©Copyright 2017
Cifeng Fang



Development of cell confinement and manipulation microfluidics
and methods for optimal biopreservation

Cifeng Fang

A dissertation
submitted in partial fulfillment of the
requirements for the degree of

Doctor of Philosophy

University of Washington

2017

Reading Committee:
Dayong Gao, Chair
Jaehyun Chung, Chair
Alberto Aliseda

Program Authorized to Offer Degree:
Mechanical Engineering



University of Washington

Abstract

Development of cell confinement and manipulation microfluidics and methods for optimal
biopreservation

Cifeng Fang

Co-Chairs of the Supervisory Committee:
Professor Dayong Gao
Mechanical Engineering

Professor Jachyun Chung
Mechanical Engineering

Biopreservation, especially cryopreservation, of bio-samples, includeing DNA /RNA, pro-
teins, bio-fluids, cells, tissues and organs, has attracted more and more attentions, because of
its great support in clinical research and trials. The successful biopreservation of bio-samples
enables the cellular therapy, drug development and diagnosis of disease. To achieve the best
biopresration result, various of factors and steps need to be optimized, including selection
of the optimal cryoprotective agent (CPA), successful addition of CPA, optimization of the
cooling protocol, thawing of the frozen samples, removal of CPA after thawing, and others.
Cryobiologists rely on the theoretical interpretation of bio-heat and mass transfer and novel
measurement techniques to design optimal cryopreservation protocol. In this dissertation,
cell confinement and manipulation devices were developed to determine the fundamental
cryobiological properties of cells, and a novel across cell membrane temperature dependent
mass transfer model were investigated with measurement methods proposed.

Determianation of the intrinsic cryobiological characteristics of the cells is the very first
steps of cryopreservation protocol optimization, which includes the cell membrane permeabil-
ities to water and the CPA at different temperatures, the osmotically inactive cell volume,

the activation energy of water/CPA transport across cell membranes, osmotic tolerance limit,



sensitivity to the CPA toxicity and others. To determine these cyobiological properties, two
kinds of microfluidic device are proposed and applied: a microfluidic perfusion channel and

non-contact cell confinement and manipulation platform.

Studying the phase contrast microscopy of cell volume excursion history when perfused
with solutions is the common method to evaluate the cell membrane properties, which re-
quires the measurement devices equiped with features as followed: (1) steadily trap cells for
long time; (2) change the extracellular media cell exposed to; (3) control and monitor the
extracellular media temperature and the whole cell volume excursion history can be recorded

and easily analyzed.

The microfluidic perfusion channel is used to determine the cell membrane transport
properties of human vaginal mucosal immune cells (T cells and macrophages), because of
their importance in HIV vaccine research. The cell membrane permeabilities to four different
CPAs (Dimethyl sulfoxide (DMSO), glycerol, propylene glycol and ethylene glycol) at room
temperature are measured, indicating that DMSO and propyleneglycol could be a potencial
CPA options, while glycerol is not a good choice for these cells as to the slow across membrane

transport of which.

Though a low cost and easy to operate tool the microfuidic perfusion channel is, the
challenges, like the intense images processing effort, due to the shadow from the blocker,
lack of on-chip temeprature control, remain to be solved for better measurement precision
and efficiency. To overcome the challenges unsolved in microfludic perfusion channel, a cell
confinement and manipulation platform with instananous flow and local temperature control
was developed. Numerical simulation of in-channel laminar flow coupled heat transfer was
coducted to exam various heater desgins, to achieve the best temperature uniformity and
heating efficiency. The fabrication protocol was developed and tested to provide the optimal

device performance of the integrated microfludics.

With the developed cell confinement and manipulation platform, two practices of cell



membrane properties measurement were executed, with both the traditional mass transfer
model under static temperatures and the originally proposed temperature dependent mass
transfer model. With the assist of the numerical simulation of temperature dependent mass
transfe model, the temperature profile during the measurmenet was identified and used for
the estimation of activation energy.

The further development vista beyond the projects covered in this dissertation was also
discussed, including the integration of on-chip active cooling design, options to scale up

current system, and some other applications, for instance exploring new potencial CPAs.
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Chapter 1

INTRODUCTION
1.1 Background

Cellular therapy is the therapy that cellular material is injected into a patient. As a novel
therapy method brenthing from the field of regenerative medicine, it has transited from ba-
sic research/pre-clinical animal model testing into actual clinical evaluation for numerous
therapeutic disease areas including cancer, heart disease, bone/cartilage, neurodegenera-
tive, diabetes, gastrointestinal, and autoimmunity. Immune cell therapy specially relies on
cell-mediated immunity by injecting activated T cell into a patient modulate the immune
responses to fight against cancer cells. Most recently, the guide line of P4 medicine (Predic-
tive, Preventive, Personalized and Participatory) boost the progress of cellular therapy into
the direction of more prcise and customized healthcare method. Fourteen cellular therapy
products, with a $10 billion market size (2016), have been approved for used in USA. With
the anticipatd approval of additional products the global market of cellular therapy is ex-
pected to grow at an average annual growth rate of 30%, reaching an amount of $32 billion
at 2018, as shown in Fig. 1.1.

A general cellular therapy procedures consist of: harvest cells or tissues from donor,
treatment cell separation, preservation of collected cells, thawing and activation of preserved
cells and inject the cells back to the patient for the treatment. All these steps are crucial
for the success of cellular therapy. During the past few decades, scientists and engineers
have created various novel protocols and techniques to optimize these procedures, amount
which biopreservation is one of the most challenging yet critical techniques, as to its cell type
sensitive nature.

In this dissertation, I will focus on developing tools that assist the determination of
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Figure 1.1: Global market predition of tissue engineering & cell therapy [1]

cellular properties and investigeting novel measurement methods, for optimal biopreservation

protocol.
1.2 Cryobiology and cryopreservation

Cryobioloy studies the interaction of cells, tissue, organ and other biomaterials with ex-
tremely low temperature [2], involving injury mechanism, bio-heat and mass transfer model-
ing of biomaterials experiencing low temperature and methods to help biomaterials survive
extremely low termperature. Cryopreservation is the technology that suspends the ”clock” of
biomaterials. The underlaying mechamsm of live materials cryopreservation is that chemical
reactions and metabolism activities will be slowed down or even paused at low tempera-
tures. Cryopreservatioin is an ideal method for the long term storage of biomaterials as it
can truely slow down or halte the "life clock” of biomaterials (RNA, DNA, cells, tissues,

etc.) and then resume it after thawing to normal tempeartures. People can’t preserve mam-



malian cells, until 1949, when Polge et al. succeeded in cryopreserving bull sperm with
glycerol in liquid nitrogen [5]. Since then, cryopreservation has been widely explored and
applied for long-term storage of DNA/RNA, proteins, bio-fluids, cells, tissues and organs.
The study of cryobiology and cryopreservation filled the needs in various fields from funda-
mental research to clincial practice. For instance, the successful cryopreservation of human
sperm make human sperm long-term storge possible, until being used for fertilization. Stem
cells (from bone marrow, cord blood or peripheral blood) have been cryopreserved, trans-
ported and then tranplanted to patients to treat many kinds of diseases since the 1950s [6],
which includes but not limites to Hodgkin’s and non-Hodgkin’s lymphoma [7-15], chemo-
sensitive/lymphoid /myeloid /hematological maligencies [10-13], osteogenic/fibro-/Ewing sar-
coma [8] myeloid or lymphoblastic leukemia [10-13], solid tumors (testis, breast) [8,10,11].

With unique opportunities provided by the discovery and development of cryopreserva-
tion, cryopreservation is widely utilized in varoious applications. Cells and tissue banking
assist the cinical research and applications. Both healthy and diseased cells and tissues have
the need to be preserved. The cryopreservation of healthy cells and tissue enables new treat-
ments and surgeries possiblity. For example, the cryopreservation of heathly bone marrow
avoids the damage from radiotherapy and chemotherapy during the treatment of leukemia,
which offers flexibility for therapy options. On the other hand, the cryopreservation of
discased cells/tissues assists the disease and drug development. Moreover, with cryopreser-
vation, the tissues and organs from the donor can be stored for a longer waiting time before
transplanted to a succeefully matched patient. As a result, cryopreservation increases the
chance of successful dornor-recipient screening and mathcing. Moreover, as biomaterials’
function and sturcture can be maintained stable via cryopreservation, cryopreservation also
enables the transportation of biomaterials.

However, even with decades of reasearch, many types of cell being successully cryopre-
served, more kinds of cells still can’t be cryopreserved. This is because of the ”cryo-injuries”
that happen during freezing and thawing processes. In 1970s, Mazur proposed a ”two-factor

hypothesis” of cryoinjuries [3], as shown in Fig. 1.2. According to Mazurs two-factor hy-



pothesis [3], two different kinds of injuries may happen to cells during cooling: (1) when
the cooling rate is too fast, a large amount of water will remain inside the cell and be crys-
tallized, causing intercellular ice formation (IIF) injury; (2) on the other hand, when the
cooling rate is too slow, water has enough time to travel out of cell before ice formation
happens, raising intercellular medium concentration excessively, causing osmotic and solute
injury to the cell. Hence, an optimal cooling procedure should be slow enough to avoid IIF

injury and fast enough to avoid the solute injury. Such optimal cooling rate is determined

-30°C

e 3
Slow Cooling C):,(:,__; *

7@7*
Optimal COO|IHg * i*J

Figure 1.2: ”Two-Factor Hypothesis” of cryoinjury [2]

by the temperature-dependent cell membrane permeabilities. As a result, according to this
"two-factor hypothesis” (ice injury with high cooling rate and solution injury with low cool-
ing rate), there is an inverted "U” shape of the relationship between cell survival rate and
the cooling rate [3], as shown in Fig. 1.3. Beside the existance of the optimal cooling rate,
we can see that this optimal cooling rate is cell type dependent. Hence, there is an optimal
cooling rate for a specific type of cells, which should be determined by the properties of the

cell membranes for an optimal cryopreservation.
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Figure 1.3: Survival of mouse marrow stem cells, yeast, mouse sperm, and human red cells
as function of cooling rate [3]

1.3 Cryoprotective agent (CPA)

There are limits to reduce cryo-injuries by using the optimal cooling rate. To further de-
crease cryoinjuries, specific chemical agents, named cryoprotectants, or cryoprotective agents
(CPA) should be added to cell suspension before freezing. Since glycerols protective func-
tion in sperm cryopreservation is revealled in 1949, modern cryobiology has established with
systematic research about both cryobiological properties of biomaterials and new types of
CPA. After that, more than 100 types of CPAs have been used, such as glycerol, dimethyl
sulfoxide (DMSO), propylene glycol (PG), ethylene glycol (EG), sucrose, trehalose, dextran,
hydroxyethyl starch (HES), Polyvinylpyrrolidone (PVP), and so on. These CPAs can be
classified into three categories:

(1) Permeable CPAs, such as glycerol, DMSO, EG, and PG. Permeable CPAs penetrate



into cells, decreasing the freezing temperature of the intracellular environment, and fill in the
intracellular volume to compensate for the cell volume reduction due to water loss, preventing
excessive cell volume excursion during cooling.

(2) Non-permeable CPAs, such as sucrose, trehalose, dextran, HES, and PVP. Although
these CPAs cannot penetrate into cells. they can increase the glass transition tempera-
ture (7,) and glass transition tendency of the extracellular environment dramatically, which
supprss the ice formation during cooling.

(3) Anti-freezing proteins (AFP). AFPs function with non-colligative property, which
means they do not lower the freezing temperature proportional to the AFP concentration.
Since the discovery of the existence of AFP in the blood of arctic fish by Canadian scientist
Scholander in 1950s [16], and isolation of AFP by DeVries in 1960s [13], AFPs have been
studied and applied in many fields including cryopreservation and food industry (e.g., addi-
tives in ice cream). As the name implies, AFP can delay or prevent ice crystallization during
cooling. AFPs bind to small ice crystals to inhibit the growth and recrystallization of ice.
AFPs may also interact with mammalian cell membranes to protect them from cold damage.

To select an optimal CPA for a specific type of cells, one should consider: (1) the per-
meability of the cell membrane to the CPA; (2) the toxicity of the CPA to the cells, and (3)
the availablity and cost of the CPA.

1.4 General process of cryopreservation

The general process of cell cryopreservation (Fig.1.4 (a)) includes: (1) Loading cryoprotective
agent (CPA) to the cell suspension; (2) Freezing the cell suspension with specific protocol
(Cooling, ice seeding and freezing); (3) Storing the samples at low temperatures; (4) Thawing
the frozen samples; (5) Unloading CPA.

The following factors should be carefully considered to approach a successful cryopreser-
vation:

a. Specific CPA or combiantion of CPAs should be chosen for the cell type according to
the cell membrane properties and the CPA toxicity; b. Due to the fact that the addition
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of CPA introduce osmotic change to the cell, proper designed step-wised manner should be
appied to avoid osmotic injury (Fig.1.4 (b)); c. Water, CPA cross membrane transport and
ice formation happens simultaneously during freezing, causing ice injury and solution injury
to cells, which can be subsided by applying optimal cooling rate in certain temperature
range; d. Recrystallization may happen during thawing, which is also fatal to cells. So, if
availalbe, ultra-fast thawing should be applied. e. During unloading of CPA, osmotic injury,

cell clumping or other damage may also happen to the cells (Fig.1.4 (b)).



In a word, a successful cells cryopreservation relies on the determination of the cell type-
specific optimal protocol to prevent all these possible injurites to cells. In order to investigate
all these factors simultanously, a proper micro-scale manipulation platform for cellular and
biological study is required, which ideally should have the following features (1) the ability to
observe the cell with access to manipulate cell location; (2) control the extracelluar chemical
environment cell experience; (3) manipulate the themal environment cell experience. This
kind of platform involves combination of manipulatoin of momentum transfer, mass transfer

and heat transfer at micro-scale.
1.5 Challenges in cryopreservation

At most cases, choosing proper and effective CPA for a cell type is the first step to successful
cryopreservation. Cryobiologist choose and optimize CPA for specific cell type by measuring
the intrinsic cell membrane properties, such as the cell membrane permeability to the CPA
and the CPA toxicity to the cells. So far the general methods to measure the cell membrane
permeability depends on the measurements of the cell volume excursion history during the
cell expourse to hypertonic CPA solution. However, experiment difficulties like design of
the micro-perfusion environment, data capturing and imaging analysis inhibit the accurate
measuremnt of these properties in high efficiency.

The determination of optimal cooling rate for specific cell type is another core problem
during the development of cryopreservation protocol for cells. It also relies on the mea-
sueremnt of the intrinsic cell properties, such as osmotically inactive cell volume, the cell
membrane permeabilities to water and CPA at different temperatures, the activation evergy
of water transport across cell membranes, and so on. For a non-empirical scientific study,
all these properties should be measured, and subsequently be combined with the theoretical
analysis of mass transfer across cell membranes to predict the optimal cooling rate. This
kind of platform involves combination of manipulatoin of momentum transfer, mass transfer
and heat transfer at micro-scale. An ideal micro-scale manipulation platform for cellular

and biological study should have the following features: 1. the ability to observe the cell



with access to manipulate cell location; 2. control the extracelluar chemical environment cell
experience; 3. manipulate the themal environment cell experience.
In other word, a device that is easy-to-operate, precise and can be used to routinely

measure all these intrinsic cell properties is still unavailable, yet in critical need.
1.6 Outline of this dissertation

Two core parts build up the entire dissertation. The first prat focuses on the delveloping of
the inetegrated plarform for instantaneous flow and local temperature cotorl, with performace
test and validation experiment conducted, which covers the chapter 2 to chapter 3. The
second part showcasees two applications using the developed plarfrom, covering chapter 4 to
chapter 5.

This dissertation is organized as follow.

Firstly, in Chapter 2, a microfluidic perfusion channel was employed to determine the cell
membrane permeabilities to water and various CPAs at room temperatrue. The results can
assist to choose the optimal CPA, design the optimal CPA addition adn removal protocols,
and predict te optimal cooling rate. Human vaginal mucosal immune lymphocytes (C'D3"
T cells and C'D14" macrophages) were adopted as model cells to demonstrate the feasibility
of the microfluidic testing system because of their importance in vaccine development and
microbicide tests in HIV.

