70 pm were placed on the poly-L-lysine functionalized glass slide 1 cm
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apart. A coverslip was then placed over the double-sided tape to form a thin chamber. For all
experiments with SIM, 20 pL of the solution containing trimeric assemblies were injected into the
glass chamber and the chamber washed 3X with 50 uLL DI water to flush out any assemblies that
were not bound to the polylysine surface. The assemblies were excited with a 640 nm laser to
obtain a fluorescence signal from the encapsulated DiD to enable visualization of adhered
assemblies on the surface. Captured images were then used to determine extent of particle binding

on the polylysine surface and for quantification.

e. Dynamic Light Scattering (DLS) and zeta potential measurements:
Dynamic Light Scattering (DLS) experiments to obtain particle size were performed by
diluting 50 pL of the trimer nanoparticle solutions to 1 mL in a cuvette. The size and charge of the

trimeric nanoparticles was determined via dynamic light scattering (DLS).

f. Contact angle studies:

Contact angle studies were performed on polylysine coated glass slides to determine the
extent of interaction of the trimer nanoparticles based on charge. For these, 1 mg/mL solutions of
1, 2 and 3 COOH in DI water were used. Studies were performed in the static mode, where the
contact angle was determined by slowing dropping 5 pL of the trimer solution on the surface of

the polylysine glass slide.

g. AFM studies
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AFM studies were done in the AC mode. AC40 tips with a spring constant of 0.07-0.14
N/m, and which can operate between 17-55 kHz were used. The actual drive frequency was 29

kHz due to damping effects from immersing the tip in an aqueous sample.

4.3 RESULTS AND DISCUSSION

The ability to track and monitor the dynamic behavior of soft assemblies on receptor-
displaying surfaces is crucial to design and develop supramolecular nanoparticles with chemotactic
abilities. We start by considering a supramolecular nanoparticle possessing surface ligands
composed of self-assembled units, which can establish specific interactions with a complementary
functionalized surface (Figure 4.1b). It is hypothesized that the fate of an individual nanoparticle
upon surface adhesion will depend on the strength of between the self-assembled units in the
assembly (Eass) compared to the strength of multivalent interactions on the complementary surface
(Ebina). While the former governs the stability of the assembly, the latter relates to the strength of
specific interactions between the surface ligands present on the nanoparticle and the
complementary receptors on the surface. Evina would also depend on the possibility to establish
multivalent interactions involving multiple groups at the same time, which is based on the density
of the groups on the nanoparticle and surface. Self-assembled polymeric nanoparticles and
micelles are far from behaving as rigid spheres. Being soft entities, they can deform upon
interaction on a surface to establish multiple contacts, thereby enlarging the contact area (Figure
1b). The interplay between E.ss and Epina would produce different scenarios upon nanoparticle
binding to the surface and the outcomes may be presented as (i) rigid adhesion for Eass >> Epind,

where nanoparticle binding has a negligible effect on nanoparticle integrity (ii) a soft adhesion
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accompanied by nanoparticle deformation (for Eass ~ Ebind), or (ii1) disassembly of the nanoparticle
after surface interaction (for Eass << Ebind).

To study the nature of interaction of these supramolecular assemblies based on Eass and
Ebing, and to predict interaction outcomes, coarse-grained (CG) minimalistic molecular models
were used (e.g., Figure 4.1c¢). Specifically, self-assembling trimers were used for these models.
The trimers contain hydrophobic decyl chains and hydrophilic polyethylene glycol moieties, and

contain either 1, 2 or 3 carboxylic acid units per amphiphilic unit (Figure 4.2).
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FIGURE 4.2: Structures of trimers used in this work

