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Abstract

Optimization of Microdroplet-based Techniques to
Measure Mechanical Stresses in 3D Multicellular

Systems

Adam Alan Michael Lucio

In addition to the well-established in�uence that soluble factors have on cellu-

lar behavior, physical forces are also now known to play a large role. Many cellu-

lar processes such as proliferation, apoptosis, di�erentiation, and mobility, have all

been shown to be in�uenced by mechanical inputs. This has been demonstrated in

developing embryos, and also during cancer progression, from tumor growth and in-

vasion, to metastasis. Tools which enable the measurement of mechanical forces in

a variety of systems in vitro and in vivo can enable a deeper understanding of the

mechanical inputs that cells are receiving in 3D tissues, and enable quanti�cation of

stress patterns in these systems. My work encompasses the generation of droplets

with well-controlled properties, used as force transducers to measure stresses within

3D, multicellular systems. By characterizing the interfacial tension, and by imaging

the shape of droplets in 3D, anisotropic stresses can be measured. Precise control of

the interfacial tension, droplet size, and cell-droplet interaction enables their use to

accurately measure anisotropic stresses applied both in vivo and in vitro. Using these
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droplets, I quantify spatiotemporal stresses within growing mesenchymal cell aggre-

gates, in 3D.

First I describe a new surfactant system which allows for precise control over the

interfacial tension of �uorocarbon oil droplets, while still mediating the interactions

between droplets and surrounding cells. This surfactant system is resistant to changes

in interfacial tension in complex chemical environments, with varying ionic strength

and small molecules competing for the surface. These droplets are generated with

devices and materials that are commercially available, making the technique openly

accessible to most laboratories. Studies aimed at measuring mechanical stresses in a

variety of systems either in vivo or in vitro, at di�erent length scales (by controlling

the droplet size), may make use of this method.

I then use these droplets to measure endogenous, anisotropic stresses within model

tissues - 3D cellular spheroids. These experiments enable a spatiotemporal map of

stresses to be generated from growing, 3D spheroids of mesenchymal cells. Stresses

are quanti�ed for both mediated adhesion, and hindered adhesion, between droplets

and cells. This allowed the investigation of stress contributions from both tensile and

compressive stresses (in the �rst case), and those solely due to compressive stresses

(in the second case).

Lastly, I further enhance �uorocarbon oil-in-water emulsions in a collaborative

project which includes the synthesis and characterization of new �uorosurfactants.
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In contrast to previously established methods, these �uorosurfactants are generated

from completely non-ionic starting materials, enabling their use in biological appli-

cations which may contain molecules (e.g proteins) susceptible to be in�uenced by

charged surfactants. The new �uorosurfactants o�er excellent long-term stabilization

of �uorocarbon oil-in-water emulsions, without the need for additional co-surfactants.
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Chapter 1

The Role of Mechanical Forces in

Living Tissues

1.1 Introduction: Forces in Biological Systems

Viewing biological development through the scope of a mechanical approach was

heavily inspired after the publication of D’Arcy Thompson’s book On Growth and

Form [1] in the early 1900’s. That the growth and form of living organisms were de-

pendent on physical forces was a revolutionary turn of the tide for understanding

biological processes. Numerous examples began to emerge demonstrating that devel-

opmental processes and morphogenetic movements could be explained using physical

concepts.

1



The Role of Mechanical Forces in Living Tissues Chapter 1

Figure 1.1: Surface tension
regulates cell sorting of
embryonic tissues. Five
embryonic tissues, each
labeled with contrasting

�uorescent markers. Tissues
characterized by a higher
surface tension are always
enveloped by tissues with a

lower surface tension.
Modi�ed from [4].

In the 1960’s, Steinberg hypothesized that two di�erent tissues adjust their surface

contact based on the principle of lowering the total interfacial free energy [2,3], much

like two immiscible liquids with di�erent surface energies. This would become known

as the di�erential adhesion hypothesis (DAH). By quantifying the surface tension

(arising from cohesive forces between cells) of cell aggregates derived from di�erent

embryonic germ layers, Steinberg and colleagues showed that cell aggregates char-

acterized by larger intercellular adhesive forces (e.g. a higher surface tension) were
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always enveloped by cell aggregates characterized with smaller intercellular adhesive

forces (a lower surface tension) (Figure 1.1) [4].

Figure 1.2: Mechanical
in�uence on cell

di�erentiation. (A) Solid
tissues are characterized by

di�erent sti�ness, or modulus
of elasticity E. (B)

Mesenchymal stem cells are
plated to substrates of varying

E, in�uencing their
di�erentiation. Tuning the
substrate sti�ness to mimic

that of brain, muscle and
collagenous bone tissue

induced di�erentiation into
neurons, myoblasts and
osteoblasts, respectively.

Modi�ed from [5].

In 2006, pioneering work by Engler et al. demonstrated that the fate of stem cells

could be determined by tuning the mechanics of the microenvironment [5]. The sti�-

ness (elasticity) of the microenvironment was tuned to mimic that of embryonic brain,

muscle and collagenous bone tissue which induced MSC di�erentiation into neurons,

myoblasts and osteoblasts, respectively (Figure 1.2). In line with these seminal stud-

ies, researchers spanning several scienti�c �elds have investigated how physical forces

and mechanics play a role in shaping biological systems, and studies have been per-
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formed to observe how cellular behavior is a�ected by these mechanical cues. Such

research has investigated the role that mechanical forces play in guiding cellular be-

haviors pertinent to development and growth of tissues, including cell proliferation

(Figure 1.3, left) and apoptosis [6, 7, 8, 9, 10], cell adhesion [11, 12], cell di�erentia-

tion [5, 13], and cell migration [14, 15, 16].

Figure 1.3: Mechanical in�uences in cellular behavior and disease progression. (Left) Patterns
of cell proliferation correspond to distributions of predicted stress within concentric (A-B) and

non-concentric (C-D) annuli geometries. Modi�ed from [8]. (Right) Confocal images of mammary
epithelial cells in a 3D, basement membrane gel of varying sti�ness. As the elasticity increases, a

more invasive and cancerous phenotype is observed. Modi�ed from [20].

Along with genetic networks and molecular pathways, physical forces and me-

chanical cues are also being increasingly recognized as important factors which can

in�uence disease progression [17, 18, 19, 20]. For example, stress from a growing tu-

mor mass can contribute to the pinching of blood vessels which are crucial to de-

livering anti-cancer drugs and nutrients to cells, which then results in ampli�cation

of their cancerous behavior [21]. It has also been shown that the mechanics of the
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microenvironment surrounding non-tumorigenic mammary epithelial cells regulate

their growth [20]. By increasing the sti�ness of this microenvironment, cancerous cell

behavior is observed via increased invasion of cells into the surrounding microenvi-

ronment (Figure 1.3). Consequently, while the tools of molecular biology were tradi-

tionally used to investigate the mechanisms behind cancer progression [22], physical

forces and mechanical properties have since gained interest as they have a fundamen-

tal in�uence in all aspects of cancer progression, from tumor growth and invasion [18]

to metastasis [23].

Given that mechanical forces play such an important role, it is crucial to be able

to measure them in living tissues. These measurements, either in vitro or in vivo, are

essential in understanding what mechanical inputs cells are receiving, for example,

within di�erent regions of a 3D tissue. Over the past several decades, many methods

have emerged to measure mechanics in biological systems. However, it has proven

di�cult for the majority of techniques to measure mechanical forces locally (in situ),

in 3D, and in physiologically relevant conditions. These local stresses may give rise to

patterns in mechanics which are essential to cellular processes and behavior within

3D tissues, including tumor progression. In this work, I address this need through

the use of oil droplets, used as force transducers, which enable the measurement of

cell-generated stresses in situ, in 3D living tissues.
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1.2 Measuring Forces in 3D Tissues

2D cell culturing methods are an excellent platform to study molecular and cell

biology, in an environment where biochemistry can be more easily controlled (com-

pared to in vivo systems). These 2D monolayer cultures have represented many in

vitro studies, however, they do not often recapitulate 3D tissue conditions [24,25] and

display important di�erences from 3D tissues, such as altered cell morphology and

gene expression [26]. Due to these di�erences, this work focused on the measure-

ment of mechanical forces in 3D tissues. Therefore, we only discuss mechanics in the

context of 3D multicellular systems in this chapter .

Although mechanics has been shown to play an essential role in biological devel-

opment and disease progression for several decades, developing techniques to study

physical forces in 3D tissues proved to be a challenging task. Despite the inherent

di�culty in performing these measurements, advances in technologies such as mi-

croscopy and micromanipulation have enabled the investigation of mechanics in 3D

tissues. There are now numerous techniques which enable the measurement of me-

chanical stresses in biological systems in 3D [27, 28, 29], however, it should be noted

that these techniques do not enable endogenous stress measurements within living

tissues and several require constant contact between an apparatus and the sample.

Micropipette aspiration is a method which has been used to investigate mechanics

in 3D tissues such as cell aggregates [30] and even whole embryos [31]. By aspirat-
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Method Length scale Advantage Disadvantage

Micropipette aspiration 1-100 µm Measures both force and mechanical properties
In vitro, ex vivo and in vivo

Apparatus always in contact with sample
Global measurements

Parallel plate
compression 1-100 µm Measures both force and mechanical properties Apparatus always in contact with sample

Global measurements
Atomic force
microscopy 1-100 µm Probes mechanics at sub- and supracellular scales

In vitro, ex vivo and in vivo
Apparatus always in contact with sample
Limited to surface measurements of 3D tissues

3D traction force
microscopy >5 µm Physiologically relevant and ease of use Di�cult to obtain straightforward displacement of beads

Computationally expensive
Elastic microbeads >5 µm Local stress measurements Used with applied surface stress
Optical and magnetic
tweezers 0.1-10 µm Measures both force and mechanical properties

In vitro, ex vivo and in vivo
Di�cult to use in vivo
Complex calibration

Oil droplets >5 µm Local and tissue-scale measurements
In vitro, ex vivo and in vivo

Must control surface chemistry
Not able to measure isotropic stresses

Table 1.1: Methods to measure forces in 3D, living tissues.

ing the sample (singe cell, 3D tissue or whole embryo) into the micropipette with a

known (negative) pressure, and observing the deformation of the sample shape over

time, one can measure mechanical forces from its static response, and mechanical

properties from its dynamic response [30,32]. While this method is advantageous due

to the measurement of both forces and mechanical properties (e.g. viscoelastic prop-

erties), ranging from single cells to tissue-scale studies, the sample must always be

in contact with the glass pipette during experimentation, which may disrupt normal

development.

Parallel plate compression has also been used to quantify surface tension and me-

chanical properties of embryonic tissues [33] and cell aggregates [34]. Using parallel

plate compression, the sample is squeezed between two parallel plates where typi-

cally one of the plates is movable, and connected to a cantilever. This enables studies

of static and dynamic compression, by tracking the deformation of the sample over

time. As in the case of micropipette aspiration, experiments done by plate compres-
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sion bring the tissue sample in contact with the apparatus, and do not enable local

stress measurements within the sample.

Atomic force microscopy can be used to both apply and measure mechanical forces,

through the use of a calibrated cantilever beam [35]. Measuring the de�ection of the

beam, which is composed of a material with known mechanical properties, enables

precise measurements of mechanical forces [36]. While atomic force microscopy has

been typically at subcellular length scales, adaptations of the method have enabled

forces at larger length scales (spanning several microns) to be measured [37]. How-

ever, much like the previous methods mentioned thus far, atomic force microscopy

requires that the apparatus be in direct contact with the sample of interest. Addition-

ally, while suitable for measurements of 3D tissue surfaces, it would not be possible

to measure forces beyond the surface with atomic force microscopy.

2D traction force microscopy methods have been extended to enable 3D measure-

ments of mechanical forces [38]. Typically �uorescent beads are embedded within

an elastic gel containing a known elastic modulus. Cells apply forces and deform the

elastic gel such that the beads move. The bead displacement is quanti�ed and with

a known gel elasticity, the stresses applied by the cells can be obtained. This is an

elegant and simple method to conduct, however, it is computationally expensive. Fur-

thermore, the samples must be embedded within an external (con�ning) hydrogel,

which does not enable measurements of stress in the absence of con�nement.
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Both optical tweezers [35, 39, 40] and magnetic tweezers [35, 41, 42] have been

used to measure cellular forces and mechanical properties. Optical tweezers use a

focused laser beam to trap a bead, which is then tethered to the trap center by a spring-

like restorative force. On the other hand, magnetic tweezers use a magnetic �eld

to manipulate small magnetic beads within living cells and tissues. Both techniques

enable the measurement of cellular and subcellular forces and mechanical properties.

While both methods have been used extensively for in vitro studies [35], extending

their use to embryonic tissues in vivo is di�cult because complex calibrations are

needed. Moreover, these methods are limited to surface measurements, because the

application of forces deep within a 3D tissue is not possible.

A recent study used elastic microbeads to measure how external applied stress

propagated throughout tumor spheroids [43]. A surface stress is applied externally

to the spheroid via osmotic stress, using Dextran in the outer solution. By applying

this surface stress to the 3D tissue, the shape change of the previously inserted beads

(with known mechanical properties) enables the stress propagated into the spheroid

to be quanti�ed, in response to the surface stress. While this method does enable

local measurements of isotropic stress (stress applied uniformly to the microbead) to

be measured, it is not performed in the absence of an externally applied stress, thus,

endogenous stresses were not measured with this technique.
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The aforementioned methods have all provided excellent insight to understand

mechanical forces in living tissues, and apply forces to observe the mechanical in-

�uence on cellular behavior. With many techniques focused on quanti�cation of 3D

mechanics in vitro, new methods have emerged (or older methods adapted) to en-

able the investigation of 3D mechanics in vivo. Although researchers have created

new approaches to a di�cult task, the established methods typically do not allow for

quanti�cation of endogenous cell-cell stresses, within 3D tissues.

This thesis focuses on the optimization of a technique which overcomes the afore-

mentioned shortcomings from previously established systems. This technique utilizes

microdroplets to measure cell-generated stresses, endogenously in 3D tissues [44].

The method, described in detail in Chapter 2, relies on knowing the curvature of a

droplet and its interfacial tension, in order to measure normal anisotropic stresses

(stress applied non-homogeneously to the droplet surface).

1.3 Outline of Thesis

The focus of this thesis lies in the optimization of microdroplet methods to enable

accurate measurements of stress in living tissues in vitro and in vivo, in 3D:

1. In Chapter 2, I create droplet sensors to be used as force transducers, from only

commercially-available materials, making the previously established method [44]

10



The Role of Mechanical Forces in Living Tissues Chapter 1

more accessible. A two-surfactant system controlled the interfacial properties

of droplets, while micro�uidics were used to generate monodisperse emulsions.