However, when the microfluidic perfusion channel was applied to measure the cell prop-
erties at various temperatures, a temperature control mechanism is required. Other big lim-
itations, like the shadow casting from the blocking barrier and the cell movement along the
edge also introduce errors to the measurement result. Therefore, in Chapter 3, an integrated
microfluidic system for cell confinement and manipulation was developed, with instantaneous
flow and local temperature control. Moreover, the limitation of current cell manipulation
platform and desired design criteria is discussed. Flow and temperature control performance
of the developed platform is also evaluated.

Then, the developed cell confinement and manipulation platform was applied to deter-
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mine the cell membrane permeabilities. Human acute lymphoblastic leukemia cells (Jurkat,
Clone E6-1) are used as the model cell to demonstrate the feasibility of the platform. Chap-
ter 4 ultilizes the across cell membrane under static temeprture conditons to interpret the
cell volume excursion during exposure to hypertonic CPA solution, for the determination of
cell membrane permeabilities.

One step further, in Chapter 5, a direct measuremnt method of the activation energy of
cell mebmrane permeabilities, with the coupled across cell membrane mass transfer model
under temperature dynamic, is proposed and investigted by numerical simulation. Applying
the optimal temperature scanning profile, the activation energy of cell membrane permeabil-
ities is obtained with single measurement experiment.

Finally, Chapter 6 wraps up the entire dissertation with conclusions and future work.
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Chapter 2

DETERMINATION OF CELL MEMBRANE PROPERTIES AT
ROOM TEMPERATURE WITH A MICROFLUIDIC
PERFUSION CHANNEL

In this chapter, a contact cell confinement device, the microfluidic perfusion channel, was
appied into the determination of cell (T cells and macrophasges) membrance properties to
various CPAs at room temperature. These cell cryobiological properties assist the optimiza-
tion of cryopreservation protocol of cells (T cells and macrophasges), which is improtant for

studying mucosal immunity during HIV prevention trials.

2.1 Introduction

In HIV vaccine and microbicide trials, immune responses are typically evaluated in the pe-
ripheral blood, despite the most important immune responses being at the sites of viral
entry, namely the genital and rectal mucosae. Sophisticated analyses of fresh mucosal cell
and tissue samples are currently being done, but cryopreservation is little used [17-19]. Cry-
opreservation of mucosal specimens is critically important for immunological studies because
it allows samples obtained at tdifferet times and trial sites to be preserved, shipped and
stored for later analysis at a central laboratory. However, it is not clear whether the cur-
rently used cryopreservation strategies, which were originally developed for peripheral blood
mononuclear cells (PBMC), are ideal for mucosal specimens. Publications reporting func-
tional cell-based assays performed with cryopreserved mucosal specimens are limited and in
consistent [20-23].

To optimized the cryopreservation of muosal cells, it is necessary to have a quantitative

understanding of their biophysical response to the freezing process [3,24,25]. According to
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Mazur’s ” Two-Factor Hypothesis”, the cellular response to freezing is governed by intrisnsic
properties fo the cells, including the portion of the cll volume that does not respond to osmotic
pressure (V4), the permeability of the cell membrane to water (L,) and the permeability of
the membrane to cryoprotective agents (CPAS; P;) [26]. These propertics are unknown for
mucosal immune cells.

Our hypothesis is that understanding the fundamental cryobiological characteristics of
mucosal immune cells will allow the development of an improved cryopreservation procedure.
In the work, the cryobiuological properties of mucosal immune cells were determined using
a microfluidic device developed in our group [27,28]. Since the female genital tract is one
of the most common sites of sexual HIV transmission, the cells assessed were isolated form
the human vagina. Specificallym two cell populations that are central to adaptive cellular
immunity and HIV susceptibility, T lymphocytes and macrophages, were isolated and their
osmotically inactive cell volume (V}), cell membrane permeability to water (L,), and cell
membrane permeability to CPAs (P;) were determined. Four widely used CPAs - dimethyl
sulfoxide (DMSO), glycerol, propylene glycol (PG) and ethylene glycol (EG) - were tested.

2.2 DMaterials and methods

2.2.1 Human vaginal mucosal specimens

Human vaginal tissues were obtained from healthy women undergoing vaginal repair surgeries
in the Department of Obstetrics and Gynecology at the University of Washington. These
tissues, which would otherwise have been discarded, were collected without any identifying
patient information under a waiver of consent approved by the Institutional Review Boards

of the University of Washington and the Fred Hutchinson Cancer Research Center.

2.2.2  Isolation and sorting of vaginal T cells and macrophages

Vaginal tissues were maintained in saline and on ice during transport and dissection. The

stroma was removed from the epithelium, leaving epithelial pieces about 2 mm thick. These
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were subsequently cut into pieces of about 1 x 1mm and stored overnight in cell culture
medium at 4 °C. The next morning, cells were isolated using an enzymatic digestion protocol
[22]. Briefly, tissues were incubated in collagenase type IT digestion medium (700 collagen
units per mL; Sigma, St. Louis, MO) with 500-1000 units per mL. DNase I (Sigma) at
37 °C with shaking for 30 min; tissues were disrupted by passage through a blunt needle and
syringe, and the resulting cell suspensions were separated from undigested tissue pieces by
filtration through a 70 mm strainer. Remaining tissue pieces were re-digested up to three
additional times. Vaginal T cells and macrophages were purified from the bulk cell population
by flow cytometric sorting, after staining with CD45 APC, CD3 FITC, and CD14 PE-Cy7
(all mouse anti-human from BD Biosciences, San Jose, CA, USA) and 0.1 mg/mL 40,6-
diamidino-2-phenylindole (DAPI) for viability. All antibodies were titrated before use and
used at the minimum saturating dose. Live CD457CD37CD14~ and live CD457CD3~CD14"
events were sorted on a four laser BD FACSAria IT (408, 488, 535, and 633 nm). The sorted
cells ere suspended in 1xPBS at 10,000 cells/mL, stored at 4 °C, and used for the following

experiments within 8 h.

2.2.8  The microfluidic perfusion system

Cell membrane permeabilities were measured with a microfluidic perfusion chamber we de-
veloped previously [27]. The microfluidic device was fabricated using soft lithography. The
height of the microfluidic perfusion chamber was 15 um to accommodate a monolayer of the
expected cell sizes (8-12 pm). At the edge of the chamber, the channel height was shortened
to 3 um to trap the cells but still allow fluid to flow.

During experiments, the microfluidic device was immobilized on the stage of the mi-
croscopy (DM IRB, Leica, Buffalo Grove, IL). A droplet of cell suspension ( 10 pL) was
added gently to the inlet reservoir. The fluid was withdrawn continuously by a digitally
controlled syringe pump (PHD 2000 Infusion, Harvard Apparatus, Holliston, MA) with a
flow rate of 40 pL/h in order to stably trap cells in the chamber. After 10-15 cells were

trapped and aligned in front of the block, 0.5 mL perfusion solution was added into the inlet
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Table 2.1: Perfusion solutions and osmolalities.

Perfusion solutions Osmolality (mOsm/kg-H50)
0.7xPBS 201

1xPBS 297

2xPBS 605

3xPBS 881

10% (v/v) DMSO in 0.9% NaCl 1823

1.5 M glycerol in 0.9% NaCl 1956

1.5 M ethylene glycol in 0.9% NaCl 1761
1.5 M propylene glycol in 0.9% NaCl 1575

reservoir, avoiding any violent perturbation to the fluid flow. The fluid was drawn into the
chamber continuously by the syringe pump. The cell volume excursion history was recorded
by a CCD camera (Phantom v310, Vision Research, Wayne, NJ) at 24 frames/ second until
osmotic equilibrium was obtained, generally within 2 min. All the experiments were done at
room temperature (22 °C).

In order to measure the osmotically inactive cell volume (V}) and the cell membrane
permeability to water (L,), trapped cells were perfused with hypotonic and hypertonic saline
solutions (0.7xPBS, 2xPBS and 3xPBS). To determine the cell membrane permeability to
DMSO, glycerol, PG, and EG, dilutions of these chemicals were prepared in 0.9% NaCl saline
solution. The osmolalities of the solutions were measured by an osmometer (Wescor Inc.,

Logan, UT) based on vapor pressure assessment (Table 2.1).

2.2.4  Image analysis

After video capture, the videos were converted to image frames using Cine Viewer software
(Vision Research, Wayne, NJ). Cells were cropped from each frame of the image. The
cropped images were enhanced and processed to find the cell boundary (see Fig. 1). In

order to detect the cell boundary precisely, the Active Contour (dual-snake) algorithm was
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applied [29]. Thereafter, the two-dimensional cell area was evaluated by pixel counting and
then converted to three-dimensional cell surface area and volume based on the assumption
of spherical cell shape. All the image processing was performed with MATLAB software
(MathWorks, Natick, MA).

In order to assess the hypothesis of spherical cell shape, the sphericity of T cells and
macrophages (cell images at the beginning of each experiment) was evaluated, which was
defined as 27 - 7equ/Pact- Here, 7eq, is the equivalent cell radius calculated with the two-

dimensional cell area based on image analysis, and pact is the actual cell perimeter.

2.2.5 Determination of cell membrane properties
Determination of osmotically inactive cell volume (V,)

The Boyle van’t Hoff relationship can be used to determine Vj,, the osmotically inactive vol-
ume of the cell (um?). The osmotic response of the cell volume during hypertonic shrinkage

and hypotonic expansion can be described as

Co(Vo — Vi)
'

n

V= +V (2.1)
where V' (um?) is the cell volume when the intracellular osmolality is C? (Osm/kg water),
Vp is the isotonic cell volume, Cj is the isotonic osmolality, and V}, is the osmotically inactive

cell volume.

Determination of cell membrane permeability to water (L,) when no CPA exists

The membrane permeabilities to water (L,) of Jurkat cell (immortalized line of human
T lymphocyte cells) were determined by measuring cell volume shrinkage while cells were
perfused by hypertonic 3x PBS solutions. The cell volume changes, i.e., water transport

across the cell membrane, can be described as [27,30, 31]
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dVe(t)
dt

=L, - A-(C.-C)-R-T (2.2)

where V,(t) is the cell volumes (um?) at time t (min); L, is the cell membrane permeability
to water (um/atm/min; A is the cell membrane area (um?) and assumed as constant during
perfusion (= 4mr? for a spherical cell shape); C¢, C¢ are the intracellular and extracellular
molalities (Osm/kg water), respectively; R is the universal gas constant (=0.008207 (atm
L)/(mol K); and T is absolute temperature (in Kelvin). All the calculation was done under
the assumption that the cells were spherical. The L, was determined by least-squares curve
fitting of the cell volume change data to the equation using MLAB (Civillized Software Inc.,
Silver Spring, MD).

Determination of cell membrane permeabilities to water (L,) and CPA (Ps): two-parameter

transport formalism

When permeant CPA (e.g. DMSO) and salts (e.g., NaCl) co-exist in a solution, the cell
membrane permeability to water (L,) and to the CPA (Pg) can be determined with a two-

parameter transport model, where the cell volume change depends on both factors: [27,32-35]

dVe(t)  dVs(t)
dt  dt

+ L, A (C"—=C%-R-T (2.3)

where V(1) and V() are cell volume and intracellular CPA volume, respectively, at time
t, and C", C° are intra- and extracellular molalities (including both salts and CPA).

The CPA flux is given by

dNs (1)

S~ A (05 - OY) (2.4)

where Ps is the cell membrane permeability to the CPA (cm/min); Cg and CY% are
the extracellular and intracellular CPA molalities, respectively; and Ng(¢) is the mole of

intracellular CPA at time t.
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Ng(t) and Vg(t) are interchangeable by

Ns(t) = Vs(t)/Vs (2.5)

Here, Vg is the partial molar volume of the CPA.

The determination of L, and Ps was done by least-squares curve fitting of the experi-

mental data to the above two-parameter formalism using MLAB (Civilized Software Inc.)

2.2.6  CPA exposure tolerance

The CPA exposure tolerance of human vaginal T cells and macrophages to DMSO, EG and
PG was tested. CPA solutions with different concentrations were prepared and precooled
to 4 °C. 100 pL of each CPA solution was added dropwise to 100 uL cell suspension with
agitation over 5 min. The final CPA concentrations ranged from 5% to 17.5% (v/v). After
CPA addition, the cell suspension was kept at 4 °C for 10 min. Then, CPA was removed
by adding 4 mlL isotonic PBS dropwise with agitation at 4 °C over 5 min. The cells were
collected by centrifugation at 300g for 10 min, and then tested for cell viability with flow
cytometry

2.2.7 Statistical analysis

The number of data sets for the investigation of each cell property (e.g., the membrane per-
meability to DMSO for T cells) was 7-15 cells total per CPA and cell type from 4 donors.
The statistical analysis was performed using the Student’s t-test. The results are presented
as mean standard deviation and a P-value less than 0.05 was considered statistically signif-

icant.
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2.3 Results

2.3.1 Osmotically inactive cell volume 'V,

The Boyle van’t Hoff plots of human vaginal mucosal T cells and macrophages are shown in
Fig. 2.1. The equilibrium cell volumes in hypotonic and hypertonic saline solutions (0.7x,
2x and 3x PBS) normalized to the cell volume in isotonic solution are plotted with respect
to the reciprocal of the osmolality of the solution. The yintercept is the osmotically inactive
cell volume fraction (V,=V}), i.e., the remaining cell volume when the osmolality approaches
infinity. Results showed that the cell volumes in isosmotic solution (V;) were 314.61 £ 36.45
um? and 467.12 £ 32.71 pum?® with diameters of 8.43 + 0.32 um? and 9.62 + 0.23 um? for
T cells and macrophages, respectively. The osmotically inactive volumes V; of T cells and

macrophages were determined to be 51.6% V; and 45.7% V4, respectively.
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Figure 2.1: Determination of osmotically inactive cell volume V;, with linear curve fitting
Boyle van’t Hoff plots: x axis indicates the reciprocal of osmolality, y axis shows the equi-
librium cell volumes normalized to the cell volume in isotonic solution. The data points
used for linear curve fitting are the average of ten measurement results at corresponding
concentrations. The obtained osmotically inactive cell volume Vj is 67.41 & 4.07% Vj.
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2.3.2  Cell membrane permeabilities to water (L,) and cryoprotective agents (P;)

Examples of the T cell volume excursion history when perfused by a hypertonic saline solution
and a permeant CPA solution are shown in Fig. 2.2(a) and Fig. 2.2(b), respectively. The cell
volume derived from the last of the 30 frames in each second was calculated and presented

in the figures.

Fig. 2.2-a shows that when a cell is exposed to a hypertonic saline solution, its volume
monotonically decreases and then reaches the final equilibrium value. Based on these data,
the water transport ability, i.e., cell membrane permeability to water L,,, can be simulated.
Fig. 2.2(b) shows the volume excursion of one cell perfused by 10% DMSO in 0.9% NaCl
solution. The result shows that the cell shrinks first and then expands gradually back to
a volume close to the original isotonic one. This phenomenon is caused by the transport
of both water and permeant CPA. According to the cell volume excursion history, the cell

membrane permeabilities to water and CPA can be calculated.

The cell membrane permeabilities to water (L,) and CPA (Ps) were simulated by least-
squares curve fitting using MLLAB software. The results are shown in Table 2.2 and Table 2.3
for human vaginal mucosal T cells and macrophages, respectively. Lp values for T cells
and macrophages were 0.196 4+ 0.047 and 0.295 + 0.069 mm/min/atm (mean + standard
deviation), respectively, when no CPA exists. If CPA and salts coexist in the solution, Lp
values were reduced, especially for T cells (p j 0.05). In order to test the assumption that cells
are spherical, the sphericity of cells (the cell images at the beginning of each experiment) was
evaluated. The sphericities were determined to be 0.91 0.04 (n = 45) for T cells, and 0.88
+ 0.04 (n = 48) for macrophages. The imperfect spherical cell shape may cause errors to
the data analysis. However, quantitative evaluation of the effect of non-spherical cell shape

on the results is complicated and out of the scope of this work.