Due to their amphiphilic nature, these trimers self-assemble as micellar nanoparticles with
various densities of the carboxylic acid (-COOH) functionality being exposed on the surface. For
computational models, the amphiphilic units carrying 1, 2 or 3 -COO™ were designated charges of
-le, -2e and -3e respectively per unit. Following this, all atom (AA) models were developed for
these amphiphilic units. The behavior of individual amphiphiles in aqueous solution were first
characterized via AA-MetaD simulations, followed by the amphiphile-amphiphile dimerization
free-energy to estimate the strength of the interactions between the amphiphiles in solution (details
can be obtained from the work done by Pavan et al.?’). With this implicit-solvent fine CG model,

a nanoparticle model could be generated, each of which composed 44 amphiphilic units. These
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self-assembled nanoparticles. Also spontaneously sequestered and encapsulated 10 CG guest

beads (Figure 4.3b, violet) during a CG-MetaD simulation. A model of a flat surface decorated
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FIGURE 4.3. Submolecular-resolution CG models to study self-assembled NPs and their adhesion onto functionalized
surfaces. a) Chemical structure, all-atom (AA) and fine coarse-grained (CG) models of facially amphiphilic modular
dendrons. These self-assembling units are composed of a branched core (in black), hydrophobic groups (red) which
triggers self-assembly in aqueous solution, and hydrophilic groups (red), which can be functionalized in different ways
(i.e. with COO™ charged groups, in yellow, in the example studied herein). b) Fine CG model of a NP obtained via
self-assembly of 44 dendrons in water. Guest CG particles (in purple) are incapsulated spontaneously in the NP, and
used to monitor guest release upon eventual NP disassembly. ¢) CG model of a surface functionalized with +1le
charged groups (dark green CG beads are constrained in their position, while the topmost white ones carry a +1e
charge. d) CG-MD simulation of static NP adhesion to surfaces characterized by different densities of receptor groups.
Snaphots taken after 1 us of CG-MD showing NP destabilization and disassembly upon adhesion may be observed

while increasing the charge densities on the surface and on the NP. (figure obtained from reference 29).
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with positively charged CG receptor groups was also developed. In this, the receptor groups were
modeled as 3 CG beads, where the bottom one is constrained in its position, and the topmost one
is +1e charged (Figure 4.3c). Four surface densities were also modeled (p1, p2, p3, ps), up to a
maximum density of ps = 1 positively charged-group per nm? (Figure 4.3d), in the order of
experimentally reported density values for amino-grafted surfaces.***” These CG models were
used to study the nanoparticle adhesion on the surface. In particular, the behavior of the
nanoparticle following the adhesion process was studied. CG-MetaD simulations of NPs
composed of dendrons bearing 1, 2 or 3 COO™ charged groups carried a total nanoparticle charge
of -44e, -88¢ and -132e respectively. On binding to the surface with increasing densities of receptor
groups (Figure 3d: from p; to ps), it was observed that the behavior of the NP upon binding is
strictly related to the strength of the multivalent nanoparticle-surface interactions. This was
dependent on the density of charges present on the target surface, p, and those presented on the
nanoparticle surface due to varying numbers of COO™ charged groups. When the contacts are
established between the nanoparticle carrying 132 negative charge units and the surface of density
ps4, simulations predict disassembly of the charged nanoparticle. Complete details on the
parametrization of the AA and CG models can be obtained by referring to the work done by Pavan
et al.?’

To determine the nanoparticle interaction outcome and to test the validity of the theoretical
models, experimental studies were also carried out using super-resolution microscopy, AFM and
contact angle measurements. To carry out experimental studies, the trimer-based self-assemblies
were formulated in an aqueous solution at neutral pH. Under these conditions, the -COOH moieties
exist as carboxylate ions (-COO-), and zeta potentials of these self-assembled nanoparticles were

determined experimentally. 1, 2 and 3 COOH trimer nanoparticles possessed similar
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hydrodynamic radii of ~ 200 nm (Figure 4.4), and the charge was found to be decreasing with the
increase in the number of COOH functional groups. Nanoparticles were found to possess

increasing negative zeta potentials of -20, -40 and -60 mV, based on the numbers of -COO" the

trimers carried (Figure 4.5).
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FIGURE 4.4: DLS plot of 1, 2 and 3 COOH trimers
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FIGURE 4.5: Zeta potentials of 1, 2 and 3 COOH trimeric assemblies showing surface charge.