Pendant drop tensiometry was used to characterize interfacial properties of dif-

ferent �uorocarbon oils, with both hydrocarbon and �uorocarbon-based surfac-

tants. Flow-focusing, micro�uidic devices were used to generate the emulsions.

Overall, this system enables accurate measurements of stress both in vivo and

in vitro.

2. In Chapter 3, I use the newly developed droplets to measure endogenous, anisotropic

stresses within multicellular aggregates as a function of space and time. This

work allowed the �rst look at measurements of spatiotemporal variations in lo-

cal, cell-generated stresses due to growth within 3D cell spheroids - a system

widely used as model tissues and tumors in a variety of studies. We observed

that these stresses do not vary spatially, however, the magnitude increases over

time. This temporal increase in stress was found to be dependent on the ability

of the droplets to adhere to neighboring cells.

3. Chapter 4 covers collaborative work to synthesize and characterize novel �u-

orosurfactants. These surfactants were developed in order to provide optimal

stabilization of �uorocarbon oil-in-water emulsions. A new synthetic approach

enables the creation of �uorinated surfactants with completely non-ionic start-
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ing materials, with tunable surfactant geometry. This enabled superior stabi-

lization of �uorocarbon oil-in-water emulsions compared to other systems.

4. In Chapter 5 I discuss �nal thoughts and potential avenues for further explo-

ration, pertaining to the research conducted in Chapters 2-4.
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Chapter 2

Microdroplets to Measure

Cell-generated Mechanical Stresses

2.1 Introduction: OilDroplets toMeasureCell-generated

Forces in 3D

Recently, a method was developed to measure cell-generated stresses within 3D

multicellular systems using oil droplets [44]. Cell-sized, �uorescently-labeled oil droplets

were used as force transducers in living tissues, and measurements of mechanical

stress were obtained within tissues both in vitro (from cell aggregates) and ex vivo

(excised embryonic tissue) (Figure 2.1) [44]. Importantly, this technique enabled quan-

titative measurements of stress, in situ, in these 3D tissues.
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Figure 2.1: Stress measurements in living tissues ex vivo. (A) Polydisperse droplets are back
loaded into a microneedle, and injected into tissues. (B) Confocal section of a droplet (cyan) embedded
within a dissected mouse mandible. Epithelial cells express membrane-localized EGFP (green) and all

other cells express membrane-localized tdTomato (red). Scale bar 20 µm. Modi�ed from [44].

The two important parameters one must measure using this technique is the droplet

inferfacial tension γ, and the droplet shape, or its mean curvature κ (Figure 2.2). Thus,

by imaging the deformation in the shape of droplets induced by normal stresses ap-

plied by surrounding cells, and by characterizing the interfacial tension, the droplets

may be used as force transducers to measure anisotropic stresses (stresses applied non-

homogeneously to the droplet surface). Following [44], the anisotropic component of

normal stresses δσnn(θ, φ) is related to the droplet shape and γ via

δσnn(θ, φ) = 2γ(H(θ, φ)−Ho) (2.1)
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where H is the local mean curvature and Ho is the average surface mean curvature

(Ho=1/R for an undeformed spherical droplet). The stress metric obtained in this way

enables the deviation of stress from the isotropic state to be investigated. As men-

tioned in [44], this techniuqe does not enable the measurement of isotropic stresses,

due to incompressibility of the oil droplets used as force transducers. Using this ini-

tially developed system, anisotropic stresses were quanti�ed within cellular aggre-

gates of mouse mammary epithelial cells and mesenchymal cells [44].
Figure 2.2: Use of droplets
as force transducers. (Left)

A deformed droplet (red)
embedded within a 3D cell
aggregate of mesenchymal

cells (green). Scale bar 20µm.
(Right) Schematic of local
droplet interface. To use

droplets as force transducers,
the interfacial tension γ and
curvature κ must be known.
Ho is the average surface

mean curvature.

This initial study introduced the oil droplets as a proof-of-principle method to

measure stresses within living tissues locally in 3D, however, it contained several lim-

itations. There was little control of the droplet surface chemistry, due to a lack of suit-

able �uorinated surfactants (discussed in more detail in Chapter 4) and a high degree

of polydispersity in the droplet size. Poor control over the interfacial tension, which

is directly proportional to the desired stresses (Equation 2.1), does not enable accu-

rate measurements of anisotropic stress in the system. Custom co-surfactants were
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generated to lower the droplet interfacial tension to enable their use in living embry-

onic tissues [44], however, this did not enable su�cient control over the interfacial

tension in the presence of complex chemical environments with high concentrations

of salt and small surface active media, such as that found in cell culture media. This

is likely due to the use of surfactants generated from charged starting materials [44],

which has been shown to cause changes in the interfacial tension in the presence of

reagents typically used in cell culture media [45]. In addition to variations in interfa-

cial tension, bulk emulsi�cation was used to generate the droplets which produced a

polydisperse emulsion with a wide droplet size distribution. This complicates the use

of droplets as force transducers, due to the di�culty to perform experiments when

cells may internalize small droplets - additionally, as the capillary stress increases as

its radius decreases, small droplets would provide greater resistance to deformation

which would limit their use in systems where cells may apply lower stresses. On the

other hand, the presence of very large droplets may perturb the system and can be

problematic to embed in various multicellular systems. This limited control over the

physical and chemical properties of the droplets, in addition to the use of custom-

made surfactants, hindered the practical use of the technique in a variety of systems

to measure cell-generated stresses.

The goal of the research conducted in Chapter 2 was to introduce a new system of

droplet-based force transducers which is based on only commercially-available mate-

16



Microdroplets to Measure Cell-generated Mechanical Stresses Chapter 2

rials, with fully controlled physicochemical properties. To control the droplet inter-

facial tension and mediate cell-drop interactions, a two-surfactant system was used.

This two-surfactant system is more resistant to changes in the droplet interfacial ten-

sion in the presence of complex chemical environments found in vivo and in vitro,

containing small surface-active molecules and varying ionic strengths. In order to

maintain control over the droplet size, commercially-available, glass-based micro�u-

idic devices were used to generate monodisperse �uorocarbon oil-in-water emulsions.

While the current system of droplet-based force transducers boasts controlled prop-

erties for accurate measurements of cell-generated stresses, future work is discussed

(Chapter 4) to enable facile development of custom-made �uorinated surfactants to

further optimize the method and enable long-term stabilization of �uorocarbon oil-

in-water emulsions.

2.2 Methods

Preparation and Characterization of bulk Fluorocarbon oil-in-

water emulsions

For rapid tests of emulsion stabilization and to ensure proper coatings of droplets

were performed, bulk emulsions were generated by hand [46] (Figure 2.3). A 4 mL

glass vial was coated with a 0.1% (w/w) BSA solution, rinsed with deionized water
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and then 1 mL of DSPE-PEG(2000)-biotin at 0.2 mM �nal concentration was added.

Approximately 100 µL of �uorocarbon oil (either neat or with surfactant, depending

on the experiment) was added to the 0.2 mM DSPE-PEG(2000)-biotin solution. The

vial was then vigorously shaken by hand (Figure 2.3A) to generate a course emulsion.

Afterwards, a pipettor with a 1 mL tip was used to rapidly aspirate and dispense the oil

against the glass vial (generating large shear stresses) to narrow the size distribution

of the resulting polydisperse emulsion (Figure 2.3B). Since the density of �uorocarbon

oils is greater than that of water, the emulsion settles to the bottom of the vial (Figure

2.3C). If large droplets were observed (by eye) shearing with the pipette tip was re-

peated to generate a �ner emulsion. Stability of the resulting emulsion was checked

by imaging on an inverted microscope (Figure 2.3D). Filtering of bulk emulsions is

done with a 3 µm membrane �lter (Sigma-Aldrich, 266574) to further narrow the
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Figure 2.3: Generation and functionalization of droplets via bulk emulsi�cation. (A)
Vigorous shaking to generate a bulk emulsion and (B) shearing with a pipette tip to create a �ner

emulsion. (C) Stable droplets in the vial after generation. (D) Polydisperse and monodisperse droplets,
created by bulk emulsi�cation and micro�uidics, respectively. (E-H) Filtering droplets by size using a
membrane �lter (3 µm pore size). (I) Droplets loaded into the microloader pipette tip prior to coating.
(J) The �uorescent streptavidin solution is vortexed while droplets are dispensed using a microloader

pipette tip. (K) Fluorescent confocal image of a stable, polydisperse emulsion. Scale bars, 25 µm.

wide size distribution resulting from emulsi�cation (Figure 2.3E-H). Droplets were

contained in water on top of the membrane �lter (Figure 2.3E), and �ltered by induc-

ing �ow through the pores with a Kimwipe (Figure 2.3F). With a lip in the �lter cut,

abundant deionized water was used to rinse the droplets into separate vial (Figure
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2.3G). Lastly, using tweezers, the �ler was rinsed in the vial to recover any excess

droplets that remained (Figure 2.3H).

Droplets were further made �uorescent and functionalized with biotinylated lig-

ands to mediate adhesion between the droplet and surrounding cells [46] (Figure

2.3I-K). With many commercially available �uorescent-streptavidin conjugates and

because the biotinylated ligand is interchangeable, this system is adaptable to many

di�erent experimental conditions, enabling stress measurements in a variety of living

tissues. Droplets were placed into a vial of deionized water and rinsed by replacing the

water three times in total, to remove excess DSPE-PEG(2000)-biotin surfactant from

solution. Droplets were then aspirated using an Eppendorf microloader pipette tip,

which was cut (with an inner diameter of ∼ 140µm) to ease the aspiration and dis-

pense of droplets (Figure 2.3I). Since streptavidin has more than one binding site, it

should be noted that creating a larger ori�ce in the Eppendorf tip should be avoided

because this will increase the probability of simultaneous dispensing of droplets, in-

creasing the potential that droplets adhere to each other (via the same streptavidin

molecule).

To coat them with �uorsecent molecules, the droplets were dispensed into a swirling

solution containing 2 µM of AlexaFluor-streptavidin conjugates (Figure 2.3J). Presence

of the �uorescent streptavidin conjugate at the droplet interface can be con�rmed

by imaging the droplets via �uorescence microscopy methods, such as confocal mi-
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croscopy (Figure 2.3K). The �uorophore on the streptavidin molecule was tuned based

on the experimental conditions where the droplets would be used - AlexaFluor 633

(Thermo�sher, A22284) was used for experiments done in cell cultures. The droplets

were then stored at 4 ◦C for 1 hour, and subsequently rinsed three times to remove

excess AlexaFluor-streptavidin conjugates from solution. For experiments in tooth-

mesenchymal cells, the droplets were coated with arginine-glycine-aspartate (RGD)

peptides (Peptides International, PCI-3697-PI) at a concentration of 20 µM to enable

droplet adhesion to nearby cells [46]. This was done by gently mixing a vial contain-

ing the droplets in a solution of the RGD peptides and then incubating them at 4 ◦C

for 1 hour. The droplets were rinsed again three times with deionized water prior to

use in cell culture experiments. For experiments where we wanted to prevent cell ad-

hesion to the droplet surface, we repeated the same procedure by replacing the ligand

with a 5 µM solution of biotinylated mPEG(1k molecular weight) (Creative PEGworks,

PLS-2056).

To characterize the interfacial tension of our droplets with multiple surfactants in

di�erent environments, pendant drop tensiometry was used (Figure 2.4) [46]. An op-

tical tensiometer (Biolin Scienti�c, Theta Optical Tensiometer) was used to measure

equilibrium interfacial tension values. Fluorocarbon oil droplets (either neat or con-

taining surfactants) were suspended from syringe needles (typically 25 gauge, Jensen

Global, JG25-1.0X 50) while immersed within an aqueous media inside of a cuvette
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Figure 2.4: Measurement of the interfacial tension using the pendant drop method. (A) Theta
optical tensiometer setup. (B) Perfusion chamber for continuous interfacial tension measurements

during successive droplet coatings. (C) A pendant drop of FC-70 oil in water.

(BRAND, 759170). Automated software from the tensiometer enabled detection of the

interface and calculated (using the Young-Laplace equation) the resulting interfacial

tension between the two �uids. Three measurements were taken over several minutes

to 0.5 hours, depending on the surfactant concentration used, for all combinations of

oil and surfactants to enable average measurements of equilibrium interfacial tension

values.

Micro�uidics toGenerateMonodisperse FluorocarbonOil-in-water

Emulsions

Many studies take advantage of soft lithography generation of micro�uidic devices

fabricated from polydimethylsiloxane (PDMS), due to the rapid production and cost ef-

fectiveness of the approach. However, PDMS is a naturally hydrophobic polymer, and

22



Microdroplets to Measure Cell-generated Mechanical Stresses Chapter 2

is typically used to generate water-in-oil emulsions (here the carrier phase �uorocar-

bon oil preferentially wets the surface of the channel walls), the inverse of our system.

In lieu of modifying the surface chemistry of PDMS-based devices, we utilized com-

mercially available, glass-based (e.g. naturally hydrophilic channel walls) micro�uidic

devices. Micro�uidic devices with a 20 µm channel depth, made from glass (borosili-

cate), were purchased (Micronit, FC FFDG.2 PACK) to generate monodisperse �uoro-

carbon oil-in-water (O/W) microemulsions. Droplet generators with a �ow-focusing

geometry were used, in combination with the Fluidic Connect PRO Chip Holder (Mi-

cronit, FC-PRO-CH4515) made to interface with these droplet generators. Syringe

pumps (New Era Pump Systems, NE-1000) were used to maintain control over the

�ow rates. To ensure that the surfaces were su�ciently hydrophilic and to prevent

wetting of the droplet phase, the channel walls were coated with a 1% (w/w) solution

of bovine serum albumin (BSA). To this end, BSA was �owed through the channels for

30 minutes, followed by a rinse with deionized water (puri�ed through a Milli-Q pu-

ri�cation system) by �owing water through the channels for at least 30 minutes, prior

to generating droplets. Droplets were generated with a continuous (outer) phase (CP)

of 0.2 mM DSPE-PEG(2000)-biotin (Avanti Polar Lipids, 880129) and a disperse (inner)

phase (DP) of 2% (w/w) Krytox-PEG(600) �uorosurfactant (RAN Biotechnologies, 008-

FluoroSurfactant) dissolved in Novec 7700 oil (3M, 98021248285). To obtain droplets
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of 20 µm in diameter the disperse phase �ow rate was maintained at 1 µL/min while

the continuous phase was typically set in the range of 30-35 µL/min.