Glycerol showed very low P, values for both T cells (0.005 £ 0.004 x 1073 cm/min) and
macrophages (0.008 4= 0.003 x 1072 cm/min). This was 52e146 times lower than the P, values
measured for the other three CPAs (p j 0.05). For T cells, the P, values for ethylene glycol,
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Table 2.2: Membrane permeabilities of T cells to water and CPAs at room temperature
(mean#standard deviation)

CPA Cells L, (um/min/atm) Pg (10”*cm/min)
PBS 14 0.196 £ 0.047

DMSO 8 0.089 = 0.051 0.472 £ 0.230
Propylene glycol & 0.077 = 0.054 0.635 + 0.342
Ethylene glycol 7 0.099 + 0.053 0.469 + 0.175
Glycerol 8 0.055 = 0.003 0.005 £ 0.004

Table 2.3: Membrane permeabilities of macrophages to water and CPAs at room temperature
(meantstandard deviation)

CPA Cells L, (um/min/atm) Pg (10~*cm/min)
PBS 15 0.295 4+ 0.069

DMSO 9 0.234 4+ 0.041 0.978 £ 0.313
Propylene glycol 9 0.221 £0.162 1.168 £ 0.484
Ethylene glycol 8 0.241 4+ 0.094 0.418 +0.074
Glycerol 7 0.192 £ 0.072 0.008 £+ 0.003

propylene glycol, and DMSO ranged between 0.469 and 0.635 x 1073 cm/min, and there was
no statistical evidence of a difference between them (p = 0.465-0.493). For macrophages, Ps
to ethylene glycol (0.418 4 0.074 x 1073 cm/min) was in the same range as the P, values
for T cells, but P, values for DMSO (0.978 + 0.313 x 103 ¢m/ min) and propylene glycol
(1.168 £ 0.484 x 1072 cm/min) were significantly higher than the values for T cells (p i
0.05).

2.3.83 CPA exposure tolerance

To determine the CPA exposure tolerance of mucosal cells, we added DMSO, EG, or PG at

various concentrations dropwise to cell suspensions, incubated for 10 min on ice, and then
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Figure 2.2: Cell volume excursion during perfusion by hypertonic solutions at room temper-
ature:

dropwise diluted them out. We measured viability by cell type with flow cytometry, normal-
izing to the viability of untreated cells to have a consistent measure across samples. Fig. 2.3
shows the CPA exposure tolerance for human vaginal mucosal T cells and macrophages.
The cell viability declined in a linear fashion as CPA concentrations increased. The relative
viabilities remained above 90% up to concentrations of about 10% (v/v). DMSO had a more
negative effect on T cell viability than the other two CPAs, while EG had a more negative

effect on macrophage viability than the other two.

It is worth noting that three permeating CPAs (DMSO, EG and PG) were tested in the
CPA exposure tolerance experiment due to their possible applications in the cryopreservation
of mucosal cells. Osmotic tolerance limit (OTL) of the cell is another important cryobiological
characteristic. For OTL test, cells are exposed to hypo- and hyperosmotic solutions with
varying concentrations of non-permeating solute (e.g., NaCl), and then restored to osmotic
conditions. Besides the cell viability, cell volume excursion data in this process are also
valuable. The obtained cell shrinkage and swelling limits are useful to optimize the protocols
of addition and removal of both permeating and non-permeating CPAs. OTL tests of mucosal

cells will be done in the future.
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Figure 2.3: Cell volume excursion during perfusion by hypertonic solutions at room temper-
ature:

2.4 Discussion

Cryopreservation of mucosal immune cells or tissues is essential to evaluate HIV vaccines and
microbicides. However, there have been few reports of successful mucosal cryopreservation so
far. We believe that this is due to a lack of knowledge about the cryobiological characteristics
of such specimens. Based on Mazur’s theory, freezing of living cells is a process of heat and
mass transfer. The cell type-dependent optimal cryopreservation protocol is determined by
the intrinsic biophysical properties of each cell type. Therefore, optimization of mucosal cell
cryopreservation requires knowing the specimen’s properties, such as the osmotically inactive
cellular volume and cell membrane permeabilities to water and to CPAs.

In this chapter, a microfluidic perfusion channel was optimized and applied to measure
the cryobiological properties of human vaginal T cells and macrophages. Table 2.2 and 2.3
shows the values of these properties for other cell types. It shows that human vaginal immune

cells have lower L, values than oocytes, prostate cancer cells, and megakaryocyte cells, and



23

similar L, values to those of pancreatic islets and dendritic cells. This suggests that CPA
addition and removal should be relatively slow to decrease osmotic injury to mucosal immune
cells. This might also indicate that water transfers relatively slowly across cell membranes
when T cells and macrophages are frozen (measurement of L, at subzero temperatures is
needed to confirm this), and therefore mucosal immune cells should be frozen at a relatively
low cooling rate. Results also showed that L, values are reduced in the presence of CPA.
Further cryopreservation experiments are necessary to optimize the protocol.

Among the four types of CPAs measured, glycerol had much lower permeability than
the other three CPAs, for both T cells and macrophages. Therefore, glycerol can cause
severe cell volume excursion and osmotic injury during CPA addition and removal, and is
thus the worst option for vaginal immune cell cryopreservation. The Ps values for ethylene
glycol, propylene glycol, and DMSO were similar for T cells, while for macrophages Ps to
DMSO and propylene glycol was two to three times of that for ethylene glycol. For both T
cells and macrophages, there was no significant difference between the Ps values for DMSO
and propylene glycol. Tests of cytotoxicity and cryopreservation of mucosal immune cells
had similar results for DMSO, ethylene glycol, and propylene glycol (separate manuscript in
preparation). Therefore, these three CPAs are likely better options than glycerol for cryop-
reservation of mucosal T cells and macrophages. Currently, the cryopreservation protocol of
human vaginal immune cells is generally adopted from that for peripheral blood mononuclear
cell (PBMC), where 10% DMSO and cooling rate of 1 °C/min are applied. Our data neces-
sitate further experimental trials with DMSO, ethylene glycol, propylene glycol, or cocktail
of them.

The microfluidic perfusion method used here has some limitations. As a photomicro-
graphic method, its measurement accuracy depends on the quality of captured images and
accuracy of image processing, which is not yet optimal in current design. It is applicable to
only spherical cells because that is assumed in the conversion from two-dimensional image
to threedimensional volume. The measured result is not the average of many cells, but of

a few individual cells. Moreover, to measure cell membrane properties at other supra-zero
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temperatures (e.g., 10 °C, 4 °C), a temperature controller is needed to be integrated with
the microfluidic device, it cannot be applied at sub-zero temperatures due to liquid freezing

in the channel.

2.5 Conclusions

In this chapter, a microfluidic perfusion channel was applied to measure the cryobiological
characteristics of human vaginal mucosal T cells and macrophages at room temperature.
The osmotically inactive volumes for T cell and macrophage are 0.516 V; and 0.457 V4.
Membrane permeabilities to water (L,) at room temperature for T cells and macrophages
are 0.196 and 0.295 pm/min/atm, respectively when no CPA exists in the solution. Among
the four tested CPAs, DMSO, ethylene glycol, and propylene glycol have 50e150 times higher
Ps values than glycerol. These three CPAs may be better CPA options to avoid severe cell
volume excursion and osmotic injury during CPA addition/removal and cryopreservation.
CPA exposure tolerance tests showed that the relative viabilities remained above 90% up to
concentrations of about 10% (v/v). DMSO had a more negative effect on T cell viability
than the other two CPAs, while EG had a more negative effect on macrophage viability than
the other two.

Althrough a low cost and easy to operate tool the microfluidic perfusion chamber is, it
has the following drawbacks: (1) Lack of local temperature control and monitoring mecha-
nism; (2) The shadow from the block barrier causing errors to the cell volume calculation;
(3) Trapped cell may move in large distance during the experiment, resulting in intensive
labor during image processing. In order to overcome these drawbacks, a non-contact cell
confinement and manipulation platform with local temperature control is proposed in the

next chapter.
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Chapter 3

DEVELOPMENT OF NON-CONTACT CELL CONFINEMENT
AND MANIPULATION PLATFORM WITH LOCAL
TEMPERATURE CONTROL

This chapter describes substrate architectures to construct an microfulidic device with
instantaneous flow control capability, while being able to manipulate the localized tempera-
ture. In the chapter, the development, implementation and validation of the control system
of the integrated microfluidic platform was addressed. To achieve the desired device features,
a hardware system, with active Input/Output (I/O) communication, consisting of a compact
DAQ for on chip gas pressure regulating, microcotroller and high sensitive power supply for
heating control, and digital multimeter for sensor temperature reading, was implemented and
tested. The real time morphology inside the device is monitored by a high speed camera.
Two customized LabVIEW program were developed for a online image processing and inner
data manipulation for the whole control system, as a result achieving the demanded control
features. Furthermore, multiphysics simulation is counducted to evaluate the temperature

uniformity of two types (centered and distributed) of heater design.

3.1 Introduction

Microfluidics is the science and technology of systems that manipulate small (picoliters to
microliters) quantities of fluids, with the device characteristic length scales ranging from
tens to hundreds of micrometers. [36] Microfluidics has emerged as a versatile method of
handling fluids at small length-scales, with advantages in low reagent cost, high resolution
and sensitivity, fast prototyping, short analysis time, and a well controlled microenviron-

ment in concentration, pH, and temperature [37-42]. In particular, microfluidics has been
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employed to generate double emulsion droplets, [43] Janus particles, [44] enhanced mix-
ing, [45] cell encapsulations, [46] focusing and sorting cells and particles, [47] and stretching
DNA and deformable cells at cross-slot microchannels [48,49]. Among them, precise trap-
ping and manipulation of suspended objects in fluids (e.g., particles, long chain molecules,
drops and cells), is challenging but particularly useful for operations such as flow cytometry,
cell-on-chip, [50-52] microfluidic crystallization, [42] and isolation of rare cells from solutions.
Simultaneous control of flow and temperature on a single device is more difficult to achieve,
yet critical for a wide range of applications such as polymerase chain reaction (PCR) [53,54]

and chemical reactions. [53, 55, 56]

3.1.1 Flow control

Various passive methods to manipulate objects in microfluidics have been reported, such
as inertial migration, [57] pinched flow fractionation (PFF), [58] deterministic lateral dis-
placement, [59] and hydrodynamic chromatography. [60] These methods are limited to the
high-throughput focusing and sorting, but lack of precise trapping of the objects at a specific
zone. Alternatively, several active strategies have been explored for trapping and manipulat-
ing suspended objects in fluids, by applying external driving forces such as acoustic, [61,62]
optical, [63] electrophoretic, [64] magnetic, [65] and hydrodynamic [66] techniques. Each
active manipulation method has its own limitations. For example, the acoustic and mag-
netic methods are limited by their fabrication techniques to scale down the device; the
electrophoretic method requires an ionic working fluid since it uses a charged interface be-
tween the particle surface and surrounding fluid; the optical method generates limited force
range (0.1~100 pN), which is only suitable to manipulate nano or sub-micron scale objects.
The hydrodynamic method offers several advantages for trapping and manipulating single
objects with high spatial resolution on chip without the need for additional external fields.
Moreover, this method gives nonperturbative observation and analysis of single objects in a
solution, which offers the possibility for easy trapping, real time analysis and visualization,

easy integration with additional microenvironment control systems. [67]
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Hydrodynamic trapping of suspended objects in fluids was first demonstrated by Taylor
in 1934, [68] which was known as ”four-roll mill” method. For decades, researchers have
improved the original method to extend its ability for multiple types of fluid flows. [69—
72] Recent efforts focused more on integrating computer based feedback control with the
microfluidic chip, aiming to provide controllability and fine tuning of micron objects under
extensional flows. [73-75] Especially, controlled pneumatic technique by regulating force field
is a well known method for the non-contact trapping of isolated targets. The pneumatic
valve is referred to as the Quake’s valve [76], which involves multilayered soft lithography
(MSL). The liquid flows in the bottom layer (fluid layer) of the device, while the upper layer
(control layer) pushes down the thin membrane polydimethhlsiloxane (PDMS) in the bottom
layer by regulating the pressure inside the control layer. Based on this operating principle,
components such as on-off valves, switching valves, metering valves, mixers and pumps can
be designed in the microfluidic device for versatile flow control. [77] Furthermore, by carefully
regulating the air pressure in the control layer, small objects (e.g. particles, cells, and long
chain molecules) can be trapped hydrodynamically at the stagnation point created by an
extensional flow. [78] Utilizing similar flow control techniques, cell/particle sorting [79] and

further cell/particle manipulation [80,81] by the hydrodynamic force can be achieved.

3.1.2  Temperature control

Since temperature variations significantly affect the intrinsic properties of fluids, on-chip tem-
perature control is necessary for stable operations inside microfluidic devices. Existing global
temperature control methods either preheat the carrying fluid [82] inside the device, or use a
printed wiring board (PWB) heating unit under the entire microfluidic device [83]. Localized
temperature control methods have used either micropatterning wire on silicon [55, 84, 85] or
micropatterning wire on glass [86-89] embedded in the device. While precise temperature
control can be accomplished by using global temperature control for devices on the order of
~ 10 mm, it is challenging to achieve precise localized temperature control in a small and

confined area (~ 10 um?). Furthermore, the global temperature control usually measures
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the temperature outside the microchannel by using a thermocouple and utilizes a Peltier ele-
ment to manipulate the temperature stage, leading to inaccurate temperature measurement
inside the microchannel and causing slow cooling and heating at a rate around 10 °C/min,
with temperature stability in the range of 1 °C. [90] As thermo-responsive physical phe-
nomenon have drawn much attention in applications such as the stimuli of thermoresponsive
polymers, [91] biological membrane response to temperature, [92] polymerase chain reaction
(PCR), [53,54] and chemical reactions occuring at micron scales [53,55,56]. Microfabri-
cation technology has enabled advances in accurate temperature control and manipulation
inside microchannels with temperature ramp rates ranging from 0.1 to 20 °C per second
and constant temperature gradients along the direction of the channel width from 6 to 40
°C/mm, [93] which allows more accurate investigations of thermal effects in microfluidic

experiments.

3.1.8 Integrated control fealures

Although controlling individual microenvironment parameters has shown promising success,
managing multiple microenvironment parameters with isolated targets (e.g., trapping tar-
get particles while manipulating the pH or temperature simultancously), is still challenging.
Commercial temperature stages have been coupled with flow control devices to control mil-
limeter sized heating zones, but not for localized micron size features. [90] Progresses in
simultaneous localized flow and temperature control on a single chip can provide unique
opportunities to improve our understanding of fundamental fluid mechanics and biomechan-
ics problems, such as transient interfacial dynamics between partially miscible fluids, and
measurement of instantaneous cell stiffness in-situ.

Taking steps forward to design an integrated microfluidic platform with both flow and
temperature control features, we construct and report a specific microfluidic platform which
consists of a flow-focusing channel for the generation of emulsion droplets and subsequent
trapping in a cross junction, pressure control, and localized temperature control to demon-

strate the working principle of our platform, with the goal of (1) trapping and manipulating
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of isolated targets by a precise pressure feedback control, (2) thermal management at the
specific zone by a temperature feedback control, and (3) real time image processing and
analysis for tracking the location and observing the morphological change of the isolated
objects.

This charpter is organized as follows. Section 2 provides fabrication procedures of the
microfluidic device, schematics of the control system, information of the hardware used
for on-chip feedback control. Section 3 introduces specific design criteria of the integrated
platform involving both flow and localized temperature control. Section 4 showcases the
device performance criteria e.g., condition and stability of droplet generation and trapping,
precision and accuracy of temperature control, and discusses factors affecting the control
performances, followed by a validation experiment with aqueous glycerol and liquid crystal
to demonstrate the working principle of the integrated microfluidic platform. Section 5 sum-
marizes the features of our integrated microfluidic platform, with an outlook and potential

applications.

3.2 DMaterials and methods

3.2.1 Deuvice fabrication

The device fabrication consists of several core steps below: conductive wire patterning on
glass slides, double-layered PDMS microfluidic channel fabrication, and the device assembly

(Fig. 3.1a).

