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ABSTRACT OF THE THESIS

An investigation of microfluidic produced hydrogel vesicles for artificial antigen-presenting

cell applications
By
Lindsay Chen
Master of Science in Biomedical Engineering
University of California, Irvine, 2021
Professor Abraham P. Lee, Chair

The antigen-presenting cell is the key component in T cell activation pathway, delivering
signals and helping T cell detecting and fighting cancers. Research have reported that T cells
are mechano-sensitive to the environment. Their activation, differentiation, recognition, and
function are regulated by mechanical forces such as contact tension, shear stress, and substrate
rigidity. However, the examination on how the stiffness of artificial antigen-presenting cells
(aAPCs) affects T cell’s functions remains unknown. Therefore, in this research, a novel
microfluidic-based double emulsion droplet (DED) generation chip is proposed to generate
monodisperse hydrogel DEDs with tunable stiffness and fluid membrane. Another trapping
array device is used to exam the stiffness differences between crosslinked and non-crosslinked
Polyethylene (glycol) Diacrylate (PEGDA) hydrogel DEDs. The result shows the hydrogel
DEDs have a significant difference in stiffness before and after the UV exposure. The hydrogel
DED’s stability decreased as the hydrogel concentration increased. Also, we discovered that
the trapping array can be a potential candidate for DED dewetting, as it shortens the dewetting

process to less than 20 seconds.



Chapter 1: Introduction
1.1 Problem statement

According to the statistic, cancer is the second of the leading causes of death in United States®.
After spending millions of dollars on cancer research, scientists still cannot find a general
treatment to this disease since each cancer has a different response to treatments’. Treating
cancer becomes more difficult since cancer cells can target T cells and deactivate them,
allowing cancer cells hidden from immune response'?*’. Cancer cells can also mimic healthy
cells, trick the body to form blood vessels, which is called angiogenesis, and help them get the
oxygen and nutrients'. Moreover, sometimes the new drugs work on the lab-growing cells
may be failed when doing the clinical trials on patients®®. Traditionally, we have treated cancer
by attacking it with chemotherapy and radiation, or by removing it with surgery®. Nonetheless,
there are some side effects: surgery could cause the damage to other organs or tissues, hair
follicles cells could be damaged by chemotherapy, and some patients may experience the skin
dryness, itching, or peeling®*. All these information indicate that either getting improvement
based on current treatments or finding novel methods to cure cancer is needed.

Nowadays, some researchers have synthesized mesoporous silica microrods coated with
liposomes to assemble antigen-presenting cell (APC) -mimetic scaffolds, and the results
showed that the number of T cell expansion can support clinical level T cell manufacturing
(starting with 10° to over 10°)%, Others also validated that T cell could sense the mechanical
force from the environment and more numbers of T cell will be activated in a stiffer substrate?®.
However, there are limited research regarding the method of changing the stiffness of artificial
antigen-presenting cells (aAPC). Additionally, since traditional artificial cells are hard to be
tuned for their stiffness, most of the research only demonstrated that T cell activation level
depends on the environment stiffness, lacking of the result about the relation between T cells
and the stiffness of the APC they interact with, especially the cytotoxic T cell activation
pathway which is triggered from APC. Therefore, it is important to have a novel method to
fabricate aAPC with tunable stiffness and fluid membrane, which affects the diffusion of
proteins within the membrane.

1.2 Proposed solution

The mechanism behind the immune system fighting against cancer is important since we can
boost our body’s natural immune response and help it detect and kill tumor and cancer cells in
a more effective and efficient way. Several different types of immunotherapies that are used to
treat cancers have been well published, and we can divide them into active and passive
according to the stimulation of the host system?®: active immunotherapy boosts and triggers
host defences; while passive immunotherapy transfers tumor-targeting monoclonal antibodies
or molecules to patients. Cell-based immunotherapies, which include ex vivo transfer of tumor-
infiltrating lymphocytes, engineered T cells, and in vivo checkpoint inhibitors to stimulate
lymphocytes, are also known as adoptive cell transfer; and such therapy can be passive -
helping and using our own immune cells to eliminate cancer cells?®. Cancer vaccines trigger
anti-tumor response in our immune system to recognize cancer and since dendritic cell is the
most effective APC and play an important role in immunologic memory establishment, it is
widely selected for tumor vaccines'??’. Among all, cell-based immunotherapy attracts more
attentions since more and more studies suggest that APC — particularly dendritic cell — play a
pivotal role in recognizing tumor specific antigen, initiating the adaptive immune response®.
Using aAPC as anti-cancer response then transfer the activated T cells back to patients can deal



with problems caused by autologous APC such as time-consuming and costly?°. Furthermore,
T cell signaling would be easier to control.

Producing artificial cells by microfluidics has been developed over the years and have
overcome problems associated with conventional methods such as sized monodispersity*.
Using flow focusing as the geometry to form double emulsion droplets formation benefits the
lipid bilayer study since it has the potential to produce thinner middle oil layers; therefore,
mimicking natural immune synapse on such synthetic surface more closely?*. The other
advantage would be its high throughput and high encapsulation efficiency.

Previous research validated that T cell is a mechano-sensor and some studies have already
shown that higher activation marker is expressed, and proliferation increases when T cells
contact on stiff substrates®. But activating T cell with cell-sized hydrogel beads as artificial
APC has not be reported yet. Here we propose by using microfluidics to generate hydrogel
DEDs. We successfully encapsulated different concentrations of Polyethylene (glycol)
Diacrylate (PEGDA) into oil phase, and possibly tuned the stiffness of the microgel, which not
only mimics the fluid nature of cell membrane but also maintains their size uniformity, n order
to increase the effectiveness over other approaches towards aAPCs.