For droplet collection, a 4 mL vial was coated with a solution of 0.1% (w/w) of

BSA, rinsed, and �lled partially with at least 1 mL of fresh deionized water, as detailed

in [46]. Tubing from the exit reservoir of the device was submerged into the 4 mL vial,

where droplets could be observed (by eye) to sink to the bottom of the vial. It is impor-

tant to note that lowering the CP �ow rate (typically lower than 10 µL/min) will not

allow droplets to �ow out of the device, and they instead will sit at the bottom of the

exit reservoir - this is due to the density of the droplets being approximately double

that of water (for Novec 7700 speci�cally, it is 1.797 times the density of water). Invert-

ing the entire device resolves this issue, however, it complicates the ability to image

and monitor droplet generation over time. Once an adequate amount of droplets were

collected, tubing was removed from the collection vial, and the syringe pumps were

stopped. Afterwards the device was cleaned by removing any leftover BSA or surfac-

tant. Brie�y: (1) the channels were rinsed to remove excess BSA or DSPE-PEG(2000)-

biotin by �owing deionized water through them at 3 and 1 µL/min (CP and DP, re-

spectively) for 1 hour (2) the channels were rinsed to remove excess �uorosurfactant

by �owing Novec 7300 through them at 3 and 1 µL/min (CP and DP, respectively) for

1 hour (3) air was blown through the glass micro�uidic device and then it was placed

in an oven overnight at 300 ◦C . Improper cleaning of devices can cause severe wet-
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ting in subsequent experiments when reusing the micro�uidic devices, and disrupt

or even prevent droplet generation under these experimental conditions. Enabling

�uorescence and functionalization of droplets generated via micro�uidics follows the

same procedure described above, used for droplets generated from bulk emulsi�cation

(Figure 2.5A).

2.3 Results and Discussion

Control of Droplet Interfacial Properties

When using droplets to measure cell-generated stresses, the interfacial tension

is directly proportional to measured stresses [44]. Thus, it is essential to control and

prevent the variation of the droplet interfacial tension potentially arising from changes

in ionic strength or other small molecules (e.g. proteins) competing with surfactants

for the surface. Being able to control the interfacial tension is also important to be able

to use the droplets as force transducers in di�erent systems, such as in multicellular

aggregates or di�erent regions within embryonic tissues, where the cellular stresses

may vary by orders of magnitude. The originally developed system of droplet force

transducers did not enable adequate control over the interfacial tension when using

DSPE-PEG(2000)-biotin with custom dodecylamine (DDA) co-surfactants [44].
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Figure 2.5: Two-surfactant system to control droplet interfacial tension and cell-droplet
interactions. (A) Fluorescent (Alexa-Fluor 633) confocal image of monodisperse Novec 7300 droplets
coated with the two-surfactant system. Scale bar, 20 µm. (B) Sketch of the two-surfactant system used

to stabilize and functionalize droplets: a non-ionic �uorosurfactant (Krytox-PEG) and a
DSPE-PEG(2000)-biotin. The functional biotin group enables subsequent coatings of the droplets with

�uorescent streptavidin conjugates. A biotinylated ligand to mediate cell-droplet interactions is
linked to the streptavidin molecules at the droplet surface.

To enable more independent control over the droplet’s interfacial tension and

the droplet-cell interactions, we introduced a new surfactant system which uses a

commercially-available �uorosurfactant, Krytox-PEG(600) [47] (�uorosurfactant; Fig-

ure 2.5B), that controls the interfacial tension and a commercially-available phospho-

lipid surfactant, DSPE-PEG(2000)-biotin (Figure 2.5B), that mediates the adhesive in-

teractions between droplets and cells via streptavidin-conjugated ligands for targeting

cell surface receptors. The �uorosrufactant is a non-ionic triblock composed of per-

�uoropolyether (PFPE) blocks (Krytox) and hydrophilic (PEG) moieties, and is soluble

in the �uorocarbon oil phase (droplet; Figure 2.5A). We demonstrated that the in-

terfacial tension can be varied by either changing the �uorosurfactant concentration

26



Microdroplets to Measure Cell-generated Mechanical Stresses Chapter 2

(CFS) or by changing the type of �uorocarbon oil used (Figure 2.6). Using pendant

drop tensiometry, equilibrium interfacial tension values were obtained for three dif-

ferent commercially-available �uorocarbon oils, speci�cally Fluorinert FC43, Novec

7700 and Novec 7300.

Figure 2.6: Interfacial tension
versus �uorosurfactant

concentration. Equilibrium
interfacial tension of

water-�uorocarbon oil (Fluorinert
FC43 (black), Novec 7700 (blue) and

Novec 7300 (red)) for varying
�uorosurfactant concentrations

(CFS). The Gibbs adsorption
equation was used to �t data in the
dilute surfactant regime. Linear �ts

were performed for data in the
saturating regime (non-dilute
regime), when the interfacial

tension saturates to its minimal
value.

Saturating values of interfacial tension were reached as the �uorosurfactant con-

centration is increased to approximately 1-2% (wt/wt) for the three �uorocarbon oils

used. A �ve-fold decrease in interfacial tension was achieved for Fluorinert FC43 and

approximately ten-fold for both Novec 7700 and Novec 7300 (Figure 2.6). Data for

equilibrium interfacial tension γe versus �uorosurfactant concentration c were �tted

(in the dilute regime; Figure 2.6) using the Gibbs adsorption equation [48], namely

γe = γo − R T Γ∞ ln(1 +
c

aL
) , (2.2)
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where γo is the interfacial tension of the oil-water interface in the absence of sur-

factants, R is the gas constant, T is the temperature, Γ∞ is the saturating surfactant

concentration at the interface and aL is the Langmuir constant [48]. For saturating

�uorosurfactant concentrations (above the dilute regime), in which the interfacial ten-

sion γe remains largely constant, we used a linear �t. Fitting the data at low (dilute)

�uorosurfactant concentrations, yields values of interfacial tension in the absence of

surfactants (γo = 37.9, 48.3, and 53.5 mN/m for Novec 7300, Novec 7700 and Flu-

orinert FC43, respectively), the saturating surfactant concentration at the interface

(Γ∞ = 3.51, 4.36, and 4.46 µmol/m2 for Novec 7300, Novec 7700 and Fluorinert FC43,

respectively), and the Langmuir constant, which is related to the energy of adsorption

per molecule (aL = 6.35, 5.31 and 3.44 µM for Novec 7300, Novec 7700 and Fluorinert

FC43, respectively).

The minimum possible interfacial tension achieved with this surfactant system is

approximately 3 mN/m (when using Novec 7300), similar to the lowest possible val-

ues obtained with previous methods, using DDA co-surfactants [44]. Here, the non-

ionic nature of the Krytox-PEG(600) �uorosurfactant enables control over the droplet

interfacial tension in environments with small competitive surface active molecules

and varying ionic strengths. Measurement of the interfacial tension over a range of

ionic strengths, spanning several orders of magnitude, do not substantially change the

interfacial tension (Figure 2.7A). By using 2% (wt/wt) �uorosurfactant (in Novec 7700
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Figure 2.7: Interfacial tension in complex chemical environments. (A) Interfacial tension of
Novec 7700 with 2% (w/w) of �uorosurfactant, in the presence of varying concentrations of sodium

chloride (CNaCl) (left) and in cell culture media (right). These values are compared to the value of γ in
deionized water (gray line). (B) Equilibrium γ values of �uorocarbon oil (same color code as in Figure
2.6) in water with �uorosurfactant alone (2% w/w) and in the presence of �uorosurfactant in the oil
and DSPE-PEG-biotin in the water phase. The interfacial tension of the �uorocarbon oil, containing

�uorosurfactant and coated with DSPE-PEG-biotin, in cell culture media is also shown.

oil), we observed that only very large concentrations of salt (CNaCl) caused a change in

interfacial tension - above ∼0.1 M, reducing the interfacial tension by approximately

6%. This slight decrease in interfacial tension may be due to the presence of unreacted,

ionic starting materials used to synthesize Krytox-PEG(600) [47]. One study showed

that the interfacial tension of interfaces containing only these ionic materials (polar

PFPE surfactants; Krytox-FSH) will cause a substantial decrease in the interfacial ten-

sion in the presence of phosphate bu�ered saline (PBS) [48]. To investigate how the

�uorosurfactant would behave in the presence of a more complex chemical environ-

ment, we measured the interfacial tension of the di�erent �uorocarbon oils with only
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the Krytox-PEG(600), in the presence of cell culture media. This cell culture media

contains not only PBS and NaCl, but also small surface-active molecules, such as 10%

bovine serum albummin (BSA). We observed, by solely using the Krytox-PEG(600)

�uorosurfactant at 2% (wt/wt), that the presence of cell culture media decreases the

interfacial tension by approximately 25% from the value measured in deionized wa-

ter (Figure 2.7A). Thus, at saturating surfactant concentrations, the �uorosurfactant

alone is able to shield the interface in a complex chemical environment, and o�ers an

improvement over the originally used surfactant system under similar conditions [44].

In order to enable cell-droplet interactions, we coated the droplets with function-

alized DSPE-PEG(2000)-biotin surfactants, as previously described [44,46]. In order to

investigate the in�uence of DSPE-PEG(2000)-biotin on the droplet interfacial tension

(when the �uorosurfactant is present), we measured the interfacial tension of droplets

containing 2% (wt/wt) of Krytox-PEG(600), coated with 0.2 mM DSPE-PEG(2000)-

biotin. For each �uorocarbon oil investigated, the interfacial tension drops slightly in

the presence of DSPE-PEG(2000)-biotin (Figure 2.7B). To rule out that this could be due

to over-saturation of the interface with the competitive, highly surface-active �uoro-

surfactant, we prepared droplets containing both surfactants and subsequently coated

them with AlexaFluor-streptavidin conjugates, which bind to biotin. Fluorescence mi-

croscopy imaging of droplets revealed �uorescently labeled droplets, uniformly coated

with the �uorophore (Figure 2.5A). We then tested the e�ect of complex chemical en-
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vironments on the interfacial tension of droplets coated with both Krytox-PEG(600)

and DSPE-PEG(2000)-biotin by incubating them in cell culture media containing a

large concentration (10%) of fetal bovine serum (FBS) (Methods). In the presence of

cell culture media the interfacial tension decreases only slightly, with relative changes

in interfacial tension before and after addition of the cell culture media for Fluorinert

FC43, Novec 7700 and Novec 7300 of 3.9%, 8.7% and 15%, respectively (Figure 2.7B).

These results demonstrate that while the interfacial tension is hardly a�ected by the

addition of DSPE-PEG(2000)-biotin, both surfactants work together to largely shield

the interface from adsorption of small surface-active molecules in the presence of com-

plex chemical environments like cell culture media. Using this two-surfactant system

with di�erent �uorocarbon oils (Fluorinert FC43, Novec 7700 and Novec 7300) leads

to the same results, albeit with di�erent interfacial tensions. Therefore, di�erent �u-

orocarbon oils can be used to achieve a desired interfacial tension of the droplet, and

the same two-surfactant system can be used in each oil to keep the interfacial tension

constant in di�erent chemical environments. These results demonstrate the versatil-

ity of this new, commercial surfactant system, providing low and controlled droplet

interfacial tensions even in chemical environments containing high levels of salt and

small molecules.

We have developed a controlled and versatile system of droplet stress sensors using

only commercially-available components. These new droplet sensors enable the mea-
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surement of endogenous, anisotropic stresses within multicellular 3D systems, even

in chemical environments with varying ionic strengths or in the presence of small

surface-active molecules. Despite a slight decrease of interfacial tension in the pres-

ence of cell culture media, the new two-surfactant system largely shields the interface

from variations in ionic strength and the presence of small, surface-active molecules.

Previous droplet stress sensors [44] relied only on ionic surfactants and their inter-

facial tension was dependent of the ionic strength of the medium surrounding the

droplet. The constant and controlled interfacial tension provided by the new two-

surfactant system described herein, as well as the ability to functionalize the droplet

surface with virtually any biotinylated molecule, enables the measurement of cell-

generated stresses in a wide range of systems.

Control of Droplet Size

Controlling the droplet size is important when using droplets as force transduc-

ers to measure cell-generated stresses in multicellular systems. Droplets that are

very small are di�cult to deform (due to increasing capillary stresses with decreasing

droplet size), and may even be internalized by cells. On the other hand, droplets that

are too large may disturb normal developmental processes and cell-cell interactions.

Previous work has shown that the optimal droplet size to measure cell-generated

stresses is approximately twice the average cell size [44]. As typical cell sizes range
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Figure 2.8: Control of droplet size. (A) Droplets generated in glass micro�uidic channels, using a
�ow-focusing device with Novec 7300 oil containing 2% w/w �uorosurfactant as the disperse phase

and deionized water with 0.2 mM DSPE-PEG(2000)-biotin as the continuous phase. Scale bar, 100 µm.
(B) Droplet size range achieved by varying the continuous �ow rate while holding the disperse �ow

rate �xed at 1 µL/min. Inset shows the di�erence in droplet size obtained at corresponding �ow rates.
Scale bar, 100 µm.

between 10-20 µm in many multicellular systems, generation of droplets with diam-

eters between 20-40 µm is desirable. In order to meet this need, we utilized droplet

micro�uidics to produce monodisperse �uorocarbon oil-in-water emulsions. Using

commercially-available, glass micro�uidic devices we generated monodisperse, sta-

ble �uorocarbon oil-in-water emulsions using a variety of �uorinated oils as the DP:

Novec 7300, Novec 7700, and Fluorinert FC 43. The DP contained 2% (wt/wt) Krytox-

PEG(600) and the aqueous CP contained DSPE-PEG(2000)-biotin at a 0.2 mM concen-

tration, producing monodisperse droplets through the �ow-focusing channel geom-

etry (Figure 2.8A). As a proof of principle, we demonstrate the ability to control the
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droplet size by simply changing the CP �ow rate, while holding the DP �ow rate con-

stant using Novec 7300 oil.

Figure 2.9: Control of droplet size. (A) Bright�eld image of a stable, monodisperse emulsion. (B)
Droplet size distribution of a Novec 7300 (2% w/w �uorosurfactant, coated with

DSPE-PEG(2000)-biotin) with an average droplet diameter: 27.3 ± 0.5 µm (mean ± standard
deviation).