Preliminary adhesion studies with 1, 2 or 3-COOH nanoparticles were carried out by using a
positively charged surface in the form of poly-L-lysine coated glass slides. After injection onto the
functionalized slides, super-resolution microscopy revealed the presence of various amounts of

particles on the surface as evidenced in the microscopy images (Figure 4.5). Quantification studies
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were also carried out, it was apparent that there was a correlation between the number of
nanoparticles bound to the surface and surface charge it carried. In these experimental studies, the

following trend was observed on binding as a function of charge 1-COO™ > 2-COO™ > 3-COO'".
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FIGURE 4.6: Quantification of nanoparticle binding. a) Micrographs of polylysine surfaces qualitatively showing the
extent of 1, 2 and 3 COOH binding on polyysine surfaces; b) Average numbers of particles bound on the polylysine

surface. Quantitation was performed on the micrographs using Nikon Elements. Scalebar = 1 pm
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To determine the extent of adhesion, and possible disassembly of the micelles on the
polylysine surface, AFM measurements were also carried out. The hypothesis is as follows: since
the trimer-base nanoparticles are soft, they are prone to deformation upon establishing multivalent
contacts on a complementary surface. The extent of deformation on a positively charged surface
would also be dependent on amount of negative surface charge that a nanoparticle carries, and as
aresult, a variation in particle height should be observed after interaction. Based on this hypothesis,
the 3-COO- nanoparticles should show the largest extent of deformation on the poly-L-lysine
surface since they carry the highest negative charge. AFM experiments revealed that there was a
change in average height of the nanoparticles based on the negative surface charge they carried
(Figure 4.6). Although all trimer assemblies were of the same size initially, there was a gradual
decrease in height of the assemblies and followed the trend 1-COO™ > 2-COO™ > 3COO" with
average height values of ~ 12 nm, 8 nm, and 4 nm respectively. The difference in height profiles
suggests that the assemblies can deform due to their soft nature while in contact with the charged

surface. The extent of deformation is consistent with the extent of negative charge they carried.

FIGURE 4.7: AFM height measurements showing the average heights of the particles on the polylysine surface.
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Contact angle measurements were also carried out to test if nanoparticles carrying higher
negative surface charge disassembled on the positively charged poly-L-lysine slide. It is
hypothesized that the contact angles on a positively charged surface should be less than 90 degrees
and the contact angles should decrease as 1-COO™ < 2-COO™ < 3COO" due to the zeta potential
trend they exhibit. However, if the nanoparticles disassemble on the surface, the contact angle
should transition from being less than 90 degrees to greater than 90 degrees since disassembly
would reveal the hydrophobic decyl chains of the trimer units. Contact angles studies show a
decrease in contact angles with an increase in negative surface charge, however, no disassembly

was detected since all the angles remained less than 90 degrees (Figure 4.8).
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FIGURE 4.8: Contact angles of the various trimer assemblies compared with the contact angle obtained for DI

water.
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4.4 CONCLUSIONS:

In this work we have designed a concerted computational strategy to investigate
supramolecular NPs with interesting chemotactic and density-responsive bioinspired properties.
We have used a combination of multiscale molecular models and advanced simulation approaches
to track, monitor, and ultimately to understand the dynamic behavior of the self-assembled
nanoparticles on receptor-grafted surfaces. Moving from minimalistic to finer coarse grain models,
we uncover the physical basis that control the chemotactic behavior of the nanoparticle. We
demonstrate the key role played by the competition between the self-assembly stability of the
nanoparticle (Eass) and the strength of the interaction between the nanoparticle and the surface
(Ebind). Such Eass vs. Eping competition controls the autonomous motion of the nanoparticle along
chemical gradients (as in the absence of the motion would be Brownian) and the fate of the
nanoparticle. Using soft nanoparticles made of modular self-assembling multivalent dendrons as
an example case study, we provide chemical relevance to our results, showing chemical routes to
achieve controlled bioinspired chemotaxis in artificial self-assembled systems. By tuning the
nanoparticle surface charge and the chemical structure of the monomer units (e.g. the nature of the
hydrophobic groups in the self-assembling dendrons) it would be possible in principle to control
how the nanoparticle binds to the surface, its spontaneous diffusion following chemical gradients,
its rolling, stopping, and, in the case of an external stimulus (i.e. a flux), even nanoparticles
disassembly and guest-release in controlled spots of the surface. The results discussed herein
suggest that such in silico experiments can be extremely valuable for augmenting our
understanding of how to customize the structure of the self-assembling units to control the stability
of the NP, the Epind/Eass balance, and the dynamic behavior and fate of these chemotactic NPs.

Furthermore, we show that it is in principle possible, once the features of a target surface are
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known, to rationally design or customize ad hoc the NPs to achieve controllable chemotaxis in

artificial molecular systems.

4.5 REFERENCES:

1.

2.

de Oliveira, S.; Rosowski, E. E.; Huttenlocher, A. Neutrophil Migration in Infection and
Wound Repair: Going Forward in Reverse. Nat. Rev. Immunol., 2016, 16, 378-291.

Stuelten, C. H.; Parent, C. A.; Montell, D. J. Cell Motility in Cancer Invasion and Metastasis:
Insights from Simple Model Organisms. Nat. Rev. Cancer. 2018, 18, 296-312.

Trepat, X.; Wasserman, M.; Angelini, T.; Millet, E.; Weltz, D. A.; Butler, J. P.; Fredberg, J.
J. Physical Forces during Collective Cell Migration. Nat. Phys., 2009, 5, 426-430.

Tambe, D. T.; Corey Hardin, C.; Angelini, T. E.; Rajendran, K.; Park, C. Y.; Serra-Picamal,
X.; Zhou, E. H.; Zaman, M. H.; Butler, J. P.; Weitz, D. A.; Fredberg, J. J.; Trepat, X.
Collective Cell Guidance by Cooperative Intercellular Forces. Nat. Mater. 2011, 10,469-475.
Roca-Cusachs, P.; Sunyer, R.; Trepat, X. Mechanical Guidance of Cell Migration: Lessons
from Chemotaxis. Curr. Opin. Cell Biol., 2013, 25, 543-549.

Datta, S.; Kato, Y.; Higashiharaguchi, S.; Aratsu, K.; Isobe, A.; Saito, T.; Prabhu, D. D.;
Kitamoto, Y.; Hollamby, M. J.; Smith, A. J.; et al. Self-Assembled Poly-Catenanes from
Supramolecular Toroidal Building Blocks. Nature, 2020, 583, 400—405.

Mishra, A.; Dhiman, S.; George, S. J. ATP-Driven Synthetic Supramolecular Assemblies:
From ATP as a Template to Fuel. Angew. Chem. Int. Ed., 2021, 60, 2740-2756.

Yan, X.; Wang, F.; Zheng, B.; Huang, F. Stimuli-Responsive Supramolecular Polymeric

Materials. Chem. Soc. Rev., 2012, 41, 6042-6065

143



9.

10.

11.

12.

13.

14.

15.

16.

Aida, T.; Meijer, E. W.; Stupp, S. I. Functional Supramolecular Polymers. Science, 2012, 17,
813-817.

Xu, F.; Pfeifer, L.; Crespi, S.; Leung, F. K.-C.; Stuart, M. C. A.; Wezenberg, S. J.; Feringa,
B. L. From Photoinduced Supramolecular Polymerization to Responsive Organogels. J. Am.
Chem. Soc. 2021, 143, 5990-5997.