Conductive wire patterning

A glass slide (EMF, CA-134) with a 1000 A thick gold film on a 50 A thick chrome adhesion
layer was used for conductive wire patterning. The slide was spincoated with a positive
photoresist with thickness ~ 1.5 um (Microchem, AZ-1512), followed by a soft baking process
at 110 °C for 2 min. The microheater and the adjacent temperature sensor were designed

by AutoCAD and printed on a transparency with 50,800 dpi resolution (Fineline Imaging,



30

OR). The exposure process was carried out by using a mask aligner (ABM-aligner, ABM-
USA Inc.) under wavelength of 365 pm for 56 sec. The photoresist was then developed by
using 25 % v/v aqueous photoresist solution (Microchem, AZ-340) for 1 min. The glass slide
with the patterned photoresist was baked at 110 °C for 1 hr for better adhesion and curing.
A wet etching process was conducted by immersing the glass slide into gold etchant (TFA
gold etchant, Transene) for 30-35 sec, followed by immersing the glass slide immediately in
chrome etchant (TFE chromium etchant, Transene) for 2-3 sec. The glass slide was rinsed
by acetone to remove residual photoresist. The etched glass slide was again rinsed with
isopropanol (IPA) and water, and dried by nitrogen gas. The glass slide, together with the
electric connection pads covered by Teflon tape, was coated with 100 nm silicon dioxide to

prevent any electrolysis.

Double layered microchannel fabrication

The microfluidic channel was fabricated using standard multilayer soft-lithography (MSL).
[76] Photomasks were designed using AutoCAD and printed on a transparency with 50,800
dpi resolution using commercial laser photoplotting service (Fineline Imaging, OR). The
masters were fabricated by contact photolithography using a negative photoresist (SU-8
2050, Microchem). The photoresist was spincoated onto a plasma-cleaned 100 mm silicon
wafer (test grade wafer, SVM). After a soft baking process at 65 °C for 3 min then at 95 °C for
9 min, an exposure process was carried out by using a mask aligner (ABM-USA Inc., ABM-
aligner) with a 365 pum wavelength UV light for 22 sec. After post baking (2 min at 65 °C,
7 min at 95 °C), the master was then developed with a propylene glycol monomethyl ether
acetate (PGMEA) (Y020100, Microchem), followed by surface treatment with trichloro (1H,
1H, 2H, 2H-perfluorooctyl) silane (448931, Sigma-Aldrich) vapor under a vacuum condition
for easy peeling of PDMS replica from the master.

Two SU-8 masters of fluidic layer (70 pum deep) and control layer (70 pum deep) were
fabricated. The fluid layer with a thin PDMS valve membrane was obtained by spincoating
the fluidic SU-8 master with PDMS (Sylgard 184, Dow Corning) at 15:1 ratio of the base
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resin and the crosslinker. The control layer was fabricated by casting PDMS at 5:1 ratio
of base resin and crosslinker onto the corresponding SU-8 master. Both PDMS layers were
partially cured by baking at 65 °C for 25 min. The thick PDMS replica (control layer) was
then pecled off from the master, aligned, and was hermetically sealed onto the thin PDMS
layer (fluidic layer). The bonded PDMS double-layer was placed on a hot plate at 65 °C for
4 hr to form an integrated monolithic device. Verified by the microscopy image, the double-
layered microchannel has a 17.5 pm thin PDMS valve membrane, 70 pum control layer, and

70 pm fluid layer (Fig. 3.1b).

3.2.2 Control systems

Simultaneous on-chip flow and temperature control is accomplished by employing a custom
designed LabVIEW virtual interface that communicates with a gas regulator, temperature
controller, and a digital multimeter (Fig. 3.2). The pressure regulation of pneumatic valves
was achieved by using a gas regulator (Proportion-Air, QPV1), whose output has the maxi-
mum pressure of 150 psi with 40.1% of setting output pressure accuracy. The output of the
gas regulator was connected to the inlet port of the upper layer (control layer) in the device,
when pressurized, deforming the elastomeric membrane in the the bottom layer (fluid layer)
of the device, decreasing the cross section area of the fluidic channel. The pressure difference
will be identical in every case. The gas regulator changes the flow resistance in one of the out-
let channels, leading to a control of the flow rates in both channels, redistributing the planar
extensional flow pattern, thus relocating the stagnation point position at the cross junction.
Through active feedback control of the droplet position using the valve pressure, droplets can
be trapped in the velocity potential well, created by actively manipulating the stagnation
point of the extensional flow at the cross junction. A multifunction data acquisition module
(National Instruments, PCI 6229) with a connection terminal (National Instruments, BNC
2110) is used as digital Input/Output (I/O) for the feedback control of the gas regulator. A
high precision programmable power supply (BK Precision, 9124) is used as a power source

for the microheater. A MOSFET switch module, controlled by the pulse width modulation
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(PWM) signal from a microcontroller board (Arduino, UNO-R3), was used for the fine con-
trol over the heating power of the microheater. A digital multimeter (Keithley, 2700 with
1300 switch module) was used to measure the real time resistance of the temperature sensor,
which can be converted to the temperature reading by the resistance-temperature relation
obtained from the temperature sensor calibration. Syringe pumps (Cetoni, neMESYS Base
120) were used to pump fluids inside the microfluidic channel. The microfluidic chip was
placed on an inverted microscope (Nikon, Eclipse Ti-U). Images were recorded by a high
speed camera (Phantom vision research, M310) with the resolution of 256 by 320 pixels,
8-bit depth (256 gray levels), while having a real time image processing rate at 30 frames

per second (fps) and up to 1,000 fps acquisition rate for transient phenomenon studies.

3.3 Design criteria of integrated platform

In this section, we show the rationale of design criteria of the integrated platform for both flow
and localized temperature control. A specific integrated platform is developed to accomplish
the following tasks on a single chip: generate size-specific emulsion droplets with the flow
focusing geometry, hydrodynamically deliver and trap one droplet at the stagnation zone
of the cross-junction by modulating the cross section area of the microchannel with active
feedback control. Once the droplet trapping is achieved, the temperature is locally mediated
on chip with a localized microheater, controlled by a temperature controller. Upon initiating
data acquisition, the morphological change of the droplet and the temperature profile can
be recorded in real time at the specific region of interest. The schematics of this microfluidic
platform is illustrated in Fig. 3.3. The microfluidic channel (Fig. 3.3) consists of two core
regions: flow focusing region (Fig. 3.3c-1) for emulsion droplet generation, and the cross-
slot junction (Fig. 3.3c-2) in the center of the platform for droplet trapping. Furthermore,
a conductive circular patterned wire (Fig. 3.3¢-2), acting as a localized microheater and
temperature sensor, is placed in the center of the cross junction region for precise temperature

control of the trapped droplet.
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3.3.1 Integrated flow control

The integrated platform has two patterned PDMS layers, a thin fluidic layer forming passage
way for fluid flow and a thick layer containing two pneumatic valves. The fluidic layer
(Fig. 3.3a, highlighted in red) has three inlets, two for the continuous phase and one for the
dispersed phase, with a flow focusing junction (Fig. 3.3a, box in cyan) for droplets generation,
and a cross-slot junction (Fig. 3.3a, box in black) for subsequent droplet trapping. The inlet
streams flow, from each half, in opposing direction towards the cross-slot junction, converge,
then exit via two outlets (O; and O, in Fig. 3.3a). The control layer has two dead-end
channels sitting perpendicular to the fluidic channel, forming the pneumatic channels with
elastomeric membrane valves. By regulating the pressure inside a pneumatic channel of the
control layer, the cross section area of fluidic channel underneath can be modulated, leading

to changes in the fluidic resistance at the valve section.

Emulsion droplet generation

The formation of uniform sized emulsion droplets is enabled by using a flow-focusing design.
The microfluidic channel consists of two inlets, labeled as (1) for the continuous phase and
(2) for the dispersed phase (Fig. 3.3a). The continuous and dispersed phases flow from
both sides to the cross-junction. By controlling the flow rate ratio between the two phases,
dispersed phase droplets with uniform sizes are continuously generated. The orifice of the

flow-focusing channel is 75 pm and 100 pgm in width and height, respectively.

Droplet trapping

Once the emulsion droplets are produced, they flow towards the cross junction area and
the flow bifurcates from the cross-junction to the two outlets. The width and height of
the cross-junction are 350 pm and 232 pm. Gas regulators control the fluid resistance in
the fluidic channel by regulating the pressure inside the control channel. A syringe pump

introduces fluid flow inside the fluidic channel. Two pneumatic valves with 500 pm in width
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are located at the horizontal and perpendicular direction of the microchannel labeled as V,
and V. These valves can be controlled by gas regulators that control the pressure in the
control channels to block the cross-section of the microchannels. This modulates the fluid
resistance inside the fluidic channels, manipulating the position of the stagnation point along

the x- and y-directions.

Flow control

The control program for the hydrodynamic trapping of particles was first developed by
Tanyeri et. al. [78] by using LabVIEW. We built upon their program with our customized
hardware setup. We also optimized the algorithm for real-time image processing of trapped
droplets at the cross-junction to remove the optical background introduced by the micro-
heater and the temperature sensor embedded in the device.

A region of interest (ROI) was defined at the center of the cross-junction to establish
a set point and spatial limits for real-time image processing within the field of view. The
center of the ROI (x,y;) corresponds to the user-defined trapping position of the droplet.
The real-time images could be adjusted by controlling the threshold of the image to enhance
the image contrast and identify the edge of the droplet. The pre-processed images were
then converted into binary images after implementing a series of morphology processing
with a built-in particle analysis function in LabVIEW (more details about real time image
processing is available in SI). The center of the droplet (z., y.) obtained by the image analysis
was considered as the current position of the droplet. The trapping error was defined as
e, = ¥, — 2y and e, = y. — y; along the z- and y-direction. Once the droplet was trapped
in the ROI, the controller automatically compensated the trapping error with a customized

proportional control algorithm.

3.3.2  Localized temperature control

The microheater (Fig. 3.3c-2, highlighted in gold) is designed in a zigzag pattern with a

circular heating zone for efficient heating, with the dimension ~ 20 pm, 900 pm, and 200 gm
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in width, length, and diameter, respectively. The temperature sensor is etched adjacent
to the microheater on chip (Fig. 3.3¢-2, highlighted in orange), with feature dimensions
approximately ~ 20 pym, 430 pm, and 20 pm in width, length, and gap from the microheater,
respectively. The circular geometry of the microheater is important, as it allows the access
for droplet edge detection in real time image processing. These heater and sensor geometries
also enable good heating uniformity and precise localized temperature sensing in application
scenarios with circular object. [94]

The sensing of the temperature change is achieved by measuring the change of resistance
in the sensor as the microheater heats up the fluid and glass substrate first, with the tem-
perature change of the fluid and glass substrate altering the resistance on the temperature
sensor. Thus, monitoring and manipulating the temperature in a local region as small as
hundreds of pum is possible with our active feedback control procedure. We developed the
virtual instrument operation interface by LabVIEW for the monitoring and manipulation
of localized temperature, achieving an active feedback control between the microheater and
the temperature sensor. A temperature setpoint was defined by user as the set temperature
(Ts). The current temperature (7;.) was obtained by transferring sensor resistance to real
time temperature reading, using the temperature calibration curve (see subsection below).
The temperature error was defined as er = T, — Ty, which is compensated to converge to

zero via a built-in proportional-integral-derivative (PID) control algorithm.

Temperature sensor calibration

The underlying mechanism of temperature measurement in the temperature sensor rests
upon the temperature dependency of the electrical conductivity of the wire. Thus, it is im-
portant to calibrate the temperature sensor to obtain a reliable and precise temperature. A
PDMS slab with a reservoir, holding calibration fluid, was placed on the glass slide etched
with the microheater and temperature sensor. A J-type thermocouple (Omega, SA1-J) was
placed into the reservoir as the temperature reference. The temperature sensor was con-

nected to one channel of the digital multimeter for 4-wire resistance measurement, while the
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thermocouple was connected to the other channel for the temperature reading (Fig. 3.4a).
The reservoir was then filled with hot water, the calibration fluid, while measuring both the
temperature and sensor resistance simultaneously. A series of resistance data which corre-
sponds to the temperature ranging from room temperature to 60 °C was collected to obtain
a linear curve fit that was used as a general calibration curve between the sensor resistance
and real temperature. This calibration curve was implemented into the temperature con-
trol algorithm in the LabVIEW code. Once the calibration is finished, the PDMS slab was
removed from the glass slide, and the double-layered microfluidic channel was bonded with
the glass slide. Inlet and outlet tubings were then connected to the device (Fig. 3.4b) for

further experiments.

3.3.8 Heater pattern design and temperature distribusion simulation

To examine the spacial temperature profile created by on-chip microheater with different
shapes, we conducted multiphysics simulation (COMSOL 5.2) of laminar flow conjugated
heat transfer, coupled with Joule heating. The heat transfer in solid and fluid is governed

by
oT

pCpg =V (kVT)+Q (3.1)
oT o)
pCPE + pCpu- VT = )T <% +u- VpA> + V- (kVT)+Q (3.2)

respectively, where p, Cp, T', t, u, o, pa, k and @) are the density, specific heat, temperature,
time, fluid velocity, thermal expansion coefficient, pressure, thermal conductivity and heat
source. The heat source produced inside the microheater is given by QQ; = J - E = U(VV)z,
where J = oF is the current density, £ = —VV is the electric field, and o is the electrical
conductivity of the microheater. @) acts as a boundary heat flux for both the heat transfer
in solid and the heat transfer in fluid. The convective heat flux qg = h(Tew — T) is applied
to the bottom of glass slide.

The boundary and initial conditions of the multiphysics simulation are showen in Fig. 3.5.
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3.4 Results and discussions

3.4.1 Droplet trapping performance

Even though trapping solid particles such as polystyrene beads and cells are already reported,
it is more challenging to trap emulsion droplets due to the following reasons. First, the size
of the droplet produced at the flow-focusing device (on the order of tens to hundreds of
microns) is comparatively larger than that of a polystyrene bead for trapping purposes. In
addition, the density of certain liquids (i.e., liquid crystal) can be 30 % higher than that of
polystyrene, thus the larger mass and hence inertia from the droplet can lead to difficulty
when trapping the droplet using the pressure difference with the pneumatic valve. Second,
the droplet trapping involves liquid/liquid interfaces between the two liquid phases, which
introduces additional instability to the system. Due to these difficulties, the following issues
should be resolved to achieve successful droplet trapping: (1) establishing the optimal droplet
generation conditions at the flow-focusing region, and (2) stablizing the trapped droplet with
respect to flowing liquids. In the following two subsections, we demonstrate the influence of

droplet generation conditions and flow rate conditions on the droplet trapping performance.

Influence from droplet generation

To explore the influence of droplet generation conditions on the trapping performance, we
used oleic acid with a small amount of Span 80 (0.1 wt%) as the continuous phase, and
50 wt% aqueous glycerol solution as the dispersed phase in the microfluidic channel. Flow
rates are varied from 8 pl/hr to 1000 ul/hr to produce the aqueous droplet with varying sizes.
The droplet generation occurs either in the dripping regime or the jetting regime. [95, 96|
The dripping regime occurs at relatively low flow rates and is characterized by the periodic
formation of highly uniform spherical droplets. Due to the competition between the viscous
and capillary forces, the dispersed phase breaks into discrete droplets periodically under
certain flow rate ratios. The droplet production is mainly governed by the flow rate ratio,

viscosity ratio, and the capillary number (Ca = nyVy/0;), where 1o is the dynamic zero
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shear viscosity of the continuous phase, V; is the average velocity of the continuous phase
at the orifice, and o; is the interfacial tension between the dispersed and continuous phases.
Generally, droplet diameters are proportional to the ratio between the interfacial tension
and the viscous force exerted from the continuous phase. [97,98] With increasing flow rates
of both phases, the dripping regime gives way to a jetting regime, which features a long jet
that stretches downstream (Fig. 3.6b4). Jetting is a consequence of the increased flow rates
that force the filament to travel at a greater rate. Unlike in the dripping regime, droplets do
not form at the orifice, but instead form at the tip of the jet farther downstream. In general,
the length of the jet will increase with increasing flow rates of both phases. Meanwhile, the
jet becomes quite thick and produces larger droplets than in the dripping regime. We show
that it is possible to generate droplets as small as 10 gm — 30 pm in diameter. However, the
distance between these traveling droplets becomes much shorter, which causes obstacles in

trapping droplets at the cross-junction due to drop—drop interaction.