Varying the �ow rate of the CP from 10-40 µL/min produces droplets with an av-

erage diameter spanning the range between 20-40 µm (Figure 2.8B). While the droplet

size may be varied by changing several parameters [49], typically the �ow rate ratio

between the CP and DP is changed. Thus, we kept the DP �ow rate constant while

varying the CP �ow rate, to achieve various drop sizes. Droplets generated with this

method contain sizes controlled within a 5% relative error (Figure 2.8C), save for cases

where the CP �uid velocity is highest, where the device has been shown to produce

bidisperse emulsions [50].
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As the channel depth is 20 µm, care must be taken to calculate the size of droplets

larger than 20 µm in diameter, as they would appear as squashed cylinders during

droplet generation. For a squashed cylinder, the total droplet volume Vt is [51]

Vt = Vc + Vs (2.3)

where Vc accounts for the cylindrical portion of the squashed droplet and Vs accounts

for the semicircular portion of the squashed drop volume, which are de�ned by

Vc = πd(r − d

2
)2 (2.4)

Vs = 2πAsc (2.5)

where d is the channel depth, and r is the squashed droplet radius (Figure 2.10) with

As = π
d2

8
(2.6)

c = r − d

2
+

4

3

(d/2)

π
(2.7)

where As being the area of a semicircle and c being the distance from the droplet axis

of rotation to the centroid, as shown in Figure 2.10. Knowing the measured squashed
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cylinder radius r while the device is generating droplets, and also the channel depth

d, Vt may then be used to calculate the (o�-chip) diameter of the equivalent spherical

droplet.

Figure 2.10: Schematic of a squashed droplet. Geometry of a squashed droplet, to correct for the
size of a droplet imaged in the micro�uidic channel when its diameter is greater than the channel

depth d. Modi�ed from [51].

Once droplets were collected as an emulsion, droplet surfaces were coated with

�uorescent streptavidin molecules and �nally with biotinylated ligands, following

the procedures as detailed in [46]. Using confocal microscopy, images of the coated

droplets demonstrated the presence of AlexaFluor-streptavidin conjugates (and hence

the DSPE-PEG(2000)-biotin molecule) at the surface as previously described above

(Figure 2.5A).
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2.4 Conclusion

The new, two-surfactant coatings of the droplets and the use of micro�uidics for

droplet generations allow full control over the relevant parameters. While other stud-

ies typically use the �uorocarbon oil as the CP for various experiments [47, 48, 52]

(for water-in-oil emulsions), we were able to develop a reliable approach using only

commercially-available micro�uidic components to generate highly monodisperse �u-

orocarbon oil-in-water emulsions. Full control over droplet size, in addition to proper

shielding of the interface in complex chemical environments, allow these new droplet

sensors to be used in a variety of systems as force transducers, either in vitro or in in

vivo.
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Chapter 3

Measuring Spatiotemporal Stresses

within 3D Spheroids

3.1 Introduction: Mechanics of Cellular Spheroids

2D monolayer cultures have represented many in vitro studies, however, they do

not often recapitulate 3D tissue conditions [24,25] and display key di�erences from 3D

tissues, such as altered cell morphology and gene expression [26]. Spheroids - spheri-

cal aggregates of adherent cells (Figure 3.1) - better mimic 3D tissues than traditional

monolayer cultures and maintain important cell-cell and cell-matrix interactions [53].

Furthermore, chemical gradients established within these 3D aggregates of cells (typi-
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cally larger than 150-200 µm in diameter) make them suitable models of tumors, which

are typically subjected to inner hypoxic regions and proliferative gradients [54, 55].

Figure 3.1: 3D cell spheroid. Maximum intensity projection of a mesenchymal cell spheroid,
imaged with confocal microscopy. These aggregates of GFP-positive cells better mimic 3D tissues

than traditional monolayer cultures.

The application of external forces as well as changes in the mechanical proper-

ties of the surrounding microenvironment can strongly in�uence cell behavior in 2D

culture systems [14, 16, 56, 57, 58], and in 3D tissues during development [59, 60, 61]

and disease progression [17, 18, 19, 20]. Many studies have focused on the role of

the microenvironment external to the multicellular aggregate, however, the endoge-
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nous stresses which build within multicellular aggregates remain unknown. Stress

variations within cellular spheroids have been suggested to exist [62, 63], but not di-

rectly observed. To infer these forces, previous work estimated stress levels within

tumors by physically cutting excised tumors, and using the resulting tissue defor-

mation along with a mathematical model [64]. Compressive stresses within murine

tumors were estimated to range from 0.37-8.01 kPa using this method. Other methods

used less invasive approaches to measure the maximum stress generated by cancer-

ous cell spheroids. The resistance to spheroid growth via con�nement in either elastic

microcapsule [65] or gels [66, 67], in addition to osmotic pressure [6] (applied to the

surface of the aggregate) has been used to measure the bulk mechanical stresses that

spheroids apply to their surrounding environment. A recent study used elastic mi-

crobeads to measure the in�uence of mechanical compression on the propagation of

isotropic stresses within tumor spheroids [43]. While this work investigates the e�ect

of con�nement and external compression on mechanical stresses, the spatiotemporal

variation of endogenous stress during aggregate growth and compaction remained

unknown. The goal of this research was to utilize the controlled droplets, discussed in

Chapter 2, to investigate how stresses within multicellular aggregates change spatially

and temporally, as the aggregates grow and compact over time.
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3.2 Methods

Cell Culture and Spheroid Formation

To generate 3D aggregates of cells, tooth mesenchymal (TM) cells (a kind gift from

Dr. Tada Mammoto; Ingber lab, Wyss Institute for Biologically Inspired Engineering at

Harvard), isolated from mice tooth rudiments from day 10 post-fertilization embryos

were used. The TM cells were transfected with green �uorescence protein, expressed

in the cytoplasm. Standard aseptic cell culture techniques were used to maintain cul-

tures of TM cells: the cells were grown in Dulbecco’s Modi�ed Eagle Medium (DMEM)

supplemented with 10% fetal bovine serum (FBS) and 1% Penicillin Streptomycin (Pen-

Strep), at 37 ◦C with 5% CO2. Subcultures were performed in T25 �asks with at least 5

mL of cell culture media, which was replenished every other day. Cells were passaged

once growth reached 70-80% con�uence, and each subculture was always passaged

less than 15 times. To ensure cell seeding at a speci�c density, cells were counted us-

ing a hemocytometer. It was determined that seeding between 0.25-1x106 TM cells in

a T25 �ask, with 5 mL of cell culture media, maintained an average cell doubling time

of approximately 27 ± 2.4 hours.

While spheroid generation may be done using several methods [54, 68], we fol-

lowed standard protocols using non-adhesive, round-bottom wells. These wells are

typically coated in order to promote cell-cell interactions, while prohibiting cell-surface
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interactions, encouraging spheroid formation. Many vendors supplied plates contain-

ing round-bottom wells (each coated with some proprietary surface modi�cations)

however, testing with TM cells revealed that using round-bottom wells, coated with

a biologically inert hydrogel to prevent cell attachment (Corning, 7007), worked best

to repeatedly generate single spheroids of a controlled size. Due to the di�culty from

imaging deep into large 3D tissues via confocal microscopy, we aimed to generate

spheroids that were approximately 200 µm in diameter. As expected, the size of the

resulting spheroid depends on the initial cell seeding number per well. To this end we

seeded di�erent densities of cells per well, and measured the aggregate size at di�erent

time points, to investigate the optimal seeding cell density.

The range of 102-105 TM cells per well was investigated, checking aggregate size

from 24-96 hours (Figure 3.2). From these results, we seeded 103 cells/well into round-

bottom wells for experiments to measure stress with droplets. Cell suspensions were

dispensed into wells with 200 µL of cell culture media and allowed to incubate at 37

◦C with 5% CO2. To ensure that cells received fresh media, the cell culture media was

replenished every other day by removing 100 µL of old media from each well, and

adding 100 µL of fresh media.
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Figure 3.2: Spheroid size versus cell number. Spheroid diameter plotted for an increasing number
of cells seeded per well in the desired low-adhesion, round-bottom well plate. Seeding below 103 cells
per well does not produce a large enough aggregate to inject into, while spheroids above 103 cells per

well may cause di�culty in imaging in 3D via confocal microscopy

Droplet Embedment within Spheroids and Imaging

Following the methods established in [44], droplets (functionalized with RGD pep-

tides for targeting integrin receptors on the cell surface) and TM cells were initially

mixed together by di�erent means to attempt to embed the droplets within the aggre-

gates: (1) suspensions of cells containing droplets were mixed together manually (by

hand and via vortex mixing) for approximately 1-2 minutes prior to seeding the mix-

ture into round-bottom wells and (2) droplets were seeded into the wells at di�erent

time points, after cells had been allowed to aggregate over various time points - in this
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method, droplets were added at various time points after initial cell seeding over 1-24

hours. These methods proved unsuccessful, as it was never observed that spheroids

of controlled size could be generated with droplets embedded within. While centrifu-

gation was used to enable droplet embedment in [44], this method does not enable

adequate control over the spheroid size, and the in�uence of centrifugation on the

mechanics of the spheroid remains unclear [69]. Thus, we sought to use microinjec-

tion of droplets into aggregates in order to introduce single droplets into aggregates,

to minimize the disturbance of natural aggregate growth and compaction.

To embed droplets between cells within the aggregates in a reliable manner, a

modi�cation to standard microinjection techniques was used. At 16 hours after ini-

tial seeding into round-bottom wells, loose TM cell aggregates were transferred from

the round-bottom wells into a glass bottom microwell dish (MatTek, P35G-0.170-14-

C) with at least 2 mL of cell culture media. Droplets prepared from Novec 7700 oil

were placed into the microwell dish, next to the aggregates. These droplets were pre-

pared with AlexaFluor(633)-streptavidin conjugates and functionalized with biotiny-

lated RGD peptides to mediate adhesion to the TM cells. Utilizing a Pico-Liter Injector

(Warner Instruments, PLI-100A), a negative pressure was applied to a blunt glass mi-

croneedle with an outer diameter of 20 µm. Bringing the tip of the needle close to a

droplet partially intakes the droplet into the needle. It is worth noting that droplets

smaller than 20 µm in diameter will be sucked up into the microneedle, rather than
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Figure 3.3: Droplet embedded within 3D cell spheroid. Maximum intensity projection of a
mesenchymal cell spheroid (green) at 48 hours post-formation, containing a single droplet (red).

be held at the tip. For this reason, we changed the size of the droplets and found that

droplets with a diameter between 21-23 µm work best under these conditions. The

droplet held at the tip of the microneedle was brought into the aggregate via a small

hole made previously with the microneedle. Once inside, the negative pressure was

released and the microneedle was removed, leaving the droplet embedded within the

aggregate. After injection, aggregates containing droplets were transferred back to

the round-bottom wells and incubated at 37 ◦C with 5% CO2 for at least 8 hours be-
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fore imaging. Injection of droplets at 16 hours after initial seeding into round-bottom

wells enabled stresses to be measured at 24 hours, after the eight-hour incubation

period. Injection at this early time point does not allow for stress measurements to

be performed at later time points (usually more than 48 hours in our experiments)

due to diminishing �uorescence at the droplet surface. To avoid this issue and en-

able measurement of stresses at later time points, speci�cally 48 and 60 hours in our

experiments, an additional droplet injection point was added at 40 hours.

3D images of droplets were obtained via confocal �uorescence microscopy (Zeiss,

LSM 710) and con�rmed that droplets remained embedded within spheroids (Figure

3.3). To this end, TM aggregates were transferred back to microwell dishes containing

approximately 2 mL of cell culture media via glass pasteur pipettes. 3D �uorescent

images of droplets were obtained using a 40x water immersion lens, while the confo-

cal incubation chamber maintained the temperature at at 37 ◦C with 5% CO2. Single

droplets were imaged at a time for the measurement of curvature. To avoid the issue

of apparent deformation from droplet movement during imaging, the conditions were

optimized to image the droplet as fast as possible, at reasonable resolution for recon-

struction of curvature: XY resolution was maintained at 256 x 256 and the droplet

was imaged in 1 µm slices (Figure 3.4A) simultaneously for two channels (one for

the droplet, one for the cells), resulting in an overall imaging time of approximately

30 seconds. To determine the spatial location of droplets within aggregates, whole-
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aggregate images were taken: XY resolution was maintained at 256 x 256 and the

entire aggregate was imaged in 5 µm slices simultaneously for both the droplet and

cell channels. To image droplet movement over time in 3D, aggregates were placed in

custom round-bottom wells made from 1% agarose. The agarose was heated until it

became a liquid, poured into a microwell dish and then a PDMS mold (containing fea-

tures to create the wells) was placed on top. Light pressure was applied to the PDMS

mold to create wells closer to the bottom of the microwell dish to avoid the chance that

aggregates and droplets would be out of the working distance of the objective. The

microwell dish was then sealed with para�lm and stored at 4 ◦C for a minimum of 30

minutes. Approximately 2 mL of pre-warmed cell culture media was dispensed into

the microwell dish prior to transferring aggregates into it for imaging. For tracking

drop movement over time: XY resolution was maintained at 256 x 256 and aggregates

were imaged in 5 µm slices every 15 minutes.

Image Analysis and Droplet Reconstruction

To determine the spatial location we used Imaris 3D rendering software (Bitplane).

Brie�y, surface models of both the droplet and aggregate were generated and the

droplet center was located. From this, the minimal distance between the droplet cen-

ter and the nearest point on the aggregate surface Xs was determined. From this
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Figure 3.4: Droplet imaging and 3D reconstruction to measure anisotropic stresses. (A) Three
planes of a confocal image from a droplet coated with Alexa-Fluor 633 streptavidin (red) and RGD

peptides, embedded within a 3D cell aggregate of tooth mesenchymal cells (green). Scale bar, 20 µm.
(B) Mean curvature map of the droplet’s surface obtained from 3D reconstruction of confocal images.

(C) Distribution of measured values of anisotropic stresses for a single droplet.

surface model, the volume of the aggregate was computed, and the aggregate radius

(assuming a spherical aggregate shape) was then determined.

A custom Matlab algorithm was used to perform 3D surface reconstruction from

confocal images of the droplets (Figure 3.4B,C) [70]. The droplet surface is located and

described by a point cloud. This point cloud is used to calculate the mean curvatures

locally, via standard di�erential geometry. To reduce high-frequency noise in images

prior to determination of curvature values, we employed both steerable and median

�lters.
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3.3 Results: Spatiotemporal StressMeasurementswithin

3D Spheroids

Spatial Stress Measurements

Injecting droplets at di�erent locations within many aggregates makes it possible

to obtain a spatial map of the stresses of interest. Droplets were prepared with Alex-

aFluor (633)-streptavidin conjugates and functionalized with biotinylated RGD pep-

tides to target cell integrin receptors. This enabled the investigation of stresses both

tensile in nature, and compressive. To obtain the stresses on the droplet surface: (1)

the droplets were imaged in 3D via confocal microscopy and their surface was recon-

structed (2) the local mean curvature H was calculated over the entire droplet surface

(3) the local normal anisotropic stress σA
nn was quanti�ed by measuring the di�erence

in normal stresses between a pair of points (~x1 and ~x2) on the droplet surface: σA
nn(~x1,

~x2) = σnn(~x1) - σnn(~x2) (Figure 3.5).