Bochicchio, D.; Kwangmettatam, S.; Kudernac, T.; Pavan, G. M. How Defects Control the
Out-of-Equilibrium Dissipative Evolution of a Supramolecular Tubule. ACS Nano 2019, 13,
4322-4334.

Roy, I.; Bobbala, S.; Young, R. M.; Beldjoudi, Y.; Nguyen, M. T.; Cetin, M. M.; Cooper, J.
A.; Allen, S.; Anamimoghadam, O.; Scott, E. A.; et al. A Supramolecular Approach for
Modulated Photoprotection, Lysosomal Delivery, and Photodynamic Activity of a
Photosensitizer. J. Am. Chem. Soc. 2019, 141, 12296—-12304.

Amado Torres, D.; Garzoni, M.; Subrahmanyam, A. V.; Pavan, G. M.; Thayumanavan, S.
Protein-Triggered Supramolecular Disassembly: Insights Based on Variations in Ligand
Location in Amphiphilic Dendrons. J. Am. Chem. Soc. 2014, 136, 5385-5399.

Zarzar, L. D.; Aizenberg, J. Stimuli-Responsive Chemomechanical Actuation: A Hybrid
Materials Approach. Acc. Chem. Res. 2014, 47, 530-539.

Semenov, S. N.; Kraft, L. J.; Ainla, A.; Zhao, M.; Baghbanzadeh, M.; Campbell, V. E.; Kang,
K.; Fox, J. M.; Whitesides, G. M. Autocatalytic, Bistable, Oscillatory Networks of
Biologically Relevant Organic Reactions. Nature, 2016, 537, 656-660.

Cui, J.; Daniel, D.; Grinthal, A.; Lin, K.; Aizenberg, J. Dynamic Polymer Systems with Self-
Regulated Secretion for the Control of Surface Properties and Material Healing. Nat. Mater.,

2015, 74, 790-795.

144



17

18.

19.

20.

21.

22.

23.

24.

25.

. Liu, J.; Xu, H.; Tang, X.; Xu, J.; Jin, Z.; Li, H.; Wang, S.; Gou, J.; Jin, X. Simple and Tunable
Surface Coatings via Polydopamine for Modulating Pharmacokinetics, Cell Uptake and
Biodistribution of Polymeric Nanoparticles. RSC Adv. 2017, 7, 15864—15876.

Liao, Y. H.; Lin, C. H.; Cheng, C. Y.; Wong, W. C.; Juo, J. Y.; Hsieh, C. L. Monovalent and
Oriented Labeling of Gold Nanoprobes for the High-Resolution Tracking of a Single-
Membrane Molecule. ACS Nano 2019, 13, 10918-10928.

Di lorio, D.; Huskens, J. Surface Modification with Control over Ligand Density for the Study

of Multivalent Biological Systems. ChemistryOpen, 2020, 9, 53-66.

Yue, Y.; Gao, Y.; Yu, Y. “Waltz” of Cell Membrane-Coated Nanoparticles on Lipid Bilayers:
Tracking Single Particle Rotation in Ligand-Receptor Binding. ACS Nano 2018, 12, 11871—
11880.

Taylor, R. W.; Mahmoodabadi, R. G.; Rauschenberger, V.; Giessl, A.; Schambony, A.;
Sandoghdar, V. Interferometric Scattering Microscopy Reveals Microsecond Nanoscopic
Protein Motion on a Live Cell Membrane. Nat. Photonics, 2019, 13, 480-487.

Wang, M.; Ravindranath, S. R.; Rahim, M. K.; Botvinick, E. L.; Haun, J. B. Evolution of
Multivalent Nanoparticle Adhesion via Specific Molecular Interactions. Langmuir, 2016, 32,
13124-13136.

Lin, L.; Zeng, X. Computational Study of Cell Adhesion and Rolling in Flow Channel by
Meshfree Method. Comput. Methods Biomech. Biomed. Engin., 2017, 20, 832-841.