1.3 Scope of report

This thesis aims to provide the purpose, design, methods, results, and the outlook on stiffness
tuning PEGDA hydrogel DED as the first step in generating aAPCs with fluidity membrane by
microfluidics, as well as the cell stiffness validation by trapping array and microfluidics device
fabrication. This report also covers an overview background on relevant immunotherapy
research, artificial cell, microfluidics, and quantitative technique which are used in this study.
The stability of different concentration of hydrogel droplets was calculated by hemocytometry
slide and imaged the samples over one month. Stiffness comparison was examined by trapping
array. The report concludes with the discussion of the result, limitation of the study, as well as
future work.

1.4 Summary of conclusion

The results of this study showed that microfluidics is a promising method for hydrogel double
emulsion droplet generation. By optimizing the fabrication of PEGDA hydrogel DED
generated by microfluidics, which mimic the aAPC, and further investigate the relationship
between their stiffnesses and T cell activation level, could be a possible solution to deal with
the difficulties people encounter. In our experiments the DED stability decreased as the
hydrogel concentration increased. As the result, we were able to distinguish the stiffness
differences between crosslinked and non-crosslinked DEDs, which suggested that UV
treatment is capable to initial crosslink reactions under the micro-scale. Unexpectedly, our
results also reported the tapping array as a potential tool to extract excessive oil phase, forming
cell-size unilamellar vesicles (CUVs) to better mimic aAPC. We also provided some solutions
to the unexpected problems we encountered such as droplet toxicity and isolation, looking to
repeat experiment several times to get a more precise result.



Chapter 2: background
2.1 Immune response

Immune system is a complex network of cells and organs which can help the body defense
bacteria, virus, and other diseases. Innate immunity is the first line immune response which
immediately defenses nonspecific foreign pathogens; while adaptive immunity is a long term,
antigen-specific defense mechanism?!. Lymphocytes, which are also known as white blood
cells, are human body’s main types of immune cells which are made in bone marrow from
hematopoietic stem cells. There are two subtypes of lymphocyte: B cell and T cell. Bone
marrow is the place where B lymphocytes mature, while T lymphocytes travel to thymus gland
for their further development, and later receive their immunological education before they go
into bloodstream?’. The naive T cell, which with both CD4 and CD8 markers on its surface,
will first go through positive selection at thymic cortex, and only the one that has strong
interaction with antigens expressed by major histocompatibility complex (MHC) molecules on
thymic cortical epithelial cells will survive?°. The survived T cells need to go through negative
selection in cortical medullary junction later - lots of self-peptides displayed on MHC
molecules are here and T cells which show reactivity with them will be deleted®®. The
remaining T cells will be defined into two categories according to the marker on their surface
- either naive CD4 or naive CD8 T cell*3. The biggest difference between B cell and T cell is
that B cell will become plasma cell and secret antibodies against bacteria or virus, while T cell
will release cytokines and directly kill infected or cancer cells*?.

APCs are coming from lymphoid progenitor cells inside bone marrow, and they are like
patrolling police officers - they detect infections in our body, take samples such as bacteria
antigen, and display on their MHC molecules on their membrane surface, back to nearby lymph
nodes, where is the place with high concentration of naive CD4 and CD8 T cells'?. There are
three types of aAPCs: dendritic cell, macrophage, and B cell. All of them can present antigens
on their surface with MHC class Il molecules and activate CD4 T cells?. Antigen presenting
cells are especially crucial in adaptive immune response since T cells can only recognize
peptide antigens with MHC molecules, which is called peptide-MHC complex, but not
recognize antigens in isolated form'?. Especially dendritic cells, they have capability to
recognize tumor specific antigens, processing and presenting peptides to naive CD4 and CD8
T cells which reside in lymph nodes, finally regulating and inducing anti-tumor responses*?.
After activation, we call these several T cell types as effector T cells, which proliferate quickly
but have a relatively short life.
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Fig. 1. Overview of immune response. This figure describes the function of immune cells and
their signaling pathway®:.

There are two pathways that can activate CD8 T cell: one is from infected cell, and the other
is from CD4 T cell*. When the DNA inside the cell is damaged, the cell will be either repaired
or destroyed; however, sometimes the damaged cells can find a way to sneak through and keep
multiplying out of control, accumulating in a wrong place, thus become tumors or cancer cells
over time. Every cells with nucleus have MHC class | on their membrane surface, and the
function is to bind the things that produced inside of the cell and display it on the membrane,
presenting it out. Our body generates lots of various of CD4 and CD8 positive T cells, which
have potential to become helper T cell and cytotoxic T cells respectively, and each of them has
different receptors that can recognize a specific antigen?’. T helper cell will differentiate into
T helper cell 1 (Th1) and T helper cell 2 (Th2): Thl have effect on induction of cell-mediated
immunity, and Th2 triggers strong antibody responses?. To activate cytotoxic T cell, there are
two signals needed: the antigen associates with MHC | complex interacting with T cell receptor
(TCR), and co-stimulatory signal - that means the interaction between B7, which is on APC
surface and the CD28, which is on T cell surface™.

The cancer cells usually produce weird proteins inside cell and most of the time, the cytotoxic
T cells can recognize the abnormal peptide displayed on MHC | complex and eliminate the
cancer cells'?. After forming the immune synapse between cytotoxic T cells and cancer cells,
the cytotoxic T cell will release molecules such as perforins, causing holes on the membrane
of cancer cells; it could also release granzymes, which can go into the cancer cells and force
them to kill themselves'?. The other pathway of activating CD8 T cell is provided by antigen
presenting cells. They display antigens on MHC class Il and interact with CD4 T cells,
activating them and finally lead to Thl polarization, secreting cytokines such as interferon-r
(IFN-r) to activate cytotoxic T cells®.



2.2 How artificial cell and stiffness affect immunotherapy

Avrtificial antigen-presenting cells (aAPCs) has become a promising approach to cancer
immunotherapy due to the capability to be precisely controlled in signal delivery, providing
reliable and efficient immunomodulation clinical responses in cancer immunotherapy, T cell
activation, differentiation, and expansion in vitro®. There are two types of systems for aAPCs
-the first one is cell-based, which includes allogenic artificial APCs and xenogeneic artificial
APCs; the second is synthetic or exosomal artificial APC systems, which includes polystyrene
beads and lipid vesicles, as well as exosomes'®. Most of research using polystyrene beads for
both specific and non-specific T cell expansion due to the uniformity of the bead’s size and
composition, and such approach has lower concern comparing to cell-based aAPCs generated
from cell line (meaning coming from cancer cells) when applied to clinical studies. However,
it still limits the applications on clinical used because of the possibility of microembolism®®.
Nowadays, the focus for aAPCs is to enable T cell persistence after in vitro expansion and
adoptive transfer, thus, to establish a long-term immunity for cancer.