A local normal force balance at the droplet surfaces provides a relationship be-

tween the normal surface stress applied to the droplet σnn and the induced deforma-

tions which are characterized by the mean curvature H(~x) via:

σnn(~x) = −P + 2γH(~x) (3.1)
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Figure 3.5: Illustration of anisotropic versus isotropic stress. Sketch showing the de�nition of
anisotropic stresses as the di�erence in normal stresses between two points at the droplet’s surface,
each associated with a di�erent spatial direction. While not measured with droplets herein, a sketch

depicting isotropic stresses is also shown for clarity.

where P is the isotropic pressure and γ is the droplet interfacial tension. It should be

noted that we are not able to measure the isotropic pressure due to incompressibility

of the droplet (Figure 3.5). Thus, using 3.1, we de�ne the anisotropic stress as

σA
nn( ~x1, ~x2) = 2γ[H( ~x1)−H( ~x2)] (3.2)

which depends on the di�erence in curvature between the two points ~x1 and ~x2,

50



Measuring Spatiotemporal Stresses within 3D Spheroids Chapter 3

Figure 3.6: Spatial variations in endogenous cellular stresses within 3D cell aggregates. (A)
Maximum intensity projection of a single droplet (red) within a 60 hour tooth mesenchymal cell
aggregate (green). Scale bar, 100 µm. (B-C) De�nition of Xs as the closest distance of the droplet

center (white circle) from the aggregate’s surface (dashed line). Scale bar, 20 µm. (D) Spatial variation
in anisotropic stresses within tooth mesenchymal cell aggregates at 24 (black; N=30), 48 (blue; N=28)
and 60 (red; N=24) hours (N = number of aggregates). For each time, data points were binned into four
groups. Data points and error bars in each bin correspond to mean ± s.e.m of anisotropic stress and
Xs. The average aggregate radii for 24, 48, and 60 hours are 98.2 ± 5.7, 103.7 ± 5.8 and 110.2 ± 6.5

µm, respectively (mean ± s.d.).

and the droplet interfacial tension. The droplets, using Novec 7700 oil, have an interfa-

cial of 5.2± 0.1 mN/m in cell culture media (Figure 2.7B). Using Eq. 3.2, we obtain the

distribution of anisotropic stresses for all pairs of points on the droplet surface (Figure

3.4C), and use its standard deviation as the metric of the magnitude of the anisotropic

51



Measuring Spatiotemporal Stresses within 3D Spheroids Chapter 3

stress measured at di�erent points within the aggregate. Notably, the metric of stress

reported herein is di�erent than that reported in [44]; while we now report the di�er-

ence in normal stress at points ~x1 and ~x2, the metric reported in [44] focused on the

deviations in normal stress from the isotropic state.

For both spatial and temporal stress measurements, RGD-coated droplets with an

average diameter of 21± 1 µm were embedded within aggregates and imaged at time

points of 24, 48 and 60 hours (post initial cell seeding). We report the variation of stress

as a function of space by de�ning Xs, the minimal distance of the droplet center from

the aggregate surface (Figure 3.6B), obtained from the contour plot of distance from the

aggregate’s surface (Figure 3.6C). The magnitude of the anisotropic stresses measured

varies weakly with spatial location within the aggregate (Figure 3.6D), changing by

only about 10% between measurements closest to the surface and those closest to the

center. As observed in Figure 3.6D, the spatial range of the measured stresses changes

over time. This is due to droplet movement towards the aggregate center over time

(discussed below).

Temporal Stress Measurements

Although there was a weak relationship between the measured anisotropic stresses

and spatial location within the aggregate, it is evident (also from Figure3.6D) that the

magnitude of anisotropic stresses increase considerably over time (Figure 3.7A). Due
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to the insigni�cant spatial dependence, we averaged all data at each time point to

determine the temporal variation in cell-generated anisotropic stresses, over the entire

aggregate.

Figure 3.7: Temporal evolution of average cell-generated stresses within growing 3D
aggregates. (A) Average anisotropic stresses for tooth mesenchymal cell aggregates at 24, 48 and 60

hours (top), measured with droplets coated with RGD peptides (green) or mPEG (red) to quantify
compressive and tensile stresses (see panel B). Confocal sections of RGD-coated droplets (red; surface
label) embedded between cells (green) of the aggregate at di�erent time points are shown. Scale bars

20 µm. For 24, 48 and 60 hours, N = 30, 30, and 24, respectively, for droplets coated with RGD
peptides, and N = 6, 5, and 5, respectively, for droplets coated with mPEG (N = number of aggregates).

(B) Schematic representation of adhesive and non-adhesive droplets to investigate tensile and
compressive stress contributions.

The magnitude of the stress increases from approximately 0.2 kPa to 0.35 kPa

from 24 to 60 hours, as the aggregate grows and compacts. This increase in droplet

deformation (e.g. stresses) over time is directly visible when imaging via confocal

microscopy (Figure 3.7A, bottom). Furthermore, to investigate the nature of this in-
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crease in stress over time, we hindered adhesive interactions between the cells and

the droplets by coating their surface with methoxypoly(ethylene glycol) (mPEG) (Fig-

ure 3.7B). Whereas RGD-coated droplets enable measurement of both tensile (pulling)

and compressive (pushing) stresses, droplets coated with mPEG solely measure com-

pressive stresses (Figure 3.7A,B). Our results suggest that the variation in anisotropic

stress over time is due to the ability of the droplets to adhere to neighboring cells, and

that the magnitude of the compressive anisotropic stress remains constant.

Droplet Flow within Spheroids

As observed in Figure3.6D, the spatial range of measured stresses changes over

time from 24 to 60 hours. Droplets were observed to move towards the center of the

aggregate over time (Figure 3.8A-C), which prevented the measurement of stress close

to the aggregate periphery.

Imaging during growth and compaction from 48 to 60 hours, we were able to track

the trajectory of droplets over time in 3D within the aggregate. In each case, the

droplet moves towards the center (Figure 3.8A) of the aggregate while the aggregate

grows. Droplets were observed to move towards the aggregate center with an average

speed of 1.2± 0.3µm/hr while the aggregate grew over time (Figure 3.8B) at an average

radial speed of 0.38 ± 0.03 µm/hr (Figure 3.8C).
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Figure 3.8: Droplet movement within 3D tooth mesenchymal cell aggregates. (A-C) Temporal
evolution of droplet position (A) and average aggregate radius, R, (B) for three di�erent aggregates,

each containing a single droplet, over 12 hours (from 48-60 hours). (C) Average droplet velocity
relative to the aggregate’s surface (−dXs/dt), average aggregate radial growth velocity (dR/dt) and
also the absolute droplet velocity (−dXs/dt+ dR/dt). Values reported represent average ± standard

error of the mean.

3.4 Discussion

Using the new system of droplets as force transducers, we were able to measure

endogenous, anisotropic stresses within multicellular aggregates. Both spatial and

temporal changes in these stresses were measured within multicellular aggregates.

This work allowed the �rst glance at measurements of spatiotemporal variations in

cell-generated stresses within 3D cell spheroids, a system widely used as model tissues

and tumors in numerous studies. Our results reveal that over 24-60 hours, the magni-

tude of anisotropic stress within the aggregate does not strongly vary as a function of

spatial location (Figure 3.6D). Comparing the anisotropic stresses obtained from mea-
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surements either with or without ligands targeting integrin receptors demonstrates

that cell-generated pulling stresses increase over time, as the aggregate continues to

grow and compact (Figure 3.7A). This is consistent with previous work which shows

that integrins mediate strong adhesion between mesenchymal cells in 3D tissues [71].

The nature of this time-dependent increase in cellular stress may be due to the fact that

cells are not able to transmit forces through integrin receptors in loosely-associated

aggregates at early time points (24 hours) compared to later time points (after 48

hours). However, the increase in stress could also be due to several other mechanisms,

including a mechanical response due to increased cell-cell contacts, increased levels

of extracellular matrix, or perhaps due to changes in the mechanical properties of the

microenvironment within the cellular aggregate. For these reasons we do not claim

that the forces are solely caused by integrin-mediated adhesion between the cells and

the drops.

Although no other work has measured endogenous stresses within multicellular

aggregates, several studies have estimated the isotropic stress generated by an entire

growing aggregate [65, 66]. Tumor spheroids con�ned within elastic microcapsules

generated an isotropic stress of approximately 2 kPa [65], while stress levels within

spheroids grown in agarose gels (of varying sti�ness) were estimated to be in the range

of 3.7-16 kPa [66]. These values are larger than the average anisotropic stress we re-

port herein, however, the di�erence in the stress metric reported should be noted:
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these studies investigate the isotropic, bulk stress applied by the entire aggregate on

their surrounding whereas we focus on measurement of the local, cell-cell generated

anisotropic stresses in the absence of con�nement (Figure 3.5). A recent study has

used elastic microbeads to measure spatial variations in isotropic stress, transmit-

ted through the aggregate via an osmotic pressure applied to the surface of tumor

spheroids [43]. After applying a stress of 5 kPa to the surface, the isotropic stresses

within the spheroid ranged from <1 to 4 kPa, from the periphery to the aggregate

core. In contrast to the measurements reported herein, which quantify the spatiotem-

poral variations in the endogenous anisotropic stresses at the cellular scale (Figure

3.5), the measurements described in [43] correspond to the supracellular, isotropic

stresses measured within the aggregate in response to an applied external stress.

The spatial range of measureable stresses changes slightly with time because droplets

move towards the aggregate core (Figure 3.8), preventing measurements of stresses

close to the aggregate’s surface at later times. The existence of inward movement of

droplets is consistent with previous observations of core-directed internal �ows [72,

73, 74]. These �ows are thought to be generated by spatial segregation of cell prolif-

eration and death within the aggregate: cell proliferation occurs preferentially at the

surface of the aggregate, whereas cell death occurs predominantly at its core, generat-

ing a net �ow of cells towards the aggregate center [72,73,74]. In all cases, we observed

the droplets to move inward, towards the aggregate’s core (Figure 3.8A), while the ag-
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gregate radius R increased over time (Figure 3.8B). Droplets moved inward with an

average speed of 1.2 ± 0.3 µm/hr, while aggregates grew at an average radial speed

(dR/dt) of 0.38 ± 0.03 µm/hr (Figure 3.8C).

3.5 Conclusion

By investigating mechanical stresses within multicellular spheroids, widely used

as model 3D tissues and tumors, we can help understand how mechanics in�uence

cell behavior in 3D multicellular environments. The use of novel tools such as droplet-

based probes or elastic microbeads can compliment cell and molecular biological stud-

ies to provide an insight on how physical quantities correspond with molecular cues

in 3D multicellular environment. Such tools can be used to investigate mechanical

cues in developing embryos and also for studying the role of mechanics in tumor pro-

gression.
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Chapter 4

New Fluorosurfactants for

Stabilizing Fluorocarbon

Oil-in-water Emulsions

4.1 Introduction: Fluorinated Materials

Fluorinated materials, in particular for emulsions generated or stabilized with a

�uorinated component, have been investigated for their use in numerous applica-

tions [75], including drug delivery [76, 77, 78, 79], biomedical imaging [80, 81, 82], and

also in the use of droplets as force transducers in living tissues [44]. Most notably,

�uorocarbon (FC) oils have been utilized as the dispersed phase in an emulsion to act
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as arti�cial oxygen carriers (AOCs) or "blood substitutes," due to their ability to dis-

solve oxygen [75, 83, 84, 85] better than most solvents. In the 1960’s, the ability of FC

oils to dissolve oxygen was demonstrated in unique experiments: Clark and Gollan

immersed rats within a solution of oxygen-saturated, FC oil at atmospheric pressure

and showed that they could live and breathe within the �uid [86]. These oils were also

found to support regular contraction of excised rat hearts ex vivo, when perfused with

an oxygen-saturated FC oil and diluted blood [87]. Altogether, these experimental

�ndings supported the use of FC oils in the biomedical �eld, and sparked the interest

of using them as AOCs.

The unique properties of �uorinated oils make them attractive materials to use

for such applications. These FC oils are characterized by very strong intramolecu-

lar interactions, yet very weak intermolecular (van der Waals) interactions [83]. This

gives rise to the incredibly low surface tensions they display, in comparison to their

hydrocarbon counterparts. The position of Fluorine in the upper right corner of the

Periodic Chart is also responsible for the special properties found in FC oils such as

their low refractive indices, viscosities similar to that of water, high �uidic densities

and exceptional chemical inertness. FC oils are also considerably hydrophobic (and

lipophobic) leaving them highly insoluble in water or other aqueous media, and also

immiscible with hydrocarbons. To then be used in many applications, for example tar-
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geting AOCs [83] or for droplet force transducers [44], these FCs should be emulsi�ed,

due to their immiscibility in both aqueous and hydrocarbon �uids.

Figure 4.1: Schematic of surfactants used to stabilize emulsions utilizing FC oils. Typical
surfactants to stabilize FC oil-in-water emulsions include poloxamers, and phospholipids, either alone

or with semi�uorinated alkanes as co-surfactants. The inset shows a schematic of a popularly-used
triblock �uorosurfactant as the emulsi�er in the inverse water-in-FC oil emulsion.