Flow rate effects

The hydrodynamic trapping relies on the extensional flow at the cross-junction to balance
againist the Brownian motion and flow fluctuations, by applying appropriate pressure using
pneumatic valves to confine the objects close to the stagnation point. Planar extensional
flow is generated in the cross-junction channel by introducing two laminar streams, which
can create a stagnation point at the center of the cross-junction region. The stagnation point

is a semi-stable point, whose velocity potential can be expressed as:

o= (g) (+* = v%). (3:3)

where ¢ is the strain rate (s™'), z and y are the spatial coordinates with respect to the
stagnation point along the inlet and outlet. Equation (1) entails that the stagnation point
is a semi-stable point (saddle point). In principle, using the feedback control system, the

stability of the stagnation point can be actively controlled to some extent, conserving a
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potential well for the steady hydrodynamic trapping. [67]

To trap larger objects at the cross-junction, one can either increase the proportional con-
trol gain (K,) from the LabVIEW code or increase the flow rate of the fluid. However, both
strategies have their limitations. The control signal output for pneumatic valve regulation is
proportional to the proportional control gain (K,), correlated with the trapping error. For
larger K, the controller is prompted to eliminate the error by adjusting the fluid resistence
of the outflowing stream, as a result, moving the stagnation point corresponding to modified
extensional flow at the cross junction. Large K, may lead to sufficient disturbances in the
extensional flow to prevent droplet trapping. Increasing the flow rate of the fluid provides
larger driving force by generating sharper velocity potential distributions, which requires
higher image resolution and short feedback cycle to achieve steady trapping. The working
principle to strike a fine balance between K, and flow rates is illustrated in Fig. 3.7 A.
Fig. 3.7 A (a~h) shows a series of histograms of the trapping error along the Y direction with
flow rates ranging from 65-290 p 1/hr. With perfect trapping, the error distribution should
form a sharp peak around Y=0. When the trapping becomes unstable, the trapping errors
exhibit a wide distribution with a flat peak. Fig. 3.7 A shows that the droplet trapping
becomes unstable when the flow rate exceeds 240 p 1/hr. Moreover, the deformation of the
droplet becomes more significant as the flow rate increases, see Fig. 3.7 B. These results
demonstrate that the steady hydrodynamic trapping for droplets is possible by creating a
potential well using the extensional flow and regulation of the pressure by the pneumatic

valve.

3.4.2  Localized temperature control performance

To evaluate the localized temperature control performance, we ran an aqueous glycerol solu-
tion (65 wt%) through the device and set the temperature to 35 °C. After the temperature
was stabilized, we maintained the temperature at 35 °C for 2 min, while acquiring localized
temperature sensing data. Figure 7 shows the results. The temperature varied as little as

+0.25°C with a low relative standard deviation (o = 0.083 °C).
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3.4.8 Design validation experiment

To demonstrate the capabilities of our integrated microfluidic platform with both flow and
temperature control, we selected a thermotropic liquid crystal (LC), 4-Cyano-4’-pentylbiphenyl
(5CB) as the droplet phase for the proof of concept studies since 5CB undergoes rapid and
reversible nematic-to-isotropic transition at approximately 35°C. [99] An aqueous glycerol
solution (65 wt%) with 3.5 mM of the surfactant Sodium dodecyl sulfate (SDS) was used
as the continuous phase. The flow rates of the continuous and dispersed phases were ini-
tially adjusted to be 200 pl/hr and 10 puL/hr to generate uniform sized LC droplets with a

diameter around 110 pum at the flow-focusing junction, at room temperature (Fig. 3.9a).

Once nematic LC droplets were generated at the flow-focusing region, they continued to
flow towards the cross junction zone, with the flow rate of the LC phase being reduced to zero
to avoid possible coalescence between the trapped LC droplet and flowing LC droplets. The
on-chip pneumatic valve was used to regulate the relative flow resistance in the outlet streams,
which enables fine control of the position of the stagnation point for easier trapping. At the
cross-junction of the microchannel, the nematic LC droplet with diameter of 110 um was
successfully recognized and trapped (Fig. 3.10a), by employing real time image processing
using built-in edge detection and particle analysis algorithm (see SI video). A region of
interest (ROI) within the imaging window was defined to establish a set point and spatial
limits for real-time image processing within the field of view. In this experiment, an initial
pressure of the pneumatic valve was set to 1 psi which was regulated via the LabVIEW GUI.
The trapped nematic LC droplet was confined in the ROI within the tolerance of £3um
using a proportional controller (Kp=-0.01).

Upon trapping, the temperature of the microheater underneath the trapped LC droplet
was increased from room temperature to 35 °C, with the aid of the temperature controller.
A polarized optical microscope was used to capture the nematic-to-isotropic transition of the
LC droplet with localized temperature variations (Fig. 3.10). The LC droplet exhibited the

nematic state initially at room temperature, and started the transition into the isotropic state



41

at 21.67 sec as the temperature reached around 33 °C. The LC droplet became transparent
at 59.58 sec as the temperature reached 35 °C, indicating the complete nematic-to-isotropic
transition of the LC droplet. This process is reversible and our experiments show repro-

ducibility:.

3.4.4  Multiphysics simulation results

Fig. 3.11 shows the results from multiphyscis simulation. Fig. 3.11(a) to (c) shows the
results of centered heater design; while 3.11(d) to (f) indicate the results of distributed
heater design. Fig. 3.11(a,d,) and (b,e) demonstrate the spacial temperature distribution and
spacial temperature gradient distribution, respectively. Fig. 3.11 (c,f) plot the 1 dimension
temperature variaion along the center line of trapping region (marked in red dashed line in
Fig. 3.11 a and d), respectively.

From Fig. 3.11, when maintaining the trapping region at around 37 to 42 °C of both
heater design, the distributed heater design provides a better temperature uniformity of less
than 0.03 °C temperature difference at the center of the trapping region, compared to 1.4

°C temperature difference of centered heater design.
3.5 Conclusions and perspective

In this chapter, an integrated microfulidic platform was developed, which consists of a flow-
focusing channel for the generation of emulsion droplets, with instantaneous flow and local-
ized temperature control. A double-layered microfluidic channel was fabricated, and inte-
grated with the microheater and temperature sensor to control the flow and temperature
simultaneously. Both flow and temperature were manipulated by the LabVIEW with active
feedback control. In particular, we used thermotropic liquid crystal (LC) as the droplet phase
to demonstrate the temperature control capacity of our integrated microfluidic platform as
a proof-of-concept experiment. The liquid crystal droplet was successfully trapped at the
cross-junction of the channel with a pneumatic valve regulated by LabVIEW feedback con-

trol with the proportional air pump. The temperature was mediated by the microheater and
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the temperature sensor underneath the LC droplet by the LabVIEW feedback control with
multiple hardware Inputs/Outputs (I/O). The LC droplet exhibited its nematic-to-isotropic
transition with increasing temperature. The temperature variation was found to be as small
as £0.25°C with a relatively low standard deviation, which guarantees precise control of the
temperature within a local region.

Our integrated microfluidic platform offers great potentials to provide direct real-time
flow and temperature control that is critical to characterize transient interfacial dynamics in
miscible jets and pendant drops, and in the dissolution of sessile drops, relevant to numerous
technological processes, ranging from cleansing operations where liquid soaps are rinsed from
surfaces, to the dissolution of mucous in the intestinal tract.

Another potential area of applications involves biotechnology such as droplet based rapid
PCR and on-chip cellular physiology studies. Although techniques for high throughput
on-chip cell culture and monitoring are available, [50-52] developing solutions that offer
the possibility of isolating and monitoring single cells, while manipulating multiple vari-
ables of a localized microenvironment is still challenging. Our microfluidic platform, with
instantaneous flow and localized temperature control features, shows great advantages in
providing flexible and accessible solutions. Our proof-of-concept studies with LC droplets
demonstrated the capability to trap isolated micron size target while manipulating local-
ized temperature environment precisely with high sensitivity and quick response (15 °C/min
with both ramp-up and cool-down cycles, with temperature overshoot less than 2 %). With
proper modification of this original design, we envision a similar microfluidic platform can

be designed to switch the fluidic environment to study isolated single cells [100].
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Figure 3.1: Device fabrication and characterizations: (a) Step-by-step procedures of con-
ductive patterning, double-layered PDMS channel fabrication, and device assembling; (b)
Optical microscopy image of the cross section of the double-layered PDMS.
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Figure 3.2: Schematics of flow and temperature control systems in the microfluidic platform:
A gas regulator controls the fluid resistance in the fluidic channel by regulating the pressure
inside the control channel. A syringe pump introduces fluid flow inside the fluidic channel.
A temperature controller and a digital multimeter are connected to the micropatterned wires
(Gold/Chrome). The microfluidic platform is placed on an inverted microscope equipped by
a high speed camera (Phantom Miro 310, vision research). The entire system is remotely
controlled by a custom designed LabVIEW virtual interface.
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Figure 3.3: Integrated microfluidic platform for both flow and localized temperature control:
(a) plane view of the microfluidic device. The continuous and dispersed phases are introduced
through inlet (1) inlet and (2), respectively. Emulsion droplets are generated at the flow-
focusing region (cyan box), which are then delivered and selectively trapped at the cross-slot
junction (black box). After converging at the cross-slot junction, the fluids exit through
outlet O; and outlet Oy. (b) 3D rendering illustration of the microfluidic device, showing
the glass slide etched with gold wires (microheater in the black box region), double-layered
PDMS with microchannels in a fluidic layer (in red), and the control layer for pressure
manipulation (in blue). (¢) Enlarged view of the boxed regions showing: ¢-1 flow-focusing
region, and c-2 microheater (gold) and temperature sensor (orange) at the cross-slot junction.
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Figure 3.4: Snap shots of the microfluidic device (scale bar = 5 mm) for (a) Tempera-
ture sensor calibration. The temperature sensor is connected to one channel of the digital
multimeter while J-type thermocouple is connected to the other channel of the digital mul-
timeter. (b) Double-layered microfluidic device with inlet and outlet tubings sitting onto an
inverted microscope. Wires from the microheater and temperature sensor are connected to
the temperature controller and the multimeter, respectively.
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Figure 3.5: Boundary of initial conditions of multiphysics simulation of centered heater
design (a) and distributed heater design (b), where the part marked as blue indicateds the
wire of microheater, the red arrows implies the flow inlets and the blue arrows implies the
flow outlest.
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Figure 3.6: Droplet production with varying flow rates: Oleic acid droplet produced at
aqueous glycerol solution with varying flow rates ratio (dispensed phase/continuous phase)
(1) 0.16, (2) 0.8, (3) 0.667, (4) 0.11, (5) 0.1 (6) 0.2. Scale bars are 200 um
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Figure 3.7: Influence of the flow rate to droplet trapping and morphology: (A) The histogram
of droplet trapping error along the Y direction at selected continuous phase flow rates; (B)
Microscopy images exhibiting droplet deformation under different flow rates. Scale bar is
50 pm.
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Figure 3.8: Temperature control performance: (a) The temperature variation evaluation
of the temperature control, when setting the target temperature at 35°C for 2 min. The
variation is within £0.25°C. T is the mean value of the temperature obtained; (b) Histogram
of localized temperature control error. The error is defined as T, — T;. o stands for the
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Figure 3.9: Liquid crystal droplet generation and trapping: (a) image sequences showing
liquid crystal droplet generation under polarized light. Scale bar is 100 pm; (b) liquid crystal
droplet trapped at the cross junction. Scale bar is 100 pm; (c) Microscopy images showing
morphology of liquid crystal droplet under polarized light at rest (left), under unpolarized
light at rest (middle), and under polarized light of a moving droplet (right).
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Figure 3.10: Nematic-to-isotropic transition of LC droplet with localized temperature con-
trol: (a) the LC droplet (edge highlighted in red) shows nematic-to-isotropic transition with
increasing temperature (correlated with elapsed time), with the scale bar= 50 pm. (b)
The temperature profile obtained by the temperature sensor, corresponding to captured key
frames.



52

K/um

315
c 314.8
314.6
314.4
314.2
314
313.8

Temperature (K)

0 20 40 60
Distance from glass (Um)

x10% T
3.1083f

°
@

Temperature (K)

3.1082f

3.1082f

3.1081f

20 40
Distance from glass (pm)

Figure 3.11: Multiphysics simulation results representing the spacial temperature profile:
spacial temperature distribution of centered (a) and distribution (d) heater design; spacial
temperature gradient distribution of centered (b) and distribution (e) heater design; temper-
ature variation along the center line of trapping region (marked in red dashed line in (a,d)
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Chapter 4

DETERMINATION OF CELL MEMBRANE PROPERTIES AT
VARIOUS STATIC TEMPERATURES WITH CELL
CONFINEMENT AND MANIPULATION PLATFORM

This chapter moves one step forward to apply the developed cell confinement and ma-
nipulation platform to the determination of cell membrane properties, using human acute
lymphoblastic leukemia cells (Jurkat, Clone E6-1) as model cell. The membrane transport
properties of Jurkat cells was measured, including the osmotically inactive cell volume (V})
and cell membrane permeabilities to water (L,) and to cryoprotective agent (CPA) solutions
(dimethyl sulfoxide (DMSO) in this study) (P) at various temperatures (room temperature,
30°C, and 37°C). Such characteristics of cells are of great importance in many applications,
especially in optimal cryopreservation. With the results, the corresponding activation en-
ergy for water and CPA transport was calculated. The comparison of the results from the
current study with reference data indicates that the developed platform is a reliable tool
for emperature-dependent cell behavior study, which provides valuable tools for general cell

manipulation applications with precise temperature control.

4.1 Introduction

Cryopreservation suspends the clock of a biomaterial by freezing it and resumes the clock by
thawing it back to normal physiological temperature. Since sperm was successfully preserved
in 1949 [5], cryopreservation has been widely explored and applied for the long-term storage
of DNA /RNA, proteins, biofluids, cells, tissues and organs, meeting the needs of many fields
from fundamental research to clinical applications, like cell/tissue banking, diseases study,

vaccine and drug development. The key factors behind cryopreservation are the addition of
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cryoprotective agent (CPA) before the freezing process, removal of CPA after thawing, and
the cooling/rewarming rate during the freezing/thawing process, in which cells experience
series of highly anisotonic conditions, causing injury [24]. According to Mazur’s ” Two-Factor
Hypothesis” [3], a cell’s behavior during freezing varies between different cell types, which
is governed by the intrinsic cryobiological properties of various cell types, including the
osmotically inactive cell volume (V4), the permeability of cell membrane to water (L,), and
the permeability of the membrane to CPAs (Ps) [26]. Furthermore,the transport coefficients,
e.g. L,, P, are temperature dependent, the relation of which is governed by Arrhenius
equations and influenced by the activation energy (E,). It is necessary to obtain knowledge of
cryobiological characteristics of cells to optimize the cryopreservation procedures for different
cell types. To obtain these intrinsic cell properties reliably and efficiently, devices that are
able to track cells while, at the same time, manipulating the extracellular environment (such
as temperature and the composition of the extracellular medium ) are required.

Various devices, which were extensively reviewed by McGrath [31], have been developed
to quantify the cell membrane transport properties with the help of new techniques, such as
nuclear magnetic resonance [101], "stop flow” [102], electron paramagnetic resonance [103],
electronic sizing [104-106], and phase contract microscopy [30,107-109]. Of these methods,
phase contrast microscopy is the only one that has been used to determine membrane trans-
port properties by investigating cither a large cell population or a single cell. This technique
can be used to directly observe, trace, and analyze the volume changes of individual cells in
anisotonic environments.

Gao et al. [30] presented a microperfusion chamber capable of manipulating multiple or
single cells, and different cell types (e.g. mouse oocytes and golden hamster pancreatic islet
cells). Chen et al. [27] also developed a microperfusion chamber that allows for passively
trapping cells with straight channel and lowered PDMS ceiling in the middle of channel.
In those designs, cells are immobilized with physical barrier of either porous membrane or
blocks of PDMS and are perfused instantaneously by target solution. This method avoids

mathematical complexity while still being applicable to various cell types and testing con-
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ditions, but it requires proper pore size and density of customized membrane depending on
different cell types, which adds complexity to device fabrication.

Microfluidics have great advantages in investigating biosystems in highly quantitative
manner, e.g. in vitro quantitative cellular analyses [110], quantitative biomolecular analy-
sis [111], and quantitative systems biology study [112]. Recent advances in microfabrication
and microscopy further enable the real-time monitoring of the activity of biosystems with
single cell precision, enabling studies of gene expression [113] ,chemotaxis, enzymatic ac-
tivity using chemical cytometry [114,115], and cell sorting [116-118]. Though various cell
manipulation techniques have been developed, certain design restrictions arise depending on
specific application scenarios. In a word, there is still a crucial need of improved techniques
for single cell analysis in order to provide new information on cell dynamic response.