Previous studies have demonstrated that T cells are mechano-sensitive, and their activation,
differentiation, recognition, and function are regulated by mechanical forces such as contact
tension, shear stress, and substrate rigidity®®®*. Physical stimuli also influence their gene
expression, deformation, organization, and mobility, migration, as well as infiltration altering®:.
Mechanical forces are particularly crucial when it comes to regulating the process of T cell
antigen recognition, which is a critical step in T cell activation in cell-mediated adaptive
immune responses. As a result, substrate stiffness affects T cell activation and should be
considered in cancer immunotherapy as well when optimize T cell activation and expansion.
Surface receptors such as TCR/MHC trigger a series of cytoskeleton-dependent activities and
initiate T cell signaling®’. Throughout the T cell life cycles, they experienced mechanical cues
from their surrounding; therefore, some research used elastic material to mimic mechanical
microenvironments of tissue or extracellular matrix. Polyacrylamide, poly(dimethylsiloxane),
poly(ethylene glycol), alginate, and hyaluronic acid are examples of tunable elasticity systems,
which have been a strategy to study external mechanical force and widely used in cell culture®®.

Saitakis M et al., had reported that T cells could migrate longer distances on a stiffer substrate
by developing varying stiffness of streptavidin-poly-acrylamide gel coated with biotinylated
intercellular adhesion molecules®. The protrusions of T cells on higher stiffness substrates are
thicker and spread faster comparing to lower stiffness ones, which also implied that T cell
morphologies are modulated by substrate stiffness®®. Further analysis of T cell-specific
transcription factors, proliferation transcription factors, surface markers, translation initiation
factors, and cytokine productions also shows a positive correlation in response to stiffness®’.
Another investigation on the effect of mechanical stiffness of 3D microenvironment on T cells
is reported by Majedi FS et al. The results also show a higher crawling velocity and larger
immune synapse of T cells in stiff matrices by establishing an alginate-based hydrogel, which
indicates T cells can sense their mechanical 3D environment and discriminate wide range of
stiffnesses; thus, here we investigate the effect of stiffness on their functions is worth to
investigate®.
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2.3 Droplet-based Microfluidics

Microfluidics is a systems technology which includes a set of micro-scale channels to achieve
a targeted function with control fluid which is geometrically limited. Nowadays, droplet-based
microfluidics have been applied to many biomedical applications, such as DNA amplification,
cell-based enzymatic assays, high-throughput biochemical assays, and protein crystallization
studies® due to the advantages of high throughput, smaller volume requirement of reagents,
and the ability to generate monodispersed droplets. To form the droplet, the two immiscible
phases, the dispersed phase and continuous phase, are conducted with different types of
channel geometries. The most common geometries include the T junction, flow focusing (cross
shape), and co-flowing®>“°, In this research, we improve the channel design by incorporating
double cross shape structures to generate double emulsion droplets (DED), the droplet
encapsulating another droplet®..

While the general T-junction devices can be easily fabricated through photolithography, the
nonlinear fluidic dynamics could happen due to multiple inflows when parallelizing the T-
junction, leading to multimodal or chaotic processes that lead to poor size uniformity of
droplets®®>’. The flow focusing structure, on the other hand, can precisely control the size and
achieve a more stable droplet formation due to the symmetric shearing force of the continuous
phase from the outer subchannel®. The flow focusing technique has been widely used in
compound droplet generation and previous studies had reported DED generations in a single
step with adjustable droplet size using coaxial flow-focusing devices®. Theoretically, the
axisymmetric flow-focusing device protects wetting at the walls of the outlet channel since it
confines droplets in the central axis of the channel3. The co-flow designs are glass-based
microfluidics device®® and usually, the dispersed phase is injected into another co-flowing
immiscible fluid via a needle®. They are easier to permeant wettability modification comparing
to PDMS devices, reducing the sensitivity to channel wall wetting®°.

To generate DEDs stably, it is crucial to understand the dynamic behavior of multiphase flows
which affects the pressure or rate-of-flow adjustment while applied to the system®, especially
in the droplet formation processes. Consider a system in the micro-scale, the inertial force is
relatively smaller than the viscous force thus there is no interference between different flow
layers, resulting in low Reynolds numbers often less than 1%, which is known as the laminar
flow, and molecules can be transported in a relatively predictable manner inside microchannels.
Capillary number (Ca) is another critical parameter in droplet generation, which is determined
by the ratio of viscous to interfacial forces.>* Squeezing, dripping, and jetting are three regimes
of droplet formation, which are defined by their breakup process®2. In the squeezing regime,
the pressure of upstream built up until the main flow occupied the whole orifice, and the
continuous phase squeezes it, driven the breakup occurs within the orifice, which usually
happens in low Ca. Dripping, on the other hand, is confined by the geometry. This usually
happened in high Ca or high viscosity dispersed phase. The breakup point is just at the exit of
the orifice®, which caused by shear and surface tension forces acting on the dispersed phase
after it goes into the channel®. When increasing the flow-rate-ratio (ex. fixed the external phase
flow rate and increased internal flow rate), the jetting regime occurs, moving the breakup point
to further downstream®°.
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(a) (b)

(d)

Fig. 2. Schematics images of microfluidic device for most common passive droplet generation
method and device for double emulsion droplet generation from Tenje et al.*°, Chong et al.3!,
and Vallejo et al.?* paper. (a) co-flow°. (b) T junction®. (c) flow focusing*. (d) double cross
shape®. (e) Flow-focusing?.