Stabilizing FC oil-in-water emulsions is not a trivial task, in particular due to the

lack of surface active reagents (surfactants) which could stabilize them. The majority

of the literature covering the stabilization of FC oil-in-water emulsions is dominated

by their intended use as AOCs. Thus, a brief summary of work done to progress this

research is covered. The goals for any surfactant used in emulsions used as AOCs

are to lower the interfacial tension to improve dispersion of the FC oil phase into the

aqueous water phase, and to stabilize the emulsion against coalescence and the di�u-
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sive Ostwald ripening process (where material from smaller droplets of the dispersed

phase di�uses, through the carrier phase, into droplets of larger volumes). Addition-

ally, emulsions should not be retained within the organism for extended periods of

time (hours, as opposed to days) and be excreted properly. Initial emulsions used

as AOCs were stabilized with poloxamers, neutral triblock copolymers with a poly-

oxypropylene center, �anked by two polyoxyethylene chains (Figure 4.1). However,

there were di�culties (using poloxamers as emulsi�ers) in obtaining a balance be-

tween emulsions which would both be stabilized and also have an acceptable time to

be retained within the organism [88]. Fluosol-DA was the �rst emulsion that was

commercially-available as an AOC [89], and utilized a mixture of poloxamers and

egg-yolk phospholipids (EYP). This emulsion system was troubled by the sensitive

storage conditions and poor emulsion stability, as were most other emulsions based

on Fluosol-DA [83]. From their use in the Fluosol-DA emulsion, EYPs soon became a

popular component to use as the surfactant in FC oil-in-water emulsions (Figure 4.1),

recognized for their improved emulsion stability compared to poloxamers [90]. Emul-

sions utilizing phospholipids with FCs especially in combination with per�uorooctyl

bromide (PFOB), a �uorinated solvent additive chosen for its slight lipophilicity (due

to the Bromine atom) and decreased water-solubility when introduced into the bulk

FC oil, were particularly stable and o�ered more acceptable excretion rates [83]. The

slight lipophilicity of PFOB better stabilizes phospholipid-based surfactants at the FC-
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water interface, and these emulsions o�ered low interfacial tensions [83], which was

thought to result in their slower Ostwald ripening rates. An additional method to fur-

ther stabilize phosopholipid surfactants at the FC-water interface was through the use

of semi�uorinated alkanes (SFAs) - a diblock surfactant soluble in the oil phase, con-

taining both a hydrocarbon moiety and �uorocarbon moiety (Figure 4.1). SFAs have

very unique properties [91], and provide both low interfacial tension and increased

stabilization of FC oil-in-water emulsions when used as co-surfactants along with

EYPs [92]. However, phospholipids are sensitive materials susceptible to oxidation

and hydrolysis when used in these emulsions. While the addition of co-surfactants

such as SFAs can help to stabilize phospholipids at the FC-water interface, production

of SFAs is di�cult and still requires special storage conditions. On the other hand,

using EYPs as the emulsi�er in the absence of SFAs is non-ideal, due to the lipophobic

nature of FCs.

Other commercially available �uorinated surfactants (�uorosurfactants) exist and

can be used with FC oils. However, they are produced to stabilize the inverse water-

in-oil emulsions (see inset of Figure 4.1), with a surfactant geometry which contains

larger �uorinated tails compared to their smaller hydrophilic head groups. Typically,

a biocompatible surfactant is synthesized from a per�uoropolyether (PFPE) starting

material, containing a carboxylic acid end group, commercially named Krytox (Figure

4.2). This �uorosurfactant is usually linked to polyethylene(glycol) (PEG), to generate
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Figure 4.2: Synthetic scheme of PFPE-PEG surfactants established in the literature.
PFPE-carboxylic acid is converted to PFPE-acid chloride. This is then reacted with the amine group of

the PEG molecule to generate a PFPE-PEG �uorosurfactant. Unreacted starting material of the
PFPE-acid chloride can become charged at FC-water interfaces, which may be problematic to use in

biological studies.

a surfactant containing a the �uorinated tail group and a PEG head group [47,93] (Fig-

ure 4.2), however, others have synthesized �uorosurfactants with varying head groups

and di�erent bond types [94]. These studies demonstrate the formation of new fuoro-

surfacatants, however, stabilization of FC oil-in-water emulsions is not achieved (also

only short-term stability is shown) and often su�cient characterization of the synthe-

sized surfactants is not provided. Additionally, the coupling reaction between Krytox

and PEG is challenging, and requires specialized solvents, making full conversion of

the starting material to product di�cult. As a consequence, one can expect to have

leftover (unreacted) starting material. This may lead to unwanted interactions with

biomolecules (e.g. proteins) when used in biological applications, and also a change
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in the interfacial tension in the presence of non-ionic versus ionic media. A study

showed that the interfacial tension of interfaces containing only these starting ma-

terials (polar PFPE surfactants; Krytox-FSH) will cause a substantial decrease in the

interfacial tension (from its value in deionized water) in the presence of phosphate

bu�ered saline (PBS) [48], which is used in cell culture media, for example.

Given that the literature is dominated by the use of non-ideal phospholipid sur-

factants or �uorosurfactants generated from ionic starting materials (and used for the

inverse emulsion), the goals of the research conducted in this chapter were to develop

�uorosurfactants to stabilize FC oil-in-water emulsions, while maintaining controlled

interfacial tension. In a collaboration with Dr. Carolin Fleischmann (The Hawker Lab-

oratory, UCSB), we introduce �uorosurfactants which are generated via a new syn-

thetic approach, with a non-ionic starting material, to stabilize FC oil-in-water emul-

sions without the need for a co-surfactant. These new FS are tunable in geometry,

enabling the control over di�erent interfacial properties, and stabilize FC oil-in-water

emulsions while avoiding special storage conditions. These FS have been fully char-

acterized, and demonstrated to control the interfacial tension within di�erent media

while maintaining excellent control over the droplet size distribution in monodisperse

emulsions generated via droplet micro�uidics.
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4.2 Methods

Synthesis of Fluorosurfactants

The new synthetic approach1 is a two step reaction to couple Krytox, functional-

ized with a methyl ester end group (Chemours, PFPE ME), and mPEG, functionalized

with a N-hydroxysuccinimide ester (NHS ester) end group (Figure 4.3). First, the ME

end group on the Krytox starting material was converted to an amine (NH2). This

molecule was then reacted with the mPEG-NHS ester to create the �nal product. The

�nal diblock products containing Krytox and PEG (Figure 4.3) will be referred to as

Kry-PEG for the remainder of this chapter.

Synthesis of Krytox NH2. First, 0.5 mL of methanol, 0.5 mL of Novec 7300 oil,

19 µL of ethylenediamine, and a magnetic stir bar were added to a 20 mL glass vial

(Vial A). The mixture is placed on a magnetic stir plate and allowed to stir for 15 min

at room temperature. During this time, 500 mg of Krytox-methyl ester was added to a

separate 20 mL glass vial (Vial B), and 1.5 mL of Novec 7300 was added. This solution

was vortexed for approximately 30 sec and then sonicated for 1 min, to ensure that

the Krytox methyl ester was completely dissolved. The contents of Vial B were then

added to reaction in Vial A by a plastic syringe, and the cap of Vial A was sealed tight.
1This work was done in collaboration with Dr. Carolin Fleischmann from The Hawker Lab, UCSB.
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Figure 4.3: New synthetic scheme of PFPE-PEG surfactants. PFPE-methyl ester is converted to
PFPE-amine. This is then reacted with mPEG-NHS ester to generate diblocks of the �nal PFPE-PEG

product (Kry-PEG) from non-ionic starting materials.

This reaction was then allowed to proceed under constant stirring for two days at

room temperature.

After two days, the reaction mixture was transferred to a 15 mL centrifuge tube

via a glass pipette. Vial A was rinsed with additional Novec 7300, and this mixture

was also transferred to the centrifuge tube, to recover any leftover materials. All ex-

cess solvents were then removed. The leftover viscous residue was then dispersed

in dichloromethane (DCM) in a 15 mL falcon tube, via short cycles of vortex mixing

and sonication. Aterwards, the mixture was centrifuged for 10 min. The supernatant

(mostly DCM) was removed and discarded via pipette and the residue was redispersed

in fresh DCM. Once again, the mixture was dispersed in DCM via short cycles of vor-
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tex mixing and sonication, prior to centrifugation for another 10 min. Overall, this

process was repeated until the mixture had been redispersed in DCM and centrifuged

for a total of three cycles. The residue was then dissolved in approximately 2 mL of

Novec 7300 oil and transferred to a glass vial (with the weight of the vial+cap noted).

The volatile Novec 7300 solvent was then removed by applying a constant air stream

over the open glass vial for 1 hr. The remaining viscous oil was then dried in a vacuum

oven over several hours, at 50 ◦C . The remaining material can be characterized via

infrared (IR) spectroscopy to verify that the desired Krytox-NH2 was indeed formed

- the introduction of the amide group is characterized by a shift in the wavenumber,

corresponding to the amide absorption band (Figure 4.4).

Figure 4.4: IR characterization of �rst reaction step. IR spectra of Krytox-methyl ester (black),
and Krytox-NH2 (gray). Introduction of the amide group is demonstrated through a shift in the

wavenumber, corresponding to the amide absorption band (inset).
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Coupling of Krytox NH2 and mPEG-NHS ester to form Kry-PEG Fluoro-

surfactants. Inside a 20 mL glass vial with a septa-screw cap (containing a magnetic

stir bar), the mPEG-NHS ester material was added based on the molecular weight

(MW) of the PEG group to be used in the synthesis:

• MW 1000 Da: 72 mg

• MW 550 Da: 40 mg

• MW 350 Da: 25 mg

This reaction vial was then purged, through the septum, with argon for 10 min, to pre-

vent any moisture from being present during the reaction. In the meantime, a heating

block was preheated to 50 ◦C . The temperature was monitored with a thermometer,

and allowed to equilibrate for at least 5 min. Afterwards, 0.5 mL of tri�uorotoluene

(TFT) was added to the mPEG-NHS ester vial via syringe and needle. Para�lm was

then wrapped around the septa cap, to isolate the reaction. This mixture was then

vortexed and sonicated to encourage dispersion of the mPEG-NHS ester into the TFT.

Based on the MW of the PEG group, this required di�erent mixing times - higher MW

PEG will be more di�cult to dissolve in the �uorinated TFT solvent, and thus requires

more mixing time. In a separate glass vial, 150 mg of the Krytox-NH2 was dissolved

in 0.5 mL of Novec 7300 oil via brief vortexing and sonication. This solution was then

slowly dispensed via syringe and needle, through the septum of the reaction vial. Af-
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terwards, the para�lm of the reaction vial was replaced (due to the hole just created

by addition of the Krytox-NH2 product) and allowed to stir on a magnetic stir plate

for 10 min at room temperature. Finally, the reaction is transferred to the pre-warmed

heating block at 50 ◦C , and stirred for 3 days at this elevated temperature. The work

up procedure of the reaction was done as previously mentioned for the Krytox-NH2

material. Brie�y, the reaction mixture was transferred to a 15 mL falcon tube, where

the solvents were then removed by a constant air stream applied for at least 1 hr. The

mixture is them dispersed in DCM and centrifuged for at least 3 cycles, as mentioned

above, in Synthesis of Krytox NH2. Finally, the residue was dissolved in Novec 7300

and transferred into a glass vial (with the weight noted). All solvents were then re-

moved by a constant air stream, after which the product was placed into a vacuum

oven for several hours (typically overnight) at 50 ◦C .

IR Spectroscopy of Fluorosurfactants

IR spectroscopy was used to identify characteristic functional groups for both

starting materials and �nal products. An IR spectrometer was used along with Spec-

trum 10 software to analyze and export spectra of all materials. The instrument was

initialized, and the background (to be subtracted o� the sample signal) was determined

by scanning an empty sample window �rst, which was wiped clean with acetone and a

Kimwipe. Then, a small amount (several milligrams) of the desired sample was placed
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onto the stage using a glass pastuer pipette and the sample window was scanned again

to obtain the IR spectrum.

Interfacial Properties of Fluorosurfactants

To characterize the interfacial tension of the droplets prepared with the newly

synthesized KryPEG �uorosurfactant, similar protocols were followed according to

the Methods section of Chapter 2. Accordingly, an optical tensiometer (Biolin Scien-

ti�c, Theta Optical Tensiometer) was used to measure equilibrium interfacial tension

values. Fluorocarbon oil droplets (either neat or containing surfactants) were sus-

pended from syringe needles (typically 25 gauge, Jensen Global, JG25-1.0X 50) while

immersed within an aqueous media inside of a cuvette (BRAND, 759170). Automated

software from the tensiometer enabled detection of the interface and calculated (using

the Young-Laplace equation) the resulting interfacial tension between the two �uids.

Three measurements were taken over several minutes to 0.5 hours, depending on the

surfactant concentration used, for all combinations of oil and surfactants to enable

average measurements of equilibrium interfacial tension values.

Temporal Emulsion Stability

To test emulsion stability, both bulk emulsi�cation was used (testing short-term

stability) and emulsi�cation via micro�uidics was utilized (for testing long-term sta-
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bility), as previously described in the Methods section of Chapter 2. Accordingly, bulk

emulsions were generated by hand [46] (Figure 2.3). A 4 mL glass vial was coated with

a 0.1% (w/w) BSA solution, rinsed with deionized water and then 1 mL of deionized

water was added, in lieu of adding the DSPE-PEG(2000)-biotin surfactant which was

previously required to stabilize FC oil-in-water emulsions. Approximately 100 µL of

�uorocarbon oil (containing the desired KryPEG �uorosurfactant) was added to the

vial. The vial was then vigorously shaken by hand (Figure 2.3A) to generate a course

emulsion. Afterwards, a pipettor with a 1 mL tip was used to rapidly aspirate and dis-

pense the oil against the glass vial (generating large shear stresses) to narrow the size

distribution of the resulting polydisperse emulsion (Figure 2.3B). Short-term stability

of the resulting emulsion was checked by imaging on an inverted microscope over

several minutes.

To make monodisperse emulsions, we utilized the same 20 µm glass micro�uidic

devices used in the Methods section of Chapter 2. Accordingly, to ensure that the

surfaces were su�ciently hydrophilic and to prevent wetting of the droplet phase, the

channel walls were coated with a 1% (w/w) solution of bovine serum albumin (BSA).

To this end, BSA was �owed through the channels for 30 minutes, followed by a rinse

with deionized water (puri�ed through a Milli-Q puri�cation system) by �owing wa-

ter through the channels for at least 30 minutes, prior to generating droplets. Droplets

were generated with a continuous (outer) phase (CP) of deionized water, without the
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addition of the DSPE-PEG(2000)-biotin (Avanti Polar Lipids, 880129) previously re-

quired to stabilize the FC oil-in-water emulsions. The disperse (inner) phase (DP)

consisted of 2% (w/w) of the desired KryPEG �uorosurfactant dissolved in Novec 7300

oil (3M, 98021248285). Droplet collection and micro�uidic device cleaning followed

the same procedures as described in the Methods section of Chapter 2.

4.3 Results and Discussion

Characterization of Kry-PEG Fluorosurfactants

Several techniques were used to characterize the Kry-PEG �uorosurfactant prod-

ucts including IR spectroscopy, nuclear magnetic resonance (NMR) spectroscopy, and

mass spectrometry (MS). I performed experiments to obtain IR spectra while the re-

maining characterization data was obtained by Dr. Fleischmann (The Hawker Labo-

ratory, UCSB), and was interpreted to further support �uorosurfactant formation2.