Current microfluidic-based approaches for single cell analysis can be classified into two
categories according to their trapping features: contact based passive trapping and non-
contact based active trapping. Contact based trapping includes barrier hydrodynamics and
chemical-gel matrices [119-121]. The former uses physical barrier to block cells while letting
fluid to pass by, and the later integrates this idea into matrices to achieve high throughput
cell trapping, which has advantage of trapping multiple cells while lacks of precise control of
individual cells for long time.

Alternatively, several non-contact based strategies have been explored for trapping and
manipulating suspended objects in fluids, by applying external driving forces such as acoustic
[61,62], optical [63], electrophoretic [64], magnetic [65], and hydrodynamic [66,67, 78,100,
122-124] techniques. Each active manipulation method has its own limitations. For example,
the acoustic and magnetic methods are limited by the difficulty to scale down the device due
to their fabrication techniques. The electrophoretic method requires an ionic working fluid
since it uses a charged interface between the particle surface and the surrounding fluid.
The optical method generates limited force range (0.1~100 pN), which is only suitable to
manipulate objects in nano or sub-micron scale. Research also shows that long time optical

exposure can cause damage to proteins on cell membrane, which makes optical method not
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suit for long term manipulation of cells [125].

Comparatively, the hydrodynamic method offers several advantages for trapping and ma-
nipulating single objects with high spatial resolution without the need of additional external
fields. Hydrodynamic trapping force scales linearly with the particle radius, which enables
easy confinement of small target particles [122]. Moreover, this method gives nonpertu-
bative observation and analysis of single objects in a solution, which offers the possibility
for easy trapping, real time visualization and analysis, and easy integration with additional
microenvironment control systems (e.g., temperature).

Since temperature variations significantly affect the intrinsic properties of fluids and cells,
on-chip temperature control is necessary for stable operations inside microfluidic devices.
Existing global temperature control methods either preheat the carrying fluid [82] inside
the device, or use a printed wiring board (PWB) heating unit under the entire microfluidic
device [83]. Localized temperature control methods have used either micropatterning wire
on silicon [55,84,85] or glass [86-89] embedded in the device. While precise temperature
control can be accomplished by using global temperature control for devices on the order of
~ 10 mm, it is still challenging to achieve precise localized temperature control in a small and
confined area (~ 10 pum?). Furthermore, global temperature control usually measures the
temperature outside the microchannel by using a thermocouple and utilizes a Peltier element
to manipulate the temperature stage, leading to inaccurate temperature measurement inside
the microchannel and causing slow cooling and heating at a rate around 10 °C/min, with
temperature stability in the range of 1 °C [90] .As thermo-responsive physical phenomena
have drawn much attention in applications such as the stimuli of thermo-responsive polymers
[91], biological membrane response to temperature [92], polymerase chain reaction (PCR) [53,
54] ,and chemical reactions occurring at micron scales [53,55,56]. Microfabrication technology
has enabled advances in accurate temperature control and manipulation inside microchannels
with temperature ramp rates ranging from 0.1 to 20 °C per second and constant temperature
gradients along the direction of the channel width from 6 to 40 °C/mm [93], which allows

more accurate investigations of thermal effects in microfluidic experiments.
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Although controlling individual microenvironment parameters has shown promising suc-
cess, managing multiple microenvironment parameters with isolated targets (e.g., trapping
target suspended object while manipulating the pH or temperature simultaneously), is still
challenging. Commercial temperature stages have been coupled with flow control devices
to control millimeter sized heating zones, but not for localized micron size features [90].
Progress in simultaneous and localized flow and temperature control on a single chip can
provide unique opportunities to improve our understanding of fundamental fluid mechanics
and biomechanics problems, such as transient interfacial dynamics between partially mis-
cible fluids, and measurement of instantaneous cell stiffness in-situ. Overall, an integrated
microfluidic platform that can trap cells, and exchange extracellular media at long time
scales, while being able to monitor and control the local temperature around the cell is still
unavailable and in critical need.

As a step towards an integrated microfluidic platform with both flow and temperature
control features, we constructed a specific microfluidic platform which achieves (1) non-
contact trapping and manipulating of isolated targets by a precise feedback control in pres-
sure; (2) rapid and steadily changing extracelluar media; (3) thermal management at the
specific zone by a temperature feedback control, and (4) real time image processing and
analysis for tracking the location and observing the morphological change of the isolated
objects. To demonstrate the working principle of our platform, we further conducted cell

membrane transport property measurements using the Jurkat cell line.

4.2 DMaterials and methods

4.2.1 Source and preparation of cell suspensions

Human acute lymphoblastic leukemia (ALL) cells (Jurkat, Clone E6-1) [126] were purchased
from ATCC (American Type Culture Collection, Manassas, VA). These cells were cultured

using RPMI-1640 medium (ATCC, 30-2001) with 10% fetal bovine serum (FBS) (ATCC, 30-
2020) along with 100 U.mL penicillin (antibiotic-antimycotic, Life Technologies), 100 pg/mL
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streptomycin and L-glutamine, and were cultured in T25 flasks (Corning) inside an incubator
at 37 °C in a humidified atmosphere containing 5% CQO,. The Jurkat line is a suspension
cell line that has a highly spherical cell morphology, which is important for the later image
analysis and data processing.

Jurkat cells were experimentally determined to have diameters ranging from 10 pum to
16 pm. The cells were collected, centrifuged at 800 g for 10 minutes, and then resuspended
in 1x phosphate buffered saline (PBS) (288 mOsm/kg) at a cell density of about 5x10°/mL

and used for experiments within 3 hr.
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Figure 4.1: Device fabrication: Step-by-step procedures of conductive patterning, double-
layered PDMS channel fabrication, and device assembly.
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4.2.2  Microdevice fabrication

The device fabrication consists of several core steps as below, including: patterning of con-
ductive wire on the glass slide, fabrication of the double-layered PDMS microfluidic channel,

and assembly of the device, which is showed in Fig. 4.1.

A

M Fuuidiclayer [l Control layer [l Patterned wires (Au/Cr)

Figure 4.2: Microfluidic platform with integrated flow and temperature control: (A) 3D
rendering illustration of the microfluidic device, showing the glass slide etched with gold
wires, double-layered PDMS with microchannels; (B) Microscope picture showing enlarged
view of the boxed region: microheater (rest on the side) and the temperature sensor (sitting
at the cross-slot region); (C) Plane view of the microfluidic device, showing: media inlets
M, Moy; cell inlet S;; waste outlets W1, Ws; valve pressure regulation port A.
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Conductive wire patterning

A glass slide (EMF, CA-134) with a 1000 A thick gold film on a 50 A thick chrome adhesion
layer was used for conductive wire patterning. The slide was spincoated with a positive
photoresist with thickness of 1.5 um (Microchem, AZ-1512), followed by a soft baking process
at 110 °C for 2 min. The exposure process was carried out by using a mask aligner (ABM-
aligner, ABM-USA Inc.) under wavelength of 365 nm for 5-6 sec. The photoresist was then
developed using 25 % v/v aqueous photoresist solution (Microchem, AZ-340) for 1 min. The
glass slide with the patterned photoresist was baked at 110 °C for 1 hr. A wet etching process
was conducted by immersing the glass slide into gold ctchant (TFA gold etchant, Transene)
for 30-35 sec, followed by immersing the glass slide immediately in chrome etchant (TFE
chromium etchant, Transene) for 2-3 sec. The glass slide was rinsed by acetone to remove
residual photoresist. The etched glass slide was again rinsed with isopropanol (IPA) and
water, and dried by nitrogen gas. The glass slide, together with the electric connection pads

covered by Teflon tape, was coated with 100 nm silicon dioxide to prevent any electrolysis.

Fabrication of the double layered microchannel

The microfluidic channel was fabricated using standard multilayer soft-lithography (MSL)
with PDMS. [76] The designed double layered microchannl consist of two layer of PDMS:
(1) the control layer, where the pressure regulated gas goes, used to control the local flow
resistance of the channel of fluidic layer; (2) the fluidic layer, where is liquid flow goes,
containing experiment media and sample cells. The fabrication procedure is shown in Fig. 4.1

and addressed in details in the ESI.

4.2.8  FExperimental setup

Simultaneous on-chip flow and temperature control was accomplished by employing a Lab-
VIEW virtual interface that communicated with pressure regulator, temperature controller,

and digital multimeter (Fig. 4.3).
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Figure 4.3: Schematic of the cell trapping and manipulation microfluidic platform with
integrated flow and temperature control: a gas regulator controls the fluid resistance in
the fluidic channel by regulating the pressure inside the control channel; a syringe pump
introduces fluid flow inside the fluidic channel; a high precision power supply and a digital
multimeter are connected to the micropatterned wires. The microfluidic platform is placed on
an inverted microscope equipped by a high speed camera (Phantom V310, vision research).
The entire system is remotely controlled by a custom designed LabVIEW virtual interface.

The pressure regulation of pneumatic valves was achieved with a gas regulator (Proportion-
Air, QPV1). The gas regulator changes the flow resistance in one of the outlet channels,
leading to a control of the flow rates in both channels, redistributing the planar extensional
flow pattern. Through active feedback control, cell can be trapped in the velocity poten-
tial well, created by actively manipulating the stagnation point of the extensional flow. A
multifunction data acquisition module (National Instruments, PCI 6229) with a connection
terminal (National Instruments, BNC 2110) is used as digital Input/Output (I/O) for the
feedback control of the gas regulator. A high precision power supply (BK Precision, 9124)
is used as a power source for the microheater. A MOSFET switch, controlled by the pulse
width modulation (PWM) signal from a microcontroller module (NI USB 6009), was used for

the fine control over the heating power of the microheater. A digital multimeter (Keithley,
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2700 with 7703 switch module) was used to measure the resistance of the temperature sensor,
which can be converted to the temperature reading by the resistance-temperature relation
obtained from the temperature sensor calibration. Syringe pumps (Cetoni, neMESYS) were
used to pump fluids inside the microfluidic channel. The microfluidic chip was placed on
an inverted microscope (Nikon, Eclipse Te2000-s). Images were recorded by a high speed
camera (Phantom vision research, V310) with the resolution of 600 by 600 pixels, 8-bit depth

(256 gray levels).

4.2.4  Image analysis

The raw image frames were enhanced (sharpen), cropped from the original video with Cine
Viewer software (Vision Research, Wayne, NJ). The obtained images were then processed,
with extended minimum segmentation algorithm followed by morphology processing to find
the cell boundary and generate binary cell masks. Thereafter, the two-dimensional cell
area was evaluated by pixel counting and then covered to three-dimensional cell surface
area, and volume based on the assumption of spherical cell shape. In order to assess the
hypothesis of spherical cell shape, the sphericity of Jurkat cell (real-time detect through the
experiment process) was evaluated, which was defined as 27 - requ/Pact- Here, reqy is the
equivalent cell radius calculated with the two-dimensional cell area based on spherical cell
shape assumption, and p,. is the perimeter of the obtained two-dimensional mask of trapped

cell, which is showed in ESI.

4.2.5  Fwvaluation of temperature control response and stability

To evaluate the temperature control response and stability, we ran 1x PBS through the
device and set the target temperature to 37 °C. After the temperature was stabilized, we

maintained the temperature at 37 °C for 110 sec, while acquiring temperature sensing data.



63

4.2.6  Determination of cell membrane properties
Determination of osmotically inactive cell volume (V,)

The Boyle van’t Hoff relationship can be used to determine V;, the osmotically inactive vol-
ume of the cell (um?). The osmotic response of the cell volume during hypertonic shrinkage

and hypotonic expansion can be described as

Co(Vo — V3)

V= .
G

+V (4.1)

where V' (um?) is the cell volume when the intracellular osmolality is C?, (Osm/kg water),
Vp is the isotonic cell volume, Cj is the isotonic osmolality, and V}, is the osmotically inactive

cell volume.

Determination of cell membrane permeability to water (L,) when no CPA ezists

The membrane permeabilities to water (L,) of Jurkat cell (immortalized line of human
T lymphocyte cells) were determined by measuring cell volume shrinkage while cells were
perfused by hypertonic 3x PBS solutions. The cell volume changes, i.e., water transport

across the cell membrane, can be described as [27,30, 31]

dVe(1)

pr =L, A-(C.—-C)-R-T (4.2)

where V,(t) is the cell volumes (um?) at time t (min); L, is the cell membrane permeability
to water (um/atm/min; A is the cell membrane area (um?) and assumed as constant during
perfusion (= 47r? for a spherical cell shape); C?, C¢ are the intracellular and extracellular
molalities (Osm/kg water), respectively; R is the universal gas constant (=0.008207 (atm
L)/(mol K); and T is absolute temperature (in Kelvin). All the calculation was done under
the assumption that the cells were spherical. The L, was determined by least-squares curve
fitting of the cell volume change data to the equation using MLAB (Civillized Software Inc.,
Silver Spring, MD).
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Determination of cell membrane permeabilities to water (L,) and CPA (Ps): two-parameter

transport formalism

When permeant CPA (e.g. DMSO) and salts (e.g., NaCl) co-exist in a solution, the cell
membrane permeability to water (L,) and to the CPA (Ps) can be determined with a two-

parameter transport model, where the cell volume change depends on both factors: [27,32-35]

dVe(t)  dVs(t)
dt  dt

+L,-A-(C"—=C%)-R-T (4.3)

where Vi (t) and Vs(t) are cell volume and intracellular CPA volume, respectively, at time
t, and C?, C¢ are intra- and extracellular molalities (including both salts and CPA).

The CPA flux is given by

dNs (1)

T Ps-A-(Cs—C%) (4.4)

where Pg is the cell membrane permeability to the CPA (cm/min); C§ and C% are
the extracellular and intracellular CPA molalities, respectively; and Ng(t) is the mole of

intracellular CPA at time t.
Ng(t) and Vg(t) are interchangeable by
Ns(t) = Vs(t)/Vs (4.5)

Here, Vg is the partial molar volume of the CPA.
The determination of L, and Ps was done by least-squares curve fitting of the experi-

mental data to the above two-parameter formalism using MLAB (Civilized Software Inc.)

4.2.7  Determination of the activation energy (E,) of L, and Ps

If the transport coefficients at room temperature (22 °C') are known, the original Arrhenius

equation can be modified into form shown below:
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Ea,water 1 1
Lp - LpO - exp (—T . (T - ﬁ)) (46)
FEocpa (1 1
Ps = Py - e T = 4.
s S0 - €Xp ( R (T To)) (4.7)

Here, L, and Psg are the the cell membrane permeability to water (pm/min/atm) and
to the CPA (cm/min) at room temperature (22 °C'), respectively. E, is the activation energy
of corresponding transport coefficient. The determination of F, of L, and Ps was done by
least-squares curve fitting of the measured L, and Ps result at 22 °C, 30 °C' and 37 °C, to

the modified Arrhenius equation.

4.3 Results

4.3.1  Temperature control stability and temperature profile

Fig. 4.4A presents the actual temperature response to the target temperature change when
30 °C, 37 °C, and then 30 °C were set as the target temperatures. It shows that the tempera-
ture of the medium can reach target temperature in 20 sec. Fig. 4.4B shows the temperature
stability when keeping 37 °C as the setting temperature. During the recording period (110
secs), temperature reading was very stable, and the fluctuation was within +0.25°C. Fig. 4.5
shows the results from multiphyscis simulation. Fig. 4.5A and C demonstrate the spacial tem-
perature distribution and spacial temperature gradient distribution, respectively. Fig. 4.5B
and D plot the 1 dimension temperature distribution and temperature gradient along the
center line of trapping region (marked in red dashed line in Fig. 4.5A and C), respectively.
The results show that the temperature in the trapping region is around 37°C', with tempera-
ture gradient less than 0.0034°C'/wm, which means the temperature nonuniformity would by
only 0.034°C for a region of 10um. Therefore, we can assume that temperature is uniform

around a cell with diameter of 10um.
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Figure 4.4: Temperature control performance: (A) Temperature response under steps of
setting temperatures (30 °C, 37 °C then 30 °C); (B) variation of recorded temperature when
maintaining setting temperature at 37°C, T is the mean value of the recorded temperature
in 110 sec.