2.4 Double emulsion droplet (DED) and artificial cell

Cell membrane plays an important role in biological functions since there are lots of proteins
on it, which are used to transport nutrients into cells or acting as a receptor to interact with
other cells. The bilayer of the double emulsion droplet is like an artificial membrane: the lipid
is in the middle part of the droplet and has a phospholipid bilayer, which is a suitable model
for mimicking cell membranes*®. Using microfluidics to generate water-in-oil-in-water (w/o/w)
double emulsion microgel droplet with lipid added into oil phase provides an accurate way to
synthesize uniform liposomes when comparing to conventional methods such as
electroformation, freeze drying, droplet emulsion transfer, hydration, or swelling'®2¢. The
common concepts of artificial cells are in micrometer size and they can have cell-like structure
as well as key features of biological cells, or just mimic part of the characteristics of living
cells, which were engineered materials without restrictions in structures'®. The dimension of
the droplet generated by microfluidic is comparable to the living cell and they have been
commonly used in therapeutic applications. The artificial lipid bilayer membranes could be a
potential system in drug screening and benefit the study in T cell activation.

For the past decades, microfluidics has become a thriving technology to deal with problems in
the emulsification process. Double emulsion droplets, a smaller droplet encapsulated in the
other immiscible phase, have been widely applied in industries as food science, cosmetics,
pharmaceutics, biomedical, and agriculture. The two most common cases of double emulsion
are oil-in-water-in-oil (o/w/o) emulsion and water-in-oil-in-water (w/o/w) emulsion. The
w/o/w droplets have been used in enzyme immobilization, wastewater treatment, and
mimicking certain aspects of the living cell to study the properties of biological cells and find
potential substitutions for biological cells. The w/o/w droplets have also been reported as
potential vehicles for drug delivery, control, and release® research in single-cell and synthetic
biology in the biomedicine field as well, due to its advantages of tunable thickness of each
layer, efficient encapsulation, and can be released by temperature or pH change, and other
specific triggers*>46,
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Due to the low permeability, w/o/w droplets cannot be used as artificial cell-like structures
directly, and that makes extracting the excessing solvent in the middle phase the key step to
generate cell-sized unilamellar vesicles (CUVs) from double emulsion droplets. Compared to
the polymer-composed membranes, the phospholipid bilayers are closer to the texture of
natural cell membranes, biocompatible but less stable. For example, the electroformation and
reverse emulsification are conventional approaches to generate the giant unilamellar
phospholipid vesicles (GUV), the dewetted CUVs, but the size distribution is broad and thus
hard to control lipid composition3!. To achieve monodisperse GUVs generation, Krafft D et
al*® had reported a method using osmotic gradient with mild centrifuge to form double
emulsion droplets fully-dewetted in the eppendorf tube, and it is capable to optimize the oil
droplet detachment condition by controlling the flow rate on the dewetting chip.

Surface active agent, which also known as surfactant, plays an important role in double
emulsion droplet generation since it affects the size of droplet and encapsulation efficiency,
especially when doing long-term stability or storage application such as drug release rate34,
The surfactant molecule contains a hydrophilic head and a hydrophobic tail. It reduces the
surface tension between the two phases by decreasing the density of solvent molecules on the
surface*’. To produce w/o/w emulsion, two surfactants of opposite solubility are needed: a
hydrophobic surfactant, which Hydrophilic to Lipophilic Balance (HLB) <10 is dissolved in
oil phase such as Span 80, Arlacel P135, as well as Admul Wol 1403, and hydrophilic
surfactant (HLB>10) — sodium dodecyl sulphate or synperonic PE/F-68 - needs to be added
into aqueous phase*®. We can also categorize surfactants into non-ionic and ionic, the later
subset includes cationic, anionic, and zwitterionic*®. The surfactant used in this research is
Pluronic F-68 — a hydrophilic surfactant we added in both internal phase and external phase,
which is a non-ionic, copolymer detergent widely used in cell culture and is a biological
friendly component.

+ | DED )\»—» SCM | —— 5 CUV =
N\ 24 P 7 i B
- Single-compartment
multisome . ‘7_

iy

Fig. 3. Schematic of CUV formation from DED

Chapter 3: Research Design and Methods

The goal of this research is to achieve a stable generation of hydrogel DEDs with different
stiffnesses for the future use in T cell activation. The PEGDA concentration has been controlled
to modulate DED’s stiffness. To validate the encapsulation of hydrogel DEDs, we use the
Rhodamine (Red) and FITC (Green) dyes to check with the membrane and interior materials.
The formed DED will undergo UV light treatment to initiate the crosslinking process. Finally,
the DED’s stiffness will be tested using the trapping array. In this chapter, we will explain the
experiment design, fabrication of DED generation chip, and reagents compositions.

13



DED Generation UV Treatment DED Stiffness Check
* Microchip fabrication * UV crosslinking * Trapping array for DED
* PEGDA concentration * DED survival rate

modulation (5%-20%)

* Encapsulation check
with fluorescence

* Shelf-life testing

3.1 droplet generation device and trapping array

The double emulsion droplet generation device is
designed as in Fig. 4. There are three inlets, each
representing for the external, oil, internal phases.
There are pillars designed to filtrate impurities,
avoiding blockage in channels. To minimize the
wetting issue, a step structure is set inside the
internal phase channel before entering the DED
generation region.

The channel heights for internal phase, oil phase,
and external phase are 10 um, 30 um, and 30 um
respectively, which means there is a 20 um
difference in channel height. The width of
internal phase channel is 50 um, oil phase
channel is 30 um, and 50 um for external phase
channel. (Fig. 4)

Filtration pillars .