IR spectroscopy supports �uorosurfactant formation by the observation of cer-

tain functional groups when comparing the starting materials to the �nal products

(Figure 4.4 and Figure 4.5). Observing Figure 4.4, the methyl ester functional group

(with an absorbance band at approximately 1795 cm−1) is no longer present in the
2The collaborating group further characterized Kry-PEG �uorosurfactants via 1H NMR, 19F NMR,

1H Di�usion Ordered SpectroscopY (DOSY) NMR and matrix-assisted laser desorption/ionization
(MALDI) mass spectrometry.
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Figure 4.5: IR characterization of �uorosurfactants. IR spectra of Krytox-NH2 (gray),
Kry-PEG(350) (blue), Kry-PEG(550) (red), and Kry-PEG(1000) (green). All Kry-PEG �uorosurfactants

show a similar absorption band at 1720 cm−1 for the amide group (black arrows) that the Krytox-NH2

contains at 1710 cm−1. Additionally, the Kry-PEG �uorosurfactants show an absorption band
indicating the presence of the PEG block (gray arrows).

Krytox-NH2 material. Instead, the absorbance band is shifted to 1710 cm−1, due to the

presence of the amide bond in the Krytox-NH2 material. All �uorosurfactants, namely

Kry-PEG(350), Kry-PEG(550) and Kry-PEG(1000), were also characterized by IR spec-

troscopy (Figure 4.5). Each �uorosurfactant shows an absorbance band at∼2900 cm−1,

corresponding to the PEG block, which is absent in the Krytox-NH2 starting material

(Figure 4.5, gray arrows). Furthermore, the absorbance band of the amide group is

present at 1720 cm−1 in all �uorosurfactant products, shifted slightly from the band

of the Krytox-NH2 starting material, likely attributed to the incorporation of a sec-

ond amide group in the �nal product (Figure 4.3, black arrows). Taken together, along
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with all NMR and MALDI/MS characterizations, IR spectroscopy strongly supports

the formation of all three �uorosurfactants.

Kry-PEG Fluorosurfactants: Interfacial Properties

Important to a surfactant’s characteristics are its e�ectiveness and e�ciency in

modifying the interfacial tension of a particular system. A highly e�cient surfactant

will produce a given change in surface or interfacial tension at lower concentrations,

while a highly e�ective surfactant will provide, overall, a larger reduction in interfa-

cial tension, regardless of the concentration [95]. Generally, a surfactant’s e�ciency

is the concentration of surfactant needed to provide a reduction of surface (or interfa-

cial) tension of 20 mN/m, indicating the minimum concentration required to produce

the maximum surfactant adsorption. To determine these characteristics of the syn-

thesized FS, we measured the interfacial tension of KryPEG(350), KryPEG(550) and

KryPEG(1000) as a function of FS concentration in deionized water (Figure 4.6). We

observed that the FS with smaller PEG head groups (KryPEG(350) and KryPEG(550))

are more e�ective, achieving a lower maximum reduction in interfacial tension than

the FS containing the largest head group. Interestingly both of these FS reach sim-

ilar interfacial tension values at their maximal reduction, around 5-6 mN/m (Table

4.1). It is apparent that KryPEG(550) is the most e�cient of the three FS investigated,

as KryPEG(550) reaches a reduction in interfacial tension by 20 mN/m (from ∼35-15
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mN/m) at a concentration that is one order of magnitude smaller than the concentra-

tions required of KryPEG(350) and KryPEG(1000) (Figure 4.6). From Figure 4.6, it is

also evident that KryPEG(1000) is the least e�ective surfactant, providing an overall

maximum reduction in interfacial tension of ∼20 mN/m.

Figure 4.6: Fluorosurfactant e�ciency and e�ectiveness. Equilibrium interfacial tension versus
�uorosurfactant concentration (CFS) for KryPEG(350) (blue), KryPEG(550) (red), and KryPEG(1000)

(green). The Gibbs adsorption equation was used to �t data in the dilute surfactant regime.

Surfactant γmin (mN/m) Γ∞ (µmol/m2) a (nm2)
KryPEG(350) 5.1 1.99 8.35
KryPEG(550) 5.9 5.58 2.98
KryPEG(1000) 15.5 2.17 7.67

Table 4.1: Properties of �uorosurfactants.

76



New Fluorosurfactants for Stabilizing Fluorocarbon Oil-in-water Emulsions Chapter 4

To investigate the surfactant packing at the FC oil-water interface, the saturat-

ing suface excess concentration (Γ∞) was obtained by �tting the data (in the dilute

regime) using the Gibbs adsorption equation [48], as done in Chapter 2 (Equation 2.2).

Surface excess concentrations for KryPEG(350), KryPEG(550) and KryPEG(1000) were

determined to be Γ∞ = 1.99, 5.58, and 2.17 µmol/m2, respectively (Table 4.1). Know-

ing Γ∞ enables the area occupied per surfactant molecule at the interface (a) to be

determined, via:

Area [nm2] = a =
1018

Γ∞NA

(4.1)

where NA is Avagadro’s constant. The area per surfactant molecule at the FC-water

interface for KryPEG(350), KryPEG(550) and KryPEG(1000) was determined to be 8.35,

2.98 and 7.67 nm2, respectively (Table 4.1). Due to having the smallest interfacial

area, it is suspected that KryPEG(550) packs more tightly at the interface. This is

supported further by the fact that not only does KryPEG(1000) have a larger area, but

KryPEG(350) does as well. KryPEG(1000) may pack less tightly at the interface due

to the larger PEG head group, ultimately limiting the amount of surfactant molecules

that can pack per given area. Interestingly, KryPEG(350) has an area similar to that of

KryPEG(1000). This indicates that the surfactant is likely not oriented vertically, but

rather assuming some random or more horizontal orientation, which would also limit

the number of surfactants able to pack per given area.
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Figure 4.7: Behavior of �uorosurfactant in presence of high concentrations of salt and small
surface active molecules. Equilibrium interfacial tension measurements were performed with

Novec 7300 containing 2% w/w of each �uorosurfactant KryPEG(350) (blue), KryPEG(550) (red) and
KryPEG(1000) (green). Measurements were done in D.I. water, 100 mM NaCl, and cell culture media

(containing 10% fetal bovine serum).

We further investigated the �uorosurfactant behavior in the presence of high salt

concentrations and small surface active molecules (Figure 4.7. Each of the �uoro-

surfactants (used at 2% w/w in Novec 7300) showed less than a 10% decrease in

interfacial tension, from values measured in D.I. water, in the presence of 100 mM

NaCl. Speci�cally, the interfacial tension values decreased by 1.0%, 8.8% and 3.1%

for KryPEG(350), KryPEG(550) and KryPEG(1000), respectively. This demonstrates

that the synthesized �uorosurfactants are non-ionic, and preventing changes in in-

terfacial tension in the presence of high salt concentrations. Finally, the interfacial
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tension using KryPEG(550) was measured in cell culture media, which is a complex

chemical environment containing high salt concentrations and many small surface ac-

tive molecules. From the data represented in Figure 4.7 we found that the interfacial

tension decreases by approximately 17.5%, an improvement over the commercially-

available, non-ionic triblock �uorosurfactant (which decreased by ∼25%) [96]. Thus,

using the �uorosurfactant at high concentrations, KryPEG(550) alone is able to shield

the interface and prevent undesired changes in interfacial tension in the presence of

a variety of small molecules and high salt concentrations.

Kry-PEG Fluorosurfactants: Emulsion Stabilization

A primary purpose of any surfactant used as an emulsi�er is to stabilize the emul-

sion against coalescence, as well as other methods of emulsion destabilization [97].

An ideal surfactant would stabilize a monodisperse emulsion inde�nitely, however, in

practice this is not achieved and the change in emulsion size distribution should be

monitored over time. Here, bulk emulsi�cation was initially used to generate poly-

dispserse FC oil-in-water emulsions, to quickly rule out surfactants which could not

immediately stabilize an emulsion over several minutes. In this case, Kry-PEG(1000)

and Kry-PEG(550) stabilized polydisperse emulsions while Kry-PEG(350) did not (data

not shown). To assess how well the synthesized �uorosurfactants stabilized an emul-

sion over longer periods of time, micro�uidics was used to generate monodisperse FC
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Figure 4.8: Kry-PEG �uorosurfactants stabilize FC oil-in-water emulsions. A monodisperse
emulsion of Novec 7300 oil with 2% (w/w) of Kry-PEG(550) 1 day after generation (A) and 90 days
after generation (B) with micro�uidics. (C) Average droplet size during long-term storage at room

temperature for emulsions stabilized with Kry-PEG(550) (blue) and
KrytoxPEG(600)+DSPE-PEG(2000)-biotin (red).

oil-in-water emulsions. Given that KryPEG(550) was the most e�cient surfactant with

the closest interfacial packing, these surfactants were investigated for long-term emul-

sion stability. Using commercially-available, glass micro�uidic devices we generated

monodisperse, stable FC oil-in-water emulsions using Novec 7300 as the dispersed

(droplet) phase in the absence of other surfactants. We observed that Kry-PEG(550)

stabilized FC oil-in-water emulsions exceptionally well, maintaining a seemingly con-

stant average droplet size over several months (Figure 4.8C). For comparison, the av-

erage droplet size of an emulsion stabilized using both commercial Krytox-PEG(600)

and DSPE-PEG(2000)-biotin was also measured over time. While the two-surfactant
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system provides emulsion stability initially, the average droplet size increases starting

around 30 days. The increase in size around this time may coincide with the degra-

dation, likely due to hydrolysis, of the phospholipid-based surfactant which is what

stabilizes the emulsion. It can also be observed from Figure 4.8 that the standard de-

viation of the droplet size also increases over time, indicating that the emulsion is

coarsening.

Figure 4.9: Droplet size
distribution of an emulsion

stabilized with KryPEG(550). A
monodisperse emulsion was
generated using Novec 7300

containing 2% (w/w) KryPEG(550)
using micro�uidic devices. The
droplet size was measured over

time at day 0 (A) and again at day
26 (B). At least N = 1000 data points
were used to study the droplet size

distribution of the emulsion. All
droplet size measurements were
normalized to the initial average

droplet diameter D̄o.

Additionally, the droplet size distributions of the emulsion stabilized with Kry-

PEG(550) and Krytox-PEG(600) + DSPE-PEG(2000)-biotin were also investigated over

time. Over approximately 30 days, there is a clear di�erence in the stabilization be-

tween these two emulsions: Figure 4.9 shows that the new KryPEG(550) �uorosur-
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Figure 4.10: Droplet size
distribution of an emulsion

stabilized with Krytox-PEG(600)
and DSPE-PEG(2000)-biotin. A

monodisperse emulsion was
generated using Novec 7300

containing 2% (w/w)
Krytox-PEG(600) (coated with
DSPE-PEG(2000)-biotin) using

micro�uidic devices. The droplet
size was measured over time at day

3 (A) and again at day 32 (B). At
least N = 1000 data points were
used to study the droplet size

distribution of the emulsion. All
droplet size measurements were
normalized to the initial average

droplet diameter D̄o.

factant stabilizes the emulsion well, because the droplet size distribution (normalized

by the initial average droplet diameter D̄o) remains largely time-independent. On the

other hand, the distribution of droplet sizes using the two-surfactant system shows a

population of droplets centered around the starting (targeted) droplet size, with sev-

eral additional peaks at D/D̄o greater than 1, indicating a coarsening of the emulsion

(Figure 4.10). This coarsening over time is likely due to a mainly coalescence-driven

destabilization of the emulsion. Consider two droplets A and B, which are the same

size (of equal volume VA = VB) which coalesce into a larger droplet C. Mass conser-
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vation dictates that

VC = VA + VB (4.2)

Rewriting with VA = VB = 4
3
π(D

2
)3, where D is the initial droplet diameter (of

droplets A and B), yields:

4

3
π(
DC

2
)3 =

4

3
π(
D

2
)3 +

4

3
π(
D

2
)3 (4.3)

Simplifying this we �nd that the size of droplet C is DC = D 3
√

2. This can be general-

ized for the coalescence of N = 2, 3, 4... droplets as DC = D 3
√
N for likely cases

where, for example, two previously coalesced droplets merge with a third droplet

(N = 3). Indeed, we observe from Figure 4.10 that additional peaks at D/D̄o greater

than 1 correspond to values which are indicative of coalescence of the droplets.

Previous studies have investigated emulsion stability of FC oil-in-water emulsions

using di�erent combinations of phospholipids, semi�uorinated alkanes (SFAs) and oil

additives [92]. While good stabilization of the emulsion is achieved using phospholipid

and SFAs as co-surfactants (to stabilize the phospholipids at the FC-water interface),

this requires custom synthesis and specialized storage conditions, as phosphilipids

temperature sensitive and prone to hydrolysis at the interface [83]. Here, we utilize

commercially available reagents in a two-step synthesis to produce �uorosurfactants
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that provide long-term stability of FC oil-in-water emulsions at room temperature, by

only using a single surfactant.

4.4 Conclusion

In this chapter, we present novel synthesis and characterization of �uorosurfac-

tants. In contrast to previously established methods, these �uorosurfactants are gen-

erated from completely non-ionic starting materials, enabling their use in biological

applications which may contain molecules (e.g proteins) susceptible to in�uence by

charged surfactants. The new �uorosurfactants o�er superb stabilization of �uorocar-

bon oil-in-water emulsions, without the need for an additional co-surfactant. Addi-

tionally, the products were well characterized using several characterization methods,

to ensure formation of the desired �uorosurfactants. The ability of the �ourosurfac-

tants to provide long-term emulsion stabilization makes them potential candidates to

be used as the emulsi�er in arti�cial oxygen carriers.
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Chapter 5

Concluding Remarks and Future

Directions

The measurement of mechanical forces in biological systems is not an easy task,

especially concerning 3D measurements done in situ, for both systems in vitro and in

vivo. The introduction of oil droplets to be used as force transducers [44] provided the

biophysics community with a method to conduct such studies, under these demand-

ing experimental conditions. However, as described in Chapter 2, limited control over

the di�erent properties of the droplets, along with the use of custom-made surfac-

tants, impeded the practical use of the method in a variety of systems to measure

cell-generated stresses. The goals of the research conducted throughout Chapters 2-4

were to address these issues, and to utilize this tool to investigate internal stresses
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within growing, 3D tissues. This is summarized below, in addition to future work

proposed for each project:

Microdroplets to Measure Cell-generated Mechanical Stresses

The proof-of-principle method utilizing droplets as force transducers was a pio-

neering work which addressed an important gap in biophysical methods: a lack of

tools available to measure local 3D forces in biological systems in vivo (and in vitro).