4.3.2  Osmotically inactive cell volume V,

The Boyle van’t Hoff plot of Jurkat cells is shown in Fig. 4.6. The equilibrium cell volumes
in isotonic (1x PBS), hypertonic (1.5x, 2x and 3x PBS), and hypotonic (0.7x PBS) saline
solutions, normalized to the cell volume in isotonic solution are plotted with respect to the
reciprocal of the osmolality of the solution. The y-intercept is the osmotically inactive cell

volume fraction (V;,/Vp), i.e., the remaining cell volume when the osmolality approaches infin-
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ity. As shown in the plot, the osmotically inactive volume Vj, of Jurkat cells was determined

to be 67.41 +4.07% Vj.

4.5.8  Cell membrane permeabilities to water (L,) and cryoprotective agents (Ps) at various

temperatures

Examples of the Jurkat cell volume excursion history when perfused by a hypertonic saline
solution and a permeating CPA solution under various temperatures are show in Fig. 4.7.

The cell volume derived from the last of the 30 frames in each second was calculated and
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Figure 4.6: Determination of osmotically inactive cell volume V;, with linear curve fitting
Boyle van’t Hoff plots: x axis indicates the reciprocal of osmolality, y axis shows the equi-
librium cell volumes normalized to the cell volume in isotonic solution. The data points
used for linear curve fitting are the average of ten measurement results at corresponding
concentrations. The obtained osmotically inactive cell volume Vj is 67.41 4= 4.07% Vj.

presented in the figures.The left column of Fig. 4.7 shows that when a cell is exposed to
a hypertonic saline solution, its volume continuously decreases until it reaches the final
equilibrium value. Based on the volume excursion data, the water transport ability, i.e.,
cell membrane permeability to water L,, can be simulated. The right column of Fig. 4.7
shows the volume excursion of one cell perfused by 10% DMSO in 0.9% NaCl solution. The
result indicates that the cell shrinks first and then gradually expands back, which is caused
by the transport of both water and permeating CPA. By fitting the cell volume excursion
history to the water/CPA transport governing equations (Eq. 4.2, 4.3), the cell membrane
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Table 4.1: Membrane permeabilities of Jurkat cells to water and DMSO at various temper-
atures (meantstandard deviation)

Temp.(°C) Times L, (um/min/atm) Ps (1073cm/min)

22 8 0.370 £0.019
PBS 30 10 0.388 £ 0.027
37 7 0.775£0.072
22 9 0.158 £0.011 0.042 £ 0.004
DMSO 30 7 0.188 £0.011 0.241 4+ 0.005
37 8 0.436 £0.013 0.675 £ 0.032

permeabilities to water and CPA can be calculated. The cell membrane permeabilities to
water (L,) and CPA (Ps) were simulated by least-squares curve fitting using MLAB. The

results are shown in Table 4.1.

4.5.4  The activation energy (E,) of cell membrane permeabilities to water (L,) and cry-

oprotective agents (Ps)

After obtaining the cell membrane permeabilities to water (L,) and cryoprotective agents
(Ps) at different temperatures, these results were fitted to the Arrhenius equation (Eq. 4.6&4.7)
to estimate the activation energy (E,) of cell membrane transport properties. The activation
energy (E,) of L, was determined to be 7.075 kcal/mol when no CPA exists, the activation
energy (E,) of L, was determined to be 9.566 kcal/mol and the activation energy (F,) of Ps

was determined to be 34.416 kcal /mol, respectively, when CPA and salts co-exist.
4.4 Discussion

Cryobiologists attempt to develop optimal cryopreservation protocols from scratch based on
fundamental cell membrane properties, which ensures minimal cell injury from ice crystal
formation and hypertonic solutes. To aid this process, various devices and measurement

technology have been developed to characterize intrinsic cell membrane transport proper-
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ties. The determination of intrinsic cell membrane transport properties is essential for the
development of optimal cryopreservation, in the following three aspects: (I) It helps to eval-
uate whether a CPA is a good option for certain cell type. Generally, it’s preferred to use the
CPA that has large Ps and low toxicity for the cell type; (II) Ps and L, reflect how fast the
CPA and water transfer across cell membrane, which is critical for the mass transfer across
cell membrane and cell volume excursion during the CPA addition and removal procedure.
In order to minimize the osmotic injury to the cells, we need to add/remove CPA solution
in a stepwise manner. With such L, and Pgs values determined, we can develop the optimal
CPA addition/removal protocol, minimizing both the osmotic injury to the cell and cytotox-
icity (the longer of exposure time in the CPA, the higher toxicity to the cells); (III) With
L,, Ps and corresponding £, determined, we can predict the optimal cooling rate for certain
cell type. According to Mazurs two-factor hypothesis, [3] two different kinds of injuries may
happen to cells during cooling: (1) when the cooling rate is too fast, a large amount of water
will remain inside the cell and be crystallized, causing intercellular ice formation (IIF) injury
; (2) on the other hand, when the cooling rate is too slow, water has enough time to travel
out of cell before ice formation happens, raising intercellular medium concentration, causing
osmotic and solute injury to the cell. Hence, an optimal cooling procedure should be slow
enough to avoid IIF injury and fast enough to avoid the solute injury. Such optimal cooling

rate is determined by the temperature-dependent cell membrane permeabilities.

However, problems like limited experiment time scale for individual cells, precise localized
temperature control and measurement, and image processing error from the compromised
images with significant noise remain unsolved. Due to these challenges, very few reports
have been published about temperature-dependent cell membrane transport properties. We
believe this is due to a lack of reliable technology for cell manipulation and temperature
control. In other words, a device that can trap and manipulate single cells, while maintaining
fast and robust control of the local temperature, is still unavailable. Our device achieved
instantaneous non-contact trapping and localized temperature control, which provided access

to not only trapping single cell and switching extracellular media, but also manipulating the
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Table 4.2: L, and P, (to DMSO) of various cell types at room temperature (RT)

Cell type L, at RT (pm/min/atm) Ps to DMSO at RT (10~%ci/min) Reference
Rat basophilic leukemia cell 0.38 0.49 27
Golden hamster pancreatic islet 0.27 30
Human prostate cancer cell 0.45 127
Human granulocyte 0.18 0.464 128
Human lymphocyte (from blood) 0.46 129
Human vaginal mucosal T cell 0.196 0.4972 130
Human vaginal mucosal macrophage 0.295 0.978 130
Human acute lymphoblastic leukemia cell 0.370 0.042 Current study

local temperature of extracellular media.

In this work, we developed a device with integrated local temperature control and hydro-
dynamic cell trapping, while enabling rapid media switching. Targeted cell can be steady
trapped from tens of minutes up to several hours, within a continuously flowing extensional
flow. [100] This ensures uniform on-membrane mechanical interaction and a chemostatic ex-
tracellular environment, which reduces the inherent errors coming from experimental setup
and improve following image process precision. Considering high temperature may cause
injury to cell, we applied a conservative controller setting to avoid significant temperature
overshoot. Even though, the rise time (the time required for the response to rise from 10%
to 90% of its final value) is within 10 sec and the setting time (the time required for the
response to reach and stay within 5% of the final value) is within 20 secs, with variation
within 4 0.25 °C. The temperature gradient at cell trapping region is below 0.0034 °C/um,
indicating that for a cell with 10um in diameter, the temperature nonuniformity across a

cell is less than 0.034 °C.

Furthermore, we used the microfluidic cell manipulation platform to measure the cry-
obiological properties of Jurkat cells, i.e. cell membrane permeability to water (L,) and to
cryoprotective agent (CPA) solution (dimethyl sulfoxide (DMSO) in this study) (Ps) at vari-
ous temperatures (room temperature, 30°C, and 37°C). The osmotically inactive cell volume
Vj, is determined as 67.41% of the isotonic cell volume Vj, which shows good fit to the litera-

ture results. [131] Cell osmotic behavior during perfusion with 3xPBS and 10% DMSO was
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observed. As a result, cell membrane permeabilities to water (L,), when perfused to imper-
meable solutes only, at various temperatures were determined to be: 0.370 4+ 0.019 (22°C),
0.388 £ 0.027 (30°C), 0.775 £ 0.072 (37°C). Cell membrane permeabilities to water (L,) and
to DMSO (Ps), when perfused with CPA and salts co-exist solution, at various temperature
were determined to be: 0.1584+0.011 and 0.042+0.004 (22°C), 0.188+0.011 and 0.241£0.005
(30°C), 0.436 £0.013 and 0.675 £ 0.032 (37°C). Table 4.2 compares cell membrane transport
properties of various cell types with our results at room temperature (RT). This comparison
indicates that Jurkat cell has similar L, to rat basophilic leukemia cell, human lymphocyte,
which may be due to their similar cellular structure and function. Jurkat cell also presents
the lowest P, to DMSO at RT, which suggests a slower process of DMSO addition and re-
moval for this specific cell type. Table 4.3 compares the results of our study with references
at various temperatures. An increase in L, and P, was observed when the temperature of
surrounding medium was increased, as expected. Moreover, current study shows that Jurkat
cell membrane transport properties are more sensitive to temperature change (relatively high
Ea value), which can be helpful during the CPA addition and removal, as it can significantly
reduce the required time of cell exposure to the CPA at slightly higher temperature. The
comparison from current study with references listed in Table 4.2 and Table 4.3 indicates
the reported platform a reliable method to determine the intrinsic cell membrane perme-
abilities. With above temperature-dependent transport properties measured, the activation
energy (E,) of L, was determined to be 7.075 kcal/mol (R* = 0.716) when no CPA exists,
the activation energy (E,) of L, was determined to be 9.566 kcal/mol (R? = 0.716) and the
activation energy (E,) of Ps was determined to be 34.416 kcal/mol (R? = 0.716), respec-
tively, when CPA and salts co-exist. The results of Py yielded a good linear fit, while the
results of L, did not. In our opinion, this may be caused by the phase transition of the
cell membrane during the temperature change, which can alter the activation energy of cell

membrane permeability to water. [132]
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Table 4.3: L, and P, (to DMSO) of various cell types at various temperature

Cell type Temp.°C L, (um/min/atm) Ps to DMSO (10~*cm/min) Reference
20 0.40
Human oocyte 30 0.55 133
37 0.55
12 2.17 1.32
Human megakaryocytic cell 22 2.26 1.8 32
37 3.87
22 0.16 0.63
Mouse dendritic cell 25 0.95 28
32 1.54
22 0.370 0.042
Human acute lymphoblastic leukemia cell 30 0.388 0.241 Current study
37 0.775 0.675

4.5 Conclusions

In this chapter, a co-flow media switching mechanism was integrated to developed cell con-
finement and manipulation platform for the determination of the temperature-dependent
cell membrane permeabilities. The reported platform achieves the following features: (1)
hydrodynamic confinement of single cell; (2) switching extracellular medium during the cell
trapping; (3) controlling surrounding medium temperature at the same time. It offers a
truly chemostatic environment for observing cell osmotic behavior, allowing for continuous
delivery of fresh media with continuous removal of contacted media, under precise local me-
dia temperature control. As proof-of-principle validation, the reported platform was used
for the determination of Jurkat cell membrane transport properties under various tempera-
tures. The comparison of reported results of Jurkat cell with the reference data [27,129,131]
demonstrates it a reliable method for temperature-dependent cell behavior study. In com-
parison to alternative techniques, this integrated platform provides straightforward method
for temperature-dependent cell osmotic behavior study. The design principle is highly trans-
formable to application scenarios that require cell manipulation and temperature control at
the same time, as the main additional components to accomplish our design are pressure
regulators (Proportion Air) and LabVIEW software/hardware. In a word, the features of

the reported platform suggest it a valuable tool for the study and analysis of temperature-
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dependent cell properties that requires reliable cell confinement technique with ability to
manipulate extracellular environment, such as advanced cell therapy and drug test.
Overall, the integrated microfluidic platform presented in this work offers a new method
for observing cell osmotic behavior under robust temperature control. As it provides a
truthful cellular morphology image recording, without the interference from the physical
barrier, and precise local temperature reading, the reported platform improves the precision
of intrinsic cell cryobiological property measurement, which can assist cell cryopreservation,
including the selection of optimal CPA, the optimization of CPA addition and removal, and

the prediction of the optimal cooling rate.
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Chapter 5

DIRECT MEASUREMENT OF CELL MEMBRANE
TRANSPORT COEFFICIENTS’ ACTIVATION ENERGY: A
TEMPERAUTRE DEPENDENT MASS TRANFER
FORMALISM AND VALIDATION

A temperature dependent across cell membrane mass transfer formalism was proposed in
this chapter, which has the advantages, like reflecting the actual cryopreservation situation;
including the effect from the potnecial membrane phase transfer and more straightforward
and efficient measurement procedure, over traditional method of activation energy measure
under static temperatures. Numerical simulation was conducted to investigate the best
temperature scanning profile for experimental measurement procedures. Relying on the
temperature control capbility of developed cell confinement and manipulation platform, the
proposed temperature dependent mass transfer formalism was validated with measurement

experiment under controlled temperature scanning profile.
5.1 Introduction

As addressed in previous charpter, cryobiologists need to obtain the membrane permeability
of cells or tissues, like L, Ps, in order to propose the optimal protocols for the addition
and remoal of cryoprotective solutes and the optimal cooling rates for cell cryopreservation.
A number of formalisms have been proposed druing the past several decades, including a
one-parameter (solute permeability) model introduced by Mazur and colleagues [134, 135],
a classic two-parameter (water and solute permeability) model [136], and a three-parameter
model developed by Kedem and Katchalsky [136]. As the one-parameter model only appliable
under many ideal assumptions, we only focus our discussion between the three-parameter

Kedem-Katchalsky (KK) model and the two-parameter model.
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Three-parameter Kedem-Katchalsky model to two-parameter model

The main difference between three-parameter Kedem-Katchalsky model and two-parameter
model is that the KK model introduces an interaction term, sigma [136], to deal with solvent
and solute transport through a common channel specifically. Thanks to its universality, the
KK model is also generally appliabile to other simple transport situation with or without
cotransporting. Although most general of the three transport model, the KK model has the
disadvantages that the interaction parameter, sigma, significantly increases the complexity
of the transport formalism and is commonly misunderstood and improperly calculated. New
discoveries of molecular biology indicate that, in natural biological membranes, cotransport
is often unlikely or negligible [137]. These findings lead cryobiologist to believe that sigma
and the KK model are often unnecessary, while a classic two-paramete model is appropriate
and simpler in the actual cryobiological research. To better demostrate this idea, the special
case of the KK model when a common channel for solute and solvent is not present (shown
in Eq. 5.1) and the two-paramete model (shown in Eq. 5.2) are compared side by side.

Woss — [, ART {(Mg — M?) + o (M — M?)}

s = (1 — o) Mighe Vs | p A (ME — M) (5.1)
Ve = Viis + V5

Wuts — [ ART (MS,, — Mi,,) + P,AV, (M¢ — M)

B = (M = 202 (%= 2 + P.A) (5.2
‘/c = Vw-{—s + ‘/E;

The observed total cell volume (V,) is the volume of interest, which is found by adding
the cell solids volume (V}) to the water and solute volume (V). o is constrained by the
condition

0<o<1—PV,/L,RT (5.3)

where ‘Z is the partial molar volume of the solute. An special case happens when o equals
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to 1, representing the scenario that P is zero and the membrane is completely impermeable
to the solute, from the perspective of a reflection coefficient ¢, meaning that all of the solute
is reflected ’” back’ from the membrane. When solute and solvent cross the membrane via
independent pathways, e.g., water via channels while solute via lipid bilayer diffusion, the

reflection coefficient o reaches its right bound, the noninteracting (NI) case, that
ont =1— PV,/L,RT (5.4)

where o is not an independent paramemter but is completely determined by L, and F.