3’* ------ External phase

? ............ Oil phase

-------------- Internal phase

ey ey o DED generation region

*=~- Outlet collections

Fig. 4. AutoCAD for microfluidic double emulsion droplet generation chip. (a) Overview
design of double emulsion droplet generation device. (b) Zoom in of generation region with

step.
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To validate that the PEGDA hydrogel inside lipid phase can be crosslinked by UV light, we
utilized trapping array (Fig. 5) to catch droplets and observe their deformation under different
flow rate. The width x is 0.066 mm, and the gap y is 0.01 mm. After priming by external buffer
to remove all air bubbles, we loaded droplets into this device. Due to limited droplets number,
we loaded droplets right on the inlet hole instead of using injection mode by syringe pump,
which will cause potential droplet loss during pumping. The outlet was connected to the syringe
pump applying with the withdraw mode.

Fig. 5. AutoCAD for microfluidic trapping array. (a) Schematic of tfapping array device. The
blue arrow is inlet hole loaded with droplets and the white arrow is outlet hole connecting with
tubing and syringe pump. (b) Zoom in of the capture region.

3.2 Device fabrication

Both the DED generation chip and the trapping array were fabricated through the
photolithography process. First, spin coat SU-8 onto the silicon wafer with an appropriate spin
rate for the desired thickness and then put the wafer onto hotplate for the soft bake. The coated
wafer was then covered with the photomask for the exposure process to pattern the
microstructures. Later, we used the developer solvent to wash off the excess and uncured SU-
8. The finalized wafer will be put back to hotplate for the hard bake, to more solidify the
structures for downstream uses. After developed the wafer, mixed PDMS monomer and curing
agent with 10:1 weight ratio for 2 minutes until we saw it turned white and generated tiny
bubbles. Then, poured the PDMS into Petri dish with wafer inside. Put the Petri dish into
degasser for 30 minutes and later into the oven with 60 °C overnight. After baking, cut and tear
the PDMS from mold, and punch inlets as well as outlet holes. Put PDMS channel and PDMS-
coated glass slide into oxygen plasma system and turned on the pump. As soon as the chamber
pressure is below 200 psi, starting to adjust the pressure value until it’s between 250 to 300 psi.
Once the pressure reached to balance, turned the plasma power on for 2 minutes. Bonded
PDMS with PDMS-coated glass slide. For the droplet generation microfluidic device, the
external phase channel was coated with 0.4% poly(vinyl alcohol) (PVA) for 3 minutes to
modify the surface into a more hydrophilic property. A 0.1% PV A was later added to remove
the remaining PVA clogging. Lastly, the microchip was put into the oven with 120°C for
overnight. All glass slides were washed by the order of isopropanol, DI water, then
isopropanol; and the PDMS channels were cleaned by tape to remove dust.

3.3 Reagent composition

The external phase was composed by 30% glycerol, 6% Pluronic F-68, and 125 mM sucrose.
The middle oil phase consisted of 1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-

Dipalmitoyl-sn-glycero-3-phosphocholine (DPPO), 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[biotinyl(polyethylene glycol)-2000] (DSPE-PEG(2000)-biotin),
1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B
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sulfonyl) (Rhodamine), and cholesterol. The final concentration of the solution for the oil phase
was 3:1 volume ratio of DOPC:DPPC, 5 mol% DSPE-PEG(2000), meaning (DOPC mol +
DPPC mol)*5%, 0.5 mol% Rhodamine, and 5mg/mL cholesterol. The internal phase were
prepared from 250mM sucrose, 1% F-68, 1% wt photoinitiator (2-Hydroxy-4'-(2-
hydroxyethoxy)-2-methylpropiophenone), 2mg/mL Fluorescein isothiocyanate (FITC), and
Polyethylene (glycol) Diacrylate (PEGDA). To avoid any precipitation caused by undissolved
photoinitiator, we centrifuged the internal phase at 10000 RPM for 10 minutes and took only
the supernatant before setting up the experiment.

3.4 Experiment setup and parameters

For all experiments, external and oil phase were remained the same while four different
concentrations of PEGDA internal phase compositions were tuned to mimic different stiffness
of artificial cells and further validated their size, stability, and stiffness variation. We adjusted
the PEGDA volume to four different concentrations - 5%, 10%, 15%, 20% - and keeping the
rest of the components the same. After droplet generation, the hydrogel droplets from each
concentration of were split into two groups, and one of the groups would later be exposed under
UV light for 15 minutes to crosslink. Before exposing to the UV light, the droplets were
centrifuged with 1000 rpm for 3 minutes and more external phase were added into the vial to
dilute the unencapsulated hydrogel, preventing undesired crosslink of hydrogel outside of the
droplets.

The three phases of fluids were driven by the pressure pump. We primed all tubing and
channels to remove air bubbles right before droplet generation. Based on our experienced, for
the pressure adjustment, when increasing the concentration of PEGDA hydrogel, which means
the viscosity of internal phase increased, the pressure of the internal phase needs to be
decreased since the external phase can cut the internal phase more easily, generating well
encapsulated droplets steadily. In general, it is hard to generate PEGDA droplet with high yield
constantly with the internal psi over than 1. The whole process was observed under microscope
with high-speed camera.

Table 1. Pressure pump setting for 5%, 10%, 15%, and 20% PEGDA hydrogel double emulsion
droplet generation.

5% PEGDA 10% PEGDA 15% PEGDA 20% PEGDA
Internal 1.2~0.8 (psi) 0.77~0.76 0.87~0.77 0.7~-0.68
Qil 2.2~2.1 2 2.1 1
External 5~4.5 4~3.3 2.5~2.7 2~2.4
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Table 2. Composition of external phase, oil phase, and internal phase, as well as overall
experimental condition design. The internal phase composition only showed 5% PEGDA
ingredient ration.