However, the method did contain its limitations, which were addressed in the opti-

mization of this method. The goals of the research conducted in Chapter 2 were to

control the interfacial tension and droplet size, while developing a reliable approach

to ensure that accurate cell-generated stresses could be measured both in vitro and in

vivo.

The new, two-surfactant coatings of the droplets and the use of micro�uidics for

droplet generations allow full control over the relevant parameters. While other stud-

ies typically use the �uorocarbon oil as the continuous phase for various experi-

ments [47, 48, 52] (for water-in-oil emulsions), we were able to develop a reliable ap-

proach using only commercially-available micro�uidic components to generate highly

monodisperse �uorocarbon oil-in-water emulsions. Full control over droplet size, in

addition to proper shielding of the interface in complex chemical environments, allow

these new droplet sensors to be used in a variety of systems as force transducers, ei-
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ther in vitro or in in vivo. Altogether, this work has made the production of droplets to

be used as force transducers accessible to the scienti�c community, utilizing materials

and equipment available in most laboratories.

While the current two-surfactant system stabilizes the droplets, it should be noted

that the �uorourfactant alone does not stabilize �uorocarbon oil-in-water (O/W) emul-

sions. Problems may arise from the use of a nonideal (hydrocarbon) surfactant such as

the DSPE-PEG(2000)-biotin, particularly given that a phosphilpid surfactant is used to

mediate the interactions between cells and droplets (due to its functionalization with

the biotin group). For the DSPE-PEG(2000)-biotin surfactant used, hydrolysis may oc-

cur (removing the streptavidin and ligand molecules) which would compromise both

the �uorescence of the droplet, and also the adhesive interactions between neighbor-

ing cells and the droplet. Additionally, due to the inability of the Krytox-PEG(600) �u-

orosurfactant to stabilize FC oil-in-water emulsions alone, degradation of the DSPE-

PEG(2000)-biotin may also compromise the emulsion stability. The lack of suitable,

commercially-available �uorosurfactants leaves few options to stabilize these O/W

emulsions in general, and fewer to stabilize these droplets to be used as force trans-

ducers, with phospholipid-based surfactants being the typical solution [83,90]. While

these phospholipid systems work, especially in combination with co-surfactants [92,

98], the preparation and storage of such an emulsion is nontrivial. Thus, we sought

to improve the long-term stabilization of �uorocarbon O/W emulsions through use
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of a custom-made �uorosurfactant. Through a simple two-step synthesis, surfac-

tants produced to stabilize these emulsions have been created, to further improve the

microdroplet-based method (discussed in Chapter 4).

It should be noted, as described in [44], that this technique does not allow the

measurement of isotropic nor shear stresses. Using this method, local normal stresses

which are applied non-homogeneously (e.g. anisotropically) to the droplet surface,

can be quanti�ed. Isotropic stress would apply a homogeneous surface stress to the

droplet. Due to the incompressibility of the oil droplet, this uniform stress would not

induce a deformation on the droplet surface. In cases where it is desired to measure

both anisotropic and isotropic stresses, the droplet technique can be combined with

elastic microbeads, which were recently used to measure isotropic stresses within tu-

mor spheroids [43]. This combination can provide insight into the stresses that cells

are experiencing in situ, which arise from both uniform stresses and di�erences in

cell-cell stresses.

Measurement of Spatiotemporal Cell-generated Stresses within

3D Spheroids

By investigating mechanical stresses within multicellular spheroids, widely used

as model 3D tissues and tumors, we can help understand how mechanics in�uence

cell behavior in 3D multicellular environments. The use of novel tools such as droplet-
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based probes or elastic microbeads can complement cell and molecular biological stud-

ies to provide an insight on how physical quantities correspond with molecular cues

in 3D multicellular environment. We were able to investigate normal stresses within

model 3D tissues, and demonstrate that di�erences in these cell-generated (cell-scale)

stresses are not established within 3D cell aggregates spatially, however, the magni-

tude increases over time. While these stresses were endogenous in nature (e.g. mea-

suring the growth-induced stress), stresses due to external compression may also be

investigated. Along with using a cancerous cell-line, these experimental conditions

create physiologically relevant models of solid tumors, a future direction which is fur-

ther discussed below.

One proposed extension to this research is to use the new oil droplets as force

transducers within breast cancer cell spheroids. These experiments will guide the in-

terpretation of the role of mechanics, and patterns in stress during tumor growth. Sim-

ilar to the work previously discussed in this chapter, stresses can be quanti�ed within

spheroids of cancerous and non-cancerous mammary epithelial cell lines, in free sus-

pension. There are several cell lines to choose from: a very popular, highly-malignant

cell line MCF-7 forms spheroids using several methods [99, 100, 101] and is commer-

cially available as a transgenic line expressing cytoplasmic GFP, hence enabling �u-

orescent imaging. A highly-used non-tumorigenic cell line is the MCF10A cell line,

which has also been shown to form spheroids [102]. These cell lines will enable a
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comparison between stresses generated within a non-tumorigenic (e.g. MCF10A) and

a malignant (e.g. MCF-7) model tumor. Droplets can be injected at early time points

(<24 hr) of aggregation into spheroids, which can be allowed to compact over 3-5 days.

Approximately 5-10 drops can be injected and stresses, due to the pushing and pulling

forces applied by surrounding cells normal to the drop surface, can be measured for the

di�erent regions established within the spheroid: the core, the quiescent middle and

the proliferative rim [53]. Measurements performed in free suspension will provide

data on stresses induced by growth of the tumor spheroid, and enable comparisons be-

tween stresses in a cancerous model tumor, and a non-cancerous model tumor. Here,

we would expect to measure higher stress levels in cancerous model tumors compared

to model tumors made of non-tumorigenic cells, as supported by [64].

It has been suggested that anisotropies in stress exist within cancerous cellular

spheroids [62, 63], and that the cells within these tumor spheroids align themselves

radially near the core, and tangentially around the periphery [63]. It would then be

interesting to observe the droplet deformation in tumor spheroids where such arrange-

ment might exist, in particular looking at the orientation of the droplet in regions of

the core compared to those near the periphery. The reconstruction algorithm used to

determine the droplet curvature [70] is capable of �tting ellipsoids to experimental

droplets, enabling the quanti�cation of the major and minor axes and its orientation.
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Altogether, it is possible to investigate these potential anisotropies in stress by using

the droplets in tumor spheroids.

Figure 5.1: Proliferation
gradient within tooth
mesenchymal cell

spheroids. (A) Maximum
intensity projection of a 72

hour formed spheroid
showing nuclei (cyan) and

dividing cells (magenta) using
the Click-iT EdU proliferation
assay (left). Confocal sections

of regions either at the
periphery or close to the core
(right). Scale bar 50 µm. (B)
Histogram of proliferation

pro�le within mesenchymal
cell spheroid showing that
dividing cells are localized

closer to the periphery.

Additionally, because the in�uence of mechanical inputs has been shown to al-

ter cell proliferation, density and �ows within tumor spheroids [6, 63], these may

also be investigated for their potential correlation with stresses developed in tumor

spheroids. Using standard immuno�uorescence methods, cell proliferation, viability

(live/dead assay), and density may be investigated, in addition to cell �ows within

these tumor spheroids. Preliminary data has been obtained to measure proliferation in

mesenchymal cell spheroids using 5-Ethynyl-2’-deoxyuridine (EdU), a thymidine ana-
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logue, which is incorporated into DNA during active DNA synthesis (ThermoFisher

Scienti�c, C10337). Dividing cells can be imaged using confocal �uorescence mi-

croscopy using this assay, however, care should be taken considering the aggregate

size: imaging 3D tissues is more di�cult using confocal microscopy when the tissue is

very large (typically thicker than 100µm). The preliminary proliferation assay demon-

strates the existence of a spatial gradient in proliferation within the spheroid (Figure

5.1), as previously described [6, 53]. Here, D is the droplet distance from the spheroid

center, while R is the average aggregate radius.

Finally, the tumor spheroids (containing drops) can be embedded within arti�cial

matrices, in order to better recapitulate the natural tumor microenvironment, which

provides some resistance to growth. Using a mixture of Collagen1 and Matrigel in

di�erent proportions, as done in [103], can tune the sti�ness of the surrounding mi-

croenvironment. Embedment within such an arti�cial matrix will provide resistance

to spheroid growth, much like the resistance a tumor would encounter from the sur-

rounding tissues. Thus, while spheroids in free suspension enable stresses induced

solely by tumor growth to be studied, embedded spheroids allow the investigation of

stress, in�uenced by resistance from the surrounding microenvironment [64]. Drops

can be injected into spheroids at early time points of aggregation (<24 hr), and after-

wards embedded within arti�cial matrices of varying sti�ness. The same experiments

will be performed as in the free suspension case to quantify surface normal stresses

92



Concluding Remarks and Future Directions Chapter 5

and investigate cell proliferation, density, viability and cell �ows, now in the case

of spheroids embedded within arti�cial matrices. Mammary epithelial cells may in-

vade into the surrounding matrix at high sti�ness [20, 103]. This provides a potential

avenue for further investigation, as invasion is an interesting phenomenon requir-

ing highly mechanical behavior of cancer cells and the surrounding microenviron-

ment [19, 104]. However, if it is desired to avoid invasion during the observation of

tumor growth, agarose gels that are not impaired by the matrix-degrading molecules

secreted by cells can be used, as done in [9]. Altogether, in combination with the newly

developed droplet force transducers, these approaches can provide novel insight into

stresses internal to model tumor spheroids. Spheroids in free suspension enable the

investigation of stresses induced solely by growth, while embedded spheroids allow

the investigation of stresses from a resistance to growth by the surrounding environ-

ment.

NewFluorosurfactants for Stabilizing FluorocarbonOil-in-water

Emulsions

Following a new synthetic approach1, we were able to synthesize novel, nonionic

�uorosurfactants to stabilize FC oil-in-water emulsions. By investigating the interfa-

cial properties of these new �uorosurfactants we were able to determine the optimal
1This work was done in collaboration with Dr. Carolin Fleischmann from The Hawker Lab, UCSB.
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surfactant geometry to maximize interfacial packing and ensure long-term emulsion

stabilization. While we have demonstrated that these surfactants provide control over

the interfacial tension and stabilize microemulsions, future work can be done to ex-

tend their use in a variety of applications.

Targeting their use as arti�cial oxygen carriers [75,83,84,85], FC oil-in-water emul-

sions typically contain droplet diameters on the order of 100 nm. We have demon-

strated the capability of our custom �uorosurfatants to stabilize microemulsions, how-

ever, future work may focus on using them to stabilize nanoemulsions. As done in

Chapter 4, the nanoemulsion stability should be monitored over time, while paying

attention to the average droplet size, as well as the size distribution. To best demon-

strate their potential use as arti�cial oxygen carriers, the nanoemulsions should be

subjected to relevant storage conditions. This can be achieved by checking emulsion

stability at elevated temperatures, and in a media which contains small molecules and

varying salt concentrations (such as cell culture media). Control experiments which

may serve to investigate emulsion destabilization can be designed to store emulsions

solely in salt solutions, solely at elevated temperatures, or solely in the presence of

small proteins.

A previous study has investigated the stability of inverse (water-in-FC oil) emul-

sions either containing salts or at elevated temperatures [93]. Both the presence

of salts and elevated temperatures were found to destabilize microemulsions, over
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Figure 5.2: Emulsion stability over time using Kry-PEG(550). Size distributions of an emulsion
stabilized with KryPEG(550) �uorosurfactants immediately after generation (red squares), after 26

days (blue circles) and after 90 days (green triangles).

short-term studies, emulsi�ed by diblock and triblock �uorosurfactants composed

of Krytox(FSH) and Je�amine. Additionally, they investigate the short-term stabil-

ity of emulsions after undergoing centrifugation, testing the �uorosurfactant’s ability

to stabilize emulsions under demanding conditions. Testing nanoemulsion stability

using a mixture of elevated temperature, salts and potentially moderate agitation may

demonstrate the use of our custom synthesized �uorosurfactants to be used as ar-

ti�cial oxygen carriers. In this application, long-term storage is imperative - mak-

ing KryPEG(550) a suitable candidate for further testing. The monodisperse emul-
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sion (from Figure 4.8) stabilized with KryPEG(550) has maintained a constant average

droplet size for over one year, stored at room temperature (data not shown). Fur-

thermore, over a span of 90 days, the size distribution of the emulsion stabilized with

KryPEG(550) shows no signi�cant broadening and maintains a consistent mean, me-

dian and mode over this time (Figure 5.2).

Figure 5.3: IR characterization of biotinylated �uorosurfactants. Region of interest cropped
from the IR spectra of Krytox-NH2 (gray), Kry-PEG(550) (red), and Kry-PEG(550)-biotin (green).

While the Kry-PEG(550) �uorosurfactant shows an absorption band (at ∼1720 cm−1) shifted from the
Krytox-NH2, the Kry-PEG(550)-biotin product does not.

Another extension of this work should aim to adapt functionalized �uorosurfac-

tants to be utilized with droplets used as force transducers. In this case, function-

alization of custom �uorosurfactants with biotin groups should be sought, which

would replace the DSPE-PEG(2000)-biotin surfactant currently used. We conducted

preliminary synthesis to achieve biotinylation of the �uorosurfactants, by replacing
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the PEG head group with a biotinylated PEG molecule. The protocols established to

synthesize the Kry-PEG(550) �uorosurfactant were followed in order to synthesize

Kry-PEG(550)-biotin, however, this did not yield a successful product (Figure 5.3). We

observed that the absorption band of Kry-PEG(550)-biotin coincided with that of the

Krytox-NH2 (both occurring at ∼1720 cm−1), indicating that the reaction between

Krytox-NH2 and the amine-PEG-biotin was unsuccessful. This could be due to sev-

eral reasons, including issues with solubility, since the biotin is hydrophobic, and its

addition increases the molecular weight. The amine-PEG-biotin polymer was actu-

ally not soluble in the tri�uorotoluene solvent typically used during the reaction used

to synthesize Kry-PEG(550). Changing the reaction solvent to a mixture of chloro-

form and hexa�uorobenzene also did not work. If this reaction were to be performed

successfully, the biotinylated �uorosurfactants could be combined with the �uorosur-

factants synthesized in Chapter 4 to achieve excellent long-term FC oil-in-water emul-

sion stability and enable facile preparation of functionlized, �uorescent droplets. This

combination of surfactants could potentially improve the current system of droplets

used as force transducers (introduced in Chapter 2), as the current system utilizes a

non-�uorinated phospholipid surfactant which has been suspected to be limiting the

current experimental lifetime of the droplets.
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