In the two-parameter transport model, cell membrane permeability to water (L,) and
to CPA (P;) are the independent parameters used to characterize membrane permeability
when, a permeable solute (CPA in this study), and a nonpermeable solute (NaCl in this

study) are present. The governing equations are shown in Eq. 5.2

The measurement of temperature dependency of cell membrane permeability: the activation

energy

Frequently, the membrane permeability of cell is measured as a function of temperature.
The temperature dependence of transport parameters is generally expressed as an acivation

energy (E,) which is related to permeability via the Arrhenius relationship:

P = P,exp (—E./RT) (5.5)

where P is the permeability parameter of interest and P, is a reference constant deter-
mined at reference temperature. With the determination of activation energy, we can predict
the permeability of interested cell at other temperatures beside measured temerpature. The
activation energy is traditionally found by making an Arrhenius plot of the data (In[P] vs
1/T), least squares fitting the slople, and E, = —R-slope. However, it has drawbacks like

(1) limited number of the permeability results of interested cell at static temerpatures may
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affect the precision of the activtion energy; (2) the measurement conditons are different from
actual cryopreservation process, which is under monotonous changing temperature; (3) the
measurement procedures are complicated and may introduce more errors during the data
processing.

In a word, a direct measurement method of the activation energy, under a monotonous
changing temperature condition, is needed, which offers the advantages as followed: (1) tt
reflects the actual cryopreservation situation; (2) tt takes the potnecial membrane phase
transfer into account; (3) the measurement procedures are more straightforward and effi-

cient.

5.2 DMaterials and methods

5.2.1 Formalism of mass transfer equations with dynamic temperature

In order to develop a temperature dependent mass transfer model, it’s necessary to transfer

the equations from time domain to temperature domain, which is realized through Eq. 5.6

dv.(t) dT dV.(t)
dt  dt dT

(5.6)

The expression of dVi(t)/dt depends on whether cell membrane permeable solute is presented

or not, shown as followed.

Mass transfer equation for non-permeable solute only situation

The membrane permeabilities to water (L,) of Jurkat cell (immortalized line of human
T lymphocyte cells) were determined by measuring cell volume shrinkage while cells were
perfused by hypertonic 3x PBS solutions. The cell volume changes, i.e., water transport

across the cell membrane, can be described as [27,30, 31]

dVo(t)
dt

=L, A-(C.—-C%)-R-T (5.7)
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where V(t) is the cell volumes (um?) at time t (min); L, is the cell membrane permeability
to water (um/atm/min; A is the cell membrane area (um?) and assumed as constant during
perfusion (= 47r? for a spherical cell shape); C!, C¢ are the intracellular and extracellular
molalities (Osm/kg water), respectively; R is the universal gas constant (=0.008207 (atm
L)/(mol K); and T is absolute temperature (in Kelvin). All the calculation was done under
the assumption that the cells were spherical. The L, was determined by least-squares curve
fitting of the cell volume change data to the equation using MLAB (Civillized Software Inc.,
Silver Spring, MD).

Mass transfer equation for non-permeable solute with permeable CPA binary solutoin

When permeant CPA (e.g. DMSO) and salts (e.g., NaCl) co-exist in a solution, the cell
membrane permeability to water (L,) and to the CPA (Pg) can be determined with a two-

parameter transport model, where the cell volume change depends on both factors: [27,32-35]

dVe(t)  dVs(t)
dt  dt

+L,-A-(C"=C°)-R-T (5.8)

where Vi (t) and Vs(¢) are cell volume and intracellular CPA volume, respectively, at time

t, and C*, C° are intra- and extracellular molalities (including both salts and CPA).

The CPA flux is given by

dNs(t)
dt

=Ps-A-(C5— C%) (5.9)

where Pg is the cell membrane permeability to the CPA (cm/min); C§ and C% are
the extracellular and intracellular CPA molalities, respectively; and Ng(t) is the mole of

intracellular CPA at time t.

Ng(t) and Vg(t) are interchangeable by

Ns(t) = Vs(t)/Vs (5.10)
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Here, Vg is the partial molar volume of the CPA.

5.2.2  The evaluation of temperautre dependency of across cell membrane transport proper-

ties: the arrhenius relation

If the transport coefficients at room temperature (22 °C') are known, the original Arrhenius

equation can be modified into form shown below:

Ea,wa er 1 1
Lp = Lp() - exp (— Rt . (T — ﬂ)) (511)
E.cpa (1 1
Pe = Peq - _% N 12
S S0 - €XP ( R (T T0>> (5 )

Here, Ly and Psg arc the the cell membrane permeability to water (pm/min/atm) and
to the CPA (cm/min) at room temperature (22 °C'), respectively. E, is the activation energy

of corresponding transport coefficient.

5.2.8 The coupled mass transfer equations under temperature dynamic

Based on the time domain to temperature domain transformation equation (Eq. 5.6), static
temperature mass transfer model (Eq. 5.7 and 5.8) and temperature dependency evaluation
of across cell membrane transport properties (Eq. 5.11 and 5.12), the result temperature
dependent mass transfer equation is shown as Eq. 5.13. Moreover, the mass transfer equation
can be further segmented into the water flux ralated volume change portion and the CPA

flux ralated volume change portion, as Eq. 5.14 and Eq. 5.15 respecitively.

dVi.(t) dVi(t)  L,oART - {Ea,Lp ( 1 1

ar — dT B(T) R \T, fﬂ (G =C) (5.13)

e [w (@)l e e
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st (t) . PS,OA Ea,PS 1 1 e 7 i
T~ B(T) exp{ 7 <T0 T)} (C’S CS) Vs (5.15)

5.2.4  Numerical simulation for optimal temperature scanning profile during measurement

Since temperature is changing during the measurement with temperature dependent mass
transfer model, it’s important to identify a temperature scanning profile that is suitalbe to the
cell volume excursion time window when cell is exposed to hypertonic solution. Numerical
simulation using the proposed temperature dependent mass transfer model with various

temeprature ramp conditions was conducted.

5.3 Results

5.3.1  Simulation results of temperature dependent across cell membrane mass transfer model

The simulated cell voulme excursion curve under temperature ramps of 0.02K/s, 0.04K/s,
0.06K /s, 0.08K/s, 0.1K/s,0.2K/s,0.3K/s,0.4K /s, with a fixed Ea values of 10 kcal/mole and
35 kcal/mole, are showed in Fig 5.1.

5.8.2  The activation energy (E,) of cell membrane permeabilities to water (L,) and cry-

oprotective agents (Ps) under controlled temperature profile

Examples of the Jurkat cell volume excursion history when perfused by a permeating CPA
solution under raising temperature are show in Fig. 5.2. The cell volume derived from the last
of the 30 frames in each second was calculated and presented in the figures. The temperature

profile cell experienced during the media perfusion is showed in Fig. 5.3

The activation energys of cell membrane permeabilities to water (L,) and cryoprotective

agents (Ps) are determined to be 9.38 & 0.57 kcal - mol~! and 65.66 & 0.62 kcal - mol™".
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Table 5.1: Membrane permeabilities of Jurkat cells to water and DMSO at various temper-
atures (meantstandard deviation)

Temp.(°C) Times L, (um/min/atm) Ps (1073cm/min)

22 8 0.370 £0.019
PBS 30 10 0.388 £ 0.027
37 7 0.775£0.072
22 9 0.158 £0.011 0.042 £ 0.004
DMSO 30 7 0.188 £0.011 0.241 4+ 0.005
37 8 0.436 £0.013 0.675 £ 0.032

5.4 Discussion

To validate the proposed temperature dynamic coupled mass transfer model, the activation
energy results are compared to the values determined by the traditional static temeprature

measuremnt medthod.

The activation energy (E,) of cell membrane permeabilities to water (L,) and cryoprotective

agents (Ps) by static temperature measurement method

From the previous study, we determined Jurkat cell membrane permeabilities to water (L)
and DMSO (Ps) at various temperatures (room temperature, 30 °C and 37 °C). The results
are showed in Table 5.1.

After obtaining the cell membrane permeabilities to water (L,) and cryoprotective agents
(Ps) at different temperatures, these results were fitted to the Arrhenius equation (Eq. 5.11&5.12)
to estimate the activation energy (E,) of cell membrane transport properties. The activation
energy (E,) of L, was determined to be 7.075 kcal-mol~" when no CPA exists, the activation
energy (F,) of L, was determined to be 9.566 kcal - mol™! and the activation energy (E,) of
Pg was determined to be 34.416 kcal - mol™?, respectively, when CPA and salts co-exist.

The activation energy (E,) of L, results are similar, with 9.566 kcal - mol™" for static



85

temperatures measurement and 9.38 kcal - mol~! for dynamic temperature scanning mea-
surement. However, the activation energy (FE,) of P, results differ from each other with
with 34.416 kcal - mol™! for static temperatures measurement and 65.66 kcal - mol~! for
dynamic temperature scanning measurement, which may be caused by involving more data
point weight from after the cell membrane phase transition.

With the advatages the proposed mass transfer model aquired, there are more potencial
benifits of this measurement method, for instance, with wider range of temperature scan,
the effect of activation energy of continous temperature window is reflected in the recorded
cell volume excursion data. In this way, with once of the measurement experiment, it’s
possible for us to obtain the activation energy at multiple temperature window within our

temperature scan range.

5.5 Conclusions

In this chapter, a coupled across cell membrane mass transfer model under temperature
dynamic was proposed. With the assist of numerical simulation of the developed mass
transfer model, the optimal temperature scanning profile is indentified and used for the
measurement experiement.

The measurement of the activation energy using developed integrated platform, with
controlled temeprature scanning profile, was conducted. The activation energys of Jurkat
cell membrane permeabilities to water (L,) and cryoprotective agents (Ps) are determined
to be 9.38 & 0.57 kcal - mol™' and 65.66 & 0.62 kcal - mol~'. The measurement results are
compared with the result from the measurement under static temperatures. The experiment
validated the coupled across cell membrane mass transfer model under temperature dynamic
and demostrated that the developed integrated microfluidic platform has advanced features
as followed: (1) Precise and sensitive monitoring of local temperature; (2) Rapid and uniform

heating of local extracellular media; (3) Robust and quick media switching.
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Figure 5.1: Simulation result of cell volume excursion during perfusion by hypertonic solu-
tions at rising temperature under various temperature ramps
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Figure 5.3: The controlled temperature profile during the measurement experiment
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Chapter 6
CONCLUSIONS AND FUTURE WORK

6.1 Conclusions

Through the process of human civilization, tehcnology is continously invented to improve
the health situation of humam being. Various efforts have benn made from fundamental
research to clincial trials by scientists and engineers to fight diseases. Even through we have
cured many disease during hunman history, there are more we can’t treat them effectively.
Cellular therapy, a novel treatment method effectively proved by clinical trials, shows great
potenials of offering solutions to the currently incurable diseases, expending a new front
line for the war of disease fighting. At the mean time, great challenges and needs arise
in cryopreservation during the development and execution of cellular therapy. Specifically
speaking, the challenges include the selection of the optimal cryoprotective agents (CPAs),
addition of CPA, optimization of the cooling procol, removal of CPAs after thawing, and
designing instruments assisting these processes. The optimal cryopreservation protocol of a
biomaterial is unachievable without prescisely determining the intrinsic cryobiological char-
acteristics of cells and tissues. In this dissertation, analysis methods and instruments were
developed to measure these improtant properties efficiently and precisely, to achieve the
optimal biopreservation.

This dissertation has focused on developing cell confinement and manipulation microflu-
idic platform for the determination of cell membrane properties, which assist the exploration
of optimal biopreservation method for cells. Two types of cell confinement technique are in-
vestigated: a contact cell confinement using microfluidic perfusion channel and a non-contact
cell confinement with hydrodynamic trapping. For the micro-scale local temperature control,

by comparision between simulation result of centerred heater design and distributed heater
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design, the distributed heater design is choosen for better temperature uniformity.

The dissertation also analysed the features, challenges and potencials of developed cell
confinement and manipulation platform with the application of determination of cell mem-
brane properties.The developed non-contact cell confinement and manipulation platform
achieves features as followed: (1) hydrodynamic confinement of single cell; (2) switching
extracellular medium during the cell trapping; (3) controlling surrounding medium temper-
ature at the same time. With the hydrodynamic trapping, the developed platform avoids
the interference from the blocker edge of the microfluidic perfusion design and the consid-
erable cell movement during the experiment, which greatly improves the image processing
efficiency and the accuracy of measurement results. Ultilizing the developed cell confinement
and manipulation platform, the cryobiological propteries of cells like the osmotically inactive
cell volume (V}), the permeability of cell membrane to water (L,), and the permeability of
the membrane to CPAs (P;) can be determined, which assists the optimization of cryop-
reservation protocols. Relying on the advanced features of developed cell confinement and
manipulation platform, a temperture dependent across cell membrane mass transfer model is
proposed and validated with measurement experiment. The comparison of reported results
with the reference data demonstrates it a reliable method for temperature-dependent cell
behavior study.

Across cell membrane mass transfer model governs solvent and solute exchange across
cell membrane, affecting the intercelluar media concerntration. Since the cryoinjuries of cell
during freezing depends on the history of intercelluar media concerntration, cryobiologists
use across cell membrane mass transfer model to determine cell cryobiological propeties and
explore optimal preservation protocol. Traditionally, the mass transfer equations are mod-
eled under thermal equilibrium condition at constant temperature. To evaluate temperature
dependency of cell membrane transport propeties, Arrhenius relation is applied with the
obtained data from measurement at various constant temperatures. However, a temperature
dependent mass transfer model can provide continous temperature dependency of cell mem-

brane transport properties within the measurement window and simplify the experiement
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procedures. In this dissertation, I origninlly coupled the mass transfer equations with arrhe-
nius relation, transferred the time domain formalism to temperature domain formalism and
developed an temperature dependent across cell membrane mass transfer model for the deter-
mination of activation energy of transport properties with single measurement experiment.
The rapid and sensitive temeprature control capbility of the developed cell confinement and
manipulation platform make this mesurement possible. The proposed formalism and mea-
surement method may also inspire new inversitgation approaches of temperature-dependent
phenomenon.

In conclusions, valuable tools and methods were developed and investigated with experi-
ments, including a novel non-contact cell confinement and manipulatoin platform with local
temperature control, a temperature dependent across cell membrane mass transfer model and
a suggested measurement procedures for the activation energy esitimation with the developed
temperature dependent across cell membrane mass transfer model. These tools and methods
provides more accurate and effcient determination of instric cell cryobiological properties,
which assists the investigation of optimal cryopreservation of cells/tissues. Furthermore,
thanks to the advanced microscale flow and temperature control capbility, the developed
platform provides a valuble tool for general temperature dependent chemical, biochemical,

biological study.
6.2 Future work

Beyond the study covered in this thesis, the future of the developed cell confinement and
manipulation platform rests on both the further device features integration and application
exploration. Although the developed platform offers the capbility of cell trapping and local
temperature control, other features, like on-chip active cooling, local fluid shear stress control
and the scale up of the current design, can extend the application potencials of the developed
platform to the study that required multi-factors control under microscale, for instance on-
chip single cell gene expresion study, and the study of shear stress intiated cell differeniation.

To be more specific, beside the heating and temperature control capbility of developed cell
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confinement and manipulatin platform, further integrating an on-chip cooling mechanism will
extend the study range of current platform the beloew room temperature range (Fig. 6.1).
Moveover, with an on-chip active cooling source availalbe, more complex temperature profile
with quick cooling rate will be possible. In our carly stage prototype, we can achieve on-chip

temperature history as shown in Fig. 6.2.

Figure 6.1: Schematic of microfluidic design with on-chip active cooling with microheater
(marked in gold), sample fluid layer (marked in red) and cooling layer (marked in blue).

In addition, the developed platform can be applied to investigate and choose novel CPAs
for specific cell types. Trahalose is a cell membrane non-permeable CPA that have capbility
of inhibiting ice formation during cooling with low cytotoxicity [138]. However, since it’s
cell membrane non-permeable, cryobiologists can’t use it to reduce intracellular ice forma-
tion. But reasearches find out that certain treatment conditions (temperature, chemical and

so on) can transform the cell membrane to be temporarily permeable to trahalose. With
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Figure 6.2: On-chip temperature history with active cooling and heating microfluidic

the develoed cell confinement and manipulation platform, this kind of attempts to intro-
duce trahalose inside the cell membrane can be conducted in more controlled and effective
way. Another candidate of novel CPAs we are working on now is Betaine, which has been
widely used in chemical engineering for protecting protein and nucleotides from themal and
osmotic damages. As to its excellent biocompatibility and acting as a osmotic regulator,
recent research has indicated the potencial of Betaine as a novel CPA type [139], both used

independently or as a combination with traditional CPA.
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