External (total=1000 ul

stock add Final conc.
Glycerol 300 ul 30%
F68 10% 600 ul 6%
NaCl 7.3125 mg 125 mM
H20 100 ul
Oil phase (total=1000 ul)
stock add Final conc.
DOPC 50 mg/mL 150 ul 7.5 mg/mL
DPPC 50 mg/mL 50 ul 2.5 mg/mL
DSPE-PEG-biotin 50 mg/mL 39.218595 ul 5 mol%
2k
Rhodamine 10 mg/mL 7.49784 ul 0.5 mol%
Cholesterol 5mg 5 mg/mL
Oleic acid 753.28 ul
Internal (total=1000 ul)
stock add Final conc.
PEGDA 50 ul 5%
Sucrose 85.575 mg 250 mM
F68 10% 100 1%
Photoinitiator 10 mg 1 wt%
FITC 2 mg 2 mg/mL
H20 850 ul
Experimental design
5% Biotinylated-lipid crosslink
10% Biotinylated-lipid crosslink
15% Biotinylated-lipid crosslink
20% Biotinylated-lipid crosslink
5% Biotinylated-lipid No crosslink
10% Biotinylated-lipid No crosslink
15% Biotinylated-lipid No crosslink
20% Biotinylated-lipid No crosslink

Chapter 4: Results and Discussion

In this chapter, the results of hydrogel DED generations with different PEDGA concentrations
are reported and discussed. Rhodamine and FITC dyes were used to make sure the hydrogel
was perfectly encapsulated inside the DEDs. Further investigations of DED’s size, stability,
and stiffness were also reported.
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4.1 Visual detection of hydrogel DED generation

To ensure that droplets are well-generated and did not pop or merge before getting into
collecting tubing, the entire process was monitored under a high-speed camera with a
microscope. The green reagent in the middle channel is the hydrogel internal phase, the red
substance coming from the two channels right next to the internal phase is the oil phase, and
the two horizontal channels are the external phase. The Fig 6(a) shows that w/o/w droplets are
well-encapsulated. Droplets can be generated up to 12 hours by the syringe pump and the
average generation rate is 101 drops/sec. [10 drops*10000 frames per sec/ (5160-4172) frames
= 101 drops/sec]. Fig. 6 shows 5% PEGDA generation under the 10X microscope. We have
successfully generated 5%, 10%, 15%, 20% hydrogel double emulsion droplets and their
configurations are similar to 5%. We also noticed that when increasing the viscosity of internal
phase (higher concentration of PEGDA), the generation regime is more likely to change from
squeezing to jetting.

Fig. 6. hydrogel double emulsion droplet generation with 5% PEGDA under 10x microscope
(a) bright field (b) green filter for internal phase observation, (c) red filter for oil middle phase
observation (d) DED remain unmerged before getting into collecting tubing.
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4.2 Hydrogel DED stability, size, and stiffness
(A) Stability

For droplet stability, we compared the droplet concentration decreasing rate of the first week
(right after droplet generation) to the fourth week. We pipetted droplets in each collecting vial
and did 10X dilution with external buffer and loaded 10ul into hemocytometry to do droplet
counting. Table 3 is the one-month decay rate for 5%, 10%, 15%, 20% PEGDA droplets
(crosslink and no crosslink). Based on the data, we can roughly conclude that droplet stability
may decrease when increasing the hydrogel concentration for both crosslinked and non-
crosslinked droplets. All droplets were stored at room temperature. To make sure the droplets
are double emulsion encapsulated with hydrogel and to better distinguish the hydrogel and oil
droplets, all the counting were measured under the fluorescent microscope. Before exposed to
UV light, we centrifuge the droplet with 1000 rpm for 3 minutes and remove partially remove
the bottom layer, adding the external phase into it to prevent undesired crosslinks initiates by
hydrogel that is not encapsulated well. The starting number of droplets are different since it
depends on the entire generation time, and it is hard to mix well by pipetting and diluting to
the same concentration; thus, it is more robust to compare their decreasing ratio instead of
seeing their numerical value. It is also possible to get measurement error due to not mixing
well or potential droplet pop when pipetting it.

For non-crosslinked droplets, as the hydrogel concentration increased, the droplet
concentration decreased. We assumed that even when not exposed to UV light, the higher
concentration of hydrogel leads to a more viscous inner component, which means stiffer.
Consequently, it is not that flexible and would be more likely to pop. It was also interesting to
note that there is no significant difference between crosslinked versus non-crosslinked
hydrogel droplets. This result is unexpected since after exposure to UV light, hydrogel is
supposed to be crosslinked inside and be more stable.

Table 3. Crosslinked and non-crosslinked hydrogel DED stability.

1%t repeat
week 5% crosslink 10% crosslink | 15% crosslink | 20% crosslink
1 100000 10000 150000 20000
4 72500 5000 47500 10000
Decreasing ratio | 0.275 0.5 0.68 0.5
week 5% no 10% no 15% no 20% no

crosslink crosslink crosslink crosslink

1 160000 25000 100000 52500
4 128000 15000 50000 13000
Decreasing ratio | 0.2 0.4 0.5 0.75
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2" repeat

week 5% crosslink 10% crosslink | 15% crosslink | 20% crosslink

1 10000 138000 128000 153000

4 13000 57500 57500 32500

Decreasing ratio | N/A 0.58 0.55 0.79

week 5% no 10% no 15% no 20% no
crosslink crosslink crosslink crosslink

1 25000 133000 77500 113000

4 7500 90000 168000 55000

Decreasing ratio | 0.7 0.32 N/A 0.51

(B) Size

After generating hydrogel double emulsion droplets, we put them into hemocytometry and took
images under fluorecent microscope. Red dots are oil droplets only and green dots encapsulated
by red circles are double emulsion droplets. The droplet size is about 20 to 25 um. Below are
the images taken before and after droplets exposed to UV light for 15 minutes. According to
the data, we can see that UV light does not affect hydrogel DED size and their configaration.

Fig. 7. 5% PEGDA DED before exposed to UV and imaged under 40X microscope

filter. (b) green filter. (c) bright field. (d) merge figure.
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Fig. 8. 5% PEGDA DEDs after exposed to UV light and imaged under 40X microscope.