Arya, G.; Panagiotopoulos, A. Z. Log-Rolling Micelles in Sheared Amphiphilic Thin Films.
Phys. Rev. Lett., 2005, 95, 18801-18804.

Curk, T.; Dobnikar, J.; Frenkel, D. Optimal Multivalent Targeting of Membranes with Many

Distinct Receptors. Proc. Natl. Acad. Sci., 2017, 114, 7210-7215.

145



26. Molla, M. R.; Rangadurai, P.; Pavan, G. M.; Thayumanavan, S. Experimental and Theoretical
Investigations in Stimuli Responsive Dendrimer-Based Assemblies. Nanoscale. 2015, 7,
3817-3837.

27. Torchi, A.; Bochicchio, D.; Pavan, G. M. How the Dynamics of a Supramolecular Polymer
Determines Its Dynamic Adaptivity and Stimuli-Responsiveness: Structure-Dynamics-
Property Relationships from Coarse-Grained Simulations. J. Phys. Chem. B, 2018, 122,
4169-4178.

28. Shivrayan, S. Design of Responsive Oligomeric and Polymeric Interfaces for Sensing and
Controlled Release Applications. Ph.D. Dissertation, University of Massachusetts-Ambherst,

Ambherst, MA, 2021.

29. Lionello, C.; Gardin, A.; Cardellini, A.; Bochicchio, D.; Shivrayan, M.; Fernandez, A.;

Thayumanavan, S.; Pavan, G. M. Politecnico di Torino. Unpublished work, 2021.

146



CHAPTER 5
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5.1 SUMMARY

The work in this thesis was inspired by different autonomous processes in Nature to
fundamentally study various structural and energetic changes that underlie self-regulated processes
at the molecular level. The understanding of concepts and molecular mechanisms driving different
functions can promote the development of intelligent devices that can actively adapt and interact
as complex molecular systems.

In Chapter 2, covalently triggerable surfactants were designed using the TMAc platform.
TMACc surfactants were designed to stabilize interfaces of single and double emulsions and were
tailored to respond to nucleophilic stimuli. Our results demonstrate how these designer surfactants,
after successful incorporation into single emulsions and dynamic double emulsions, enable them
to respond to thiol or amine small molecule nucleophiles, polyvalent particles, or induce release
of reactants from photoactivated capsules. These surfactants, in addition to being trigger selective,
also demonstrated kinetic tunability. We were also able to achieve direct polyvalent assembly-
assembly contact that initiated covalent surface modifications in both reactive-surfactant stabilized
emulsion systems. Through the integration of light sensitive polymerosomes based on azobenzene
that exhibits non-equilibrium behavior, in situ on demand release of a small molecule trigger and
subsequent morphological changes were also obtained in the emulsion system, thereby offering
another method for system tunability. Although not as intricate and highly evolved, our system in
many ways resembles the molecular recognition and interaction processes seen in biological
systems. We also demonstrated non-biological implications through the application in the
triggered formation of PU foam, which is reminiscent of the conversion of microscopic events into

macroscopically observable phenomena commonly seen in biological processes.
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In Chapter 3, a simplistic membrane model was used to explore the effects of receptor
mediated non-covalent nanoparticle binding on membrane morphology and integrity. A systematic
analysis of the effect of nanoparticle size, receptor coverage on the membrane, ligand density and
overall receptor-ligand concentration ratios. It was seen that the sulfonamide-based particles were
able to induce adhesion between the GUVs, and adhesion strength could be quantitatively
determined my measuring the values of contact angles between the GUVs. We observed that these
overall angles increased as particle size increased and, showed a variation depending on receptor
and ligand surface coverages for each nanoparticle size. We also estimated an approximate work
of adhesion value for these experiments to be in the range of 0 — 3.55 mJ/m?. This platform is
easily tunable for any receptor-ligand pair and may be extended to study other aspects of
membrane-mediated processes. From these studies, we observe membrane destabilization at ~ 1.58
mJ/m?. This fundamental study would be useful in determining the threshold ligand concentration
based on the unique receptor densities seen on cells to design nanoparticles capable of interacting
specifically with surface cell receptors. Such a strategy would eliminate nanoparticle-induced
cytotoxicity in drug delivery studies. In addition, the triggered rupture of GUVs seen at high
receptor/ligand concentration can be made of for developing membrane-based controlled delivery
systems with implications in self-healing and controlled polymerization applications.