Also, since the droplets will be incubated with PBMC cells after conjugating antigens on their
lipid bilayer, it is valuable to check whether they can maintain their structure while in the
culture medium for PBMC cells. We added hydrogel droplets into RPMI culture medium and
below are the pictures before and after hydrogel DEDs added into medium. The droplet size
did not change significantly, the internal phase did not leak out, and droplets did not shrink and
still maintain their shape when observed under fluorescent microscope. However, when
detecting under bright field, we can see some wrinkle-like structure on it, and the lipid-oil shell
seems a little distorted. We hypothesized there is interaction between RPMI and oil-lipid phase.
In order to validate this hypothesize, our collaborator Becky Chen added oleic acid drops in
RPMI. It turned out that she saw the wrinkles on oleic acid drops.
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Fi. 9. 5% PEGDA non-crosslinked DEDs before adding RPMI under 20X microscope.

(a) (b)
40-um 4(:m
(c) (d)
3
4(:m 4(:m

Fig. 10. 5% PEGDA no crosslinked DED after adding RPMI under 20X microscope.




(C) Droplet stiffness

To validate that the lipid and oil phase do not block UV light and the hydrogel inside lipid
bilayer can still be crosslinked, we used trapping array to catch hydrogel droplets and see the
time consumed by crosslinked as well as non-crosslinked hydrogel droplets to squeeze through
the gap between ridges. The entire process was recorded by video under 20X microscope and
the figures below are the screen shots of different timing from video. As shown in figure, before
exposed under 15 minutes UV light, 5% PEGDA droplets were trapped without any
deformation. A withdraw flow rate of 5 ul/min and 10 ul/min was assigned to the outlet of the
channel for this stiffness testing. The droplets without being exposed by UV light squeezed
through the gap within 1 min under 10 ul/min flow rate; nevertheless, the droplets can last for
75 seconds, which means 20 more seconds, after treating with UV light.

We also noticed that this device would be an ideal tool for dewetting as long as the flow rate
is high enough. The crosslinked hydrogel droplets cannot even be dewetted under the flow rate
of 5 ul/min and the droplets did not go through the gap even they have deformed to some extent.
As shown in Fig. 13, the crosslinked droplets last for more than 80 seconds when under 5
ul/min flow rate. After increasing the flow rate up to 10 ul/min (Fig. 14), we saw the droplets
can be dewetted within 20 seconds, leaving the rest part of the CUVs unimpaired. Even though
non-crosslinked droplets can be partially dewetted to single compartment multisomes (SCMs),
it is still difficult to deplete oil drop completely from it without any damage. This dewetting
method is more suitable applying to crosslinked hydrogel droplets than in non-crosslinked one
since the non-crosslinked droplets are too soft to maintain their structure and separate from the
oil drop.

(a)

Fig. 11. 5% PEGDA DED before UV under 20x microscope. After priming, we stopped the
flow and ensured DEDs were trapped without complete dewet.
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Fig. 12. Screen shot from video of 5% PEGDA DED before UV under 20x microscope with
flow rate = 10 ul/min. After pulling (a) 5 second (b) 46 second (c) 52 second (d) 53 second.
Under this flow rate, hydrogel SCM is difficult to separate from the oil cap. The white circles
indicate the positions of DEDs since they are hard to be seen under the bright field.

Fig. 13. Screen shot from video of 5% PEGDA DED after UV under 20x microscope with flow
rate = 5 ul/min. After pulling (a) 2 second (b) 17 second (c) 35 second (d) 82 second. When
under this flow rate, we saw the partially deformation of hydrogel SCM, but it cannot either
squeeze through the gap or dewet completely even over 80 second.
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Fig. 14. Screen shot from video of 5% PEGDA DED after UV under 20x microscope with flow
rate = 10 ul/min. After pulling (a) 8 second (b) 16 second (c) 17 second (d) 20 second (e) 75
second (f) 75.5 second (g) 76 second. After withdrawing for 16 seconds under this flow rate, it
started to dewet, and the oil cap detached with the hydrogel droplet at 17th second. The
hydrogel droplet was crosslink and took more than one minutes to squeeze through the gap.
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Chapter 5: conclusion
5.1 Discussion of results

In summary, this research provides a new concept to mimic antigen presenting cell: tunable
stiffness with fluidity artificial membrane. We demonstrated promising methods for hydrogel
double emulsion droplet (DED) generation and stiffness validation as well as dewetting by
microfluidics. Even under microscale and encapsulated inside lipid, PEGDA can still be
crosslinked, and their variance of stiffness depend on hydrogel concentration. Moreover, with
the biotinylated lipid, droplets can be conjugated with antibodies and antigens by biotin-
streptavidin interaction. Based on the collaborator, Becky Chen, we already confirmed the
regular w/o/w DEDs can interact with cells and it is capable to do cytokine evaluation; however
the interaction of hydrogel DEDs with cells and cytokine evaluation should be further tested
since the cells survival rate was too low to do the examination.

There are several details we must know during droplet generation. For device fabrication, it is
important to seal the tubing with lead completely with hot-melt adhesive (hot glue gun loaded
with a glue stick); otherwise, the internal phase will seem more viscous and pressure pump
may not work well, fail to form droplets. In addition, sometimes the pressure is not stable, thus
it is also suitable to use syringe pump for 5% PEGDA internal phase; the range of flow rate is
between 0.14 ul/min to 0.2 ul/min. We successfully generated 5% PEGDA DEDs for up to 12
hours by syringe pump; however, since the flow rate needs to be lower when generating higher
concentration hydrogel droplets, it may be not applicable to our syringe pump to reach the flow
rate below 0.1 ul/min accurately. Furthermore, lower the oil phase as much as we can help to
mimic lipid bilayer more successfully; therefore, it is proper to find the critical point for the oil
pressure, control the thickness of middle phase precisely, not merely adjust the pressure to
droplet formation. Too much oil may cause DEDs merge together easily. There is also a
clogging issue that might happened in the channel of internal phase after generating droplets
for a long period of time, which is caused from the slight backflow of oil to the internal phase
channel. Increasing the oil phase pressure and let it first flows into internal phase channel, then
decreasing it rapidly can flush away the oil in internal phase channel and alleviate such problem.

Although we roughly got the data for droplet stability, number of droplets measured by
hemocytometry is not concrete enough due to inevitable human measurement error, and we
still did not find an appropriate explanation to justify the increased decay ratio for those
crosslinked hydrogel droplets in higher concentration. One possibility would be that FITC
decay very quickly, and we used green filter only when observed droplets, thus after UV
exposure and even under fluorescent light for merely a few minutes, we may not detect it. We
hypothesized that UV light damages FITC, and such phenomenon was discovered in collecting
vial as well — the content color in the vial turned from light green to more transparency after
UV treatment The other potential reason may be not fully crosslink of the DED.

In addition, despite having no reports on cell toxicity for all these materials, it seems that
sometimes the survival rate of cells decreased significantly when incubated PBMC cells with
double emulsion droplets — either hydrogel double emulsion droplet or regular water-in-oil-in-
water droplet. This research collaborated with Becky Chen and according to her research, the
cell survival rate is even lower than incubated cells with tetanus or NYESO free molecules or
bead. This will lead to the difficulty in further cytokines evaluation by ELISA and flow
cytometry since we do not have enough cells. To figure out which composition in the droplets
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causes toxicity to cells, we cultured cells into different solutions and the result revealed that oil
plus lipid seems to be the main factor causes cell death.

-_— -_—
40 um 40 um

Fig. 15. Example of 5% PEGDA DED after UV under 20x microscope. In figure (a), (c), and
(d) we can see the droplet; however, in figure (b) under green filter, we did not see the specific
droplet. This indicated the fast decay of FITC caused measurement error.

5.2 Limitation of the study

Due to time and budget constrain, it is difficult to observe droplet stability for a longer period.
Additionally, we only demonstrated that 5% PEGDA hydrogel double emulsion droplets can
be crosslinked when exposed by UV light; however, 10%, 15%, and 20% PEGDA hydrogel
droplets still need to be validated. Instead of utilizing trapping array, using AFM to test their
stiffness will be an idea tool to get a numerical number, which can be more solid and easier
when doing stiffness study, and further validating that different concentration of PEGDA
hydrogel droplets have different stiffness after being exposed by UV light in microscale.

Separating oil droplets with hydrogel droplets would be another issue since when using
trapping array, the oil droplets occupied the capture regions, preventing hydrogel droplets to
be well-trapped. We tried to centrifuge hydrogel droplets with 1000 rpm for 3 minutes after
droplet generation, but the oil droplets float up to the top layer as well and both of them
accumulated in the same layer. Higher spin speed may break hydrogel droplets thus it is not
acceptable. This would also cause bias when incubating droplets with cells if part of the cells
interacted with antigens on oil droplets instead of double emulsion droplets.

Hydrogel droplets may float up to the surface after stored for a while, and this phenomenon

appeared when incubating droplets with PBMCs as well. The cells would sink to the bottom
while droplets float up, such situation may reduce the interaction between cells and hydrogel
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droplets. Even though we still detected the interaction between cells and double emulsion
droplets, it is very rare and the activation level is not as high as expected. We tried to
encapsulate 5 nm magnetic beads inside droplets by adding them into internal phase. However,
it seems that the encapsulation efficiency is low and after few hours later, we can see
precipitation caused by beads in both collecting vial and syringe. Improving the contact
between cells and droplets would be the other issue we need to overcome.

Lastly, stabilizing the CUV is also a problem since the double emulsion droplets seems to pop
easily after dewetting in 2x PBS + 50% glycerol. We tried other composition for dewetting
solution; nevertheless, double emulsion droplets may dewet to SCM instead of completely
dewet to CUV when transferring into either 1x PBS or 2x PBS. We already validated that it is
appropriate to use trapping array helping deplete the oil but the lifespan of CUV needs to be
further observed and verified.

5.3 Future directions

This research mainly focuses on PEGDA hydrogel double emulsion droplet generation and
stiffness examination, which are only the first step in T cell activation optimization in
immunotherapy research and there are several obstacles still need to be overcome. Wetting,
which means the internal phase sticks to generation region, is one issue during the double
emulsion droplet generation since once it sticks on the channel, it is impossible for it to go back
to the balance automatically, thus we need to be like a babysitter, keep monitoring and adjusting
the pressure manually to find another equilibrium again. While Becky optimized the channel
by adding a step into internal phase channel and our flow-focusing geometry possibly thinner
the oil in the middle phase, we already demonstrated that double emulsion droplets can be
dewetted by either squeezing channel or trapping array; therefore, it is still worthy to try to
change the geometry to double T junction, which may help to reduce the wetting issue
potentially.

Furthermore, the double emulsion droplets seem shrink when we put them into RPMI, which
is the culture medium for T cell. Even though the droplets are not popped, and the cells can
still be activated with the shrink droplets, there may have some interaction between RPMI and
the oil phase. Increasing cell survival rate is relative to our middle phase composition as well;
thus, try to use different material, filter the oil, or decreasing lipid concentration would be a
potential method to solve these problems.

Oil and hydrogel droplet isolation device can be future improved. Some research already
demonstrated that microfluidics could do cell sorting based on their stiffness difference®”. We
assumed that by using the cell sorting device shown below, it is possible to isolate most of the
oil droplets from double emulsion droplets, as well as verifying stiffness difference between
various concentration hydrogel droplets after UV exposure.
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Silicon wafer design overview

Fig. 16. Microfluidic design for stiffness sorting. Microfluidics molds are fabricated with
negative photoresist SU-8 and then soft lithography with Polydimethylsiloxane (PDMS). The
design of microfluidic photomask were made on AutoCAD software and “’1°’ inside indicates
I mm and the mold was produced on a 3’ silicon wafer. In order to fabricate pillars on the top
inside of the channel, we need to design two masks since there are two different heights in this
device. Both masks are emulsion down with black background, and the white area on the mask
will be exposed under UV, which indicates the area will crosslink. On the other hand, the black
area on the mask will not be exposed under UV, thus those area will be wash away by solvent.
The channel height needs to be adjusted according to the droplets we are going to categorize,
thus in this research the channel height is 20 um.
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