Chapter 4 focused on the design of a concerted computational strategy to investigate the
development of supramolecular assemblies with chemotactic and density-responsive bioinspired
properties. A multiscale approach was utilized with advanced simulation techniques to track,
monitor, and ultimately to understand the dynamic behavior of the self-assembled particles on
receptor-grafted surfaces. It was demonstrated that the competition between the energy that holds

the self-assembly together and the strength of the interaction between the self-assembly and the
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surface dictated the outcome and fate of the assembly after interaction with a surface. We also
provided chemical relevance to our results, by using self-assembling oligomers, showing potential
chemical routes to achieve controlled bioinspired chemotaxis in artificial self-assembled systems.
These results show how in principle, it would be possible to control the binding process of a
nanoparticle on a complementary surface, and enable its spontaneous diffusion along a gradient,

to facilitate nanoparticle disassembly and guest-release in controlled spots of the surface.

5.2 FUTURE DIRECTIONS:

GUVs models to understand exocytosis

GUVs, due to their ability to serve as artificial cell models, can be used to study more about
the process of exocytosis of nanoparticles. Exocytosis can occur via two different modes — full
fusion or partial release!. It would be possible to understand which of these modes are favored
by altering GUV lipid composition, by using lipids of varying charge and head group volumes to
alter membrane tension®”. It is reasonable to assume that the bending modulus on the lipid
compositions would greatly influence the mechanism by which contents are released from the
interior of a cellular compartment. It would also be possible to incorporate different proteins of
interest on the GUV surface to identify if a combination of membrane composition and surface
proteins influence the overall process of exocytosis. It would also be useful to quantify what
percentage of the contents are released due to exocytosis. These findings may be helpful to identify

how exocytosis plays a role in chemical signal messaging and cell-cell communication®”.
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GUVs models to understand receptor clustering

GUVs are robust models to study several biological functions pertinent to the cell
membrane. In Chapter 3, we used protein-ligand interactions to study how nanoparticle size,
rigidity, receptor/ligand density and distribution all play a role in inducing membrane morphology
change by using a well-known interaction between carbonic anhydrase and a sulfonamide ligand
to study these changes. This GUV platform is easily customizable to incorporate other membrane
receptors, and subsequently study other interactions that are not well understood. A continuation
of this work could focus on understanding receptor clustering on the cell surface to obtain insight
into the mechanism that cells use to change and adapt their affinity towards ligands'®!3. For
example, with T-cell receptors, it would be possible to better understand and explain the difference
between naive and memory T-cell response due to pre-clustering of the receptors using simple

GUV models!#1¢,

Computational studies for the rational design of protein surfaces to enable chemotaxis

The results obtained in Chapter 4 suggests that in silico experiments can be extremely
valuable for developing design guidelines on the structure of the self-assembling units to control
the stability and dynamic behavior of a nanoparticle while interacting with a surface. Once the
features of a target surface are determined, it would also be possible to rationally design or
customize nanoparticles to enable chemotaxis in artificial molecular systems.!’!” This could bring
us closer to designing functional mimics that are able to recognize user-defined antigen
signatures. It would also be useful to use these methods to assess how protein complexes can be
developed to bind to cell subsets with increased specificity. By using a logic-gated approach via a

combination of various non-covalent interactions seen in biological systems, a deeper
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understanding of underlying principles of tissues and systems comprising multiple cell types can

be obtained, which may be key in understanding the progression of complex diseases.
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