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ABSTRACT

This work describes the modeling, synthesis, integration and characterization of a novel

nanostructure embedded thermoresponsive material for microfluidic applications.

The innumerable applications of thermoresponsive surfaces in the recent years have
necessitated the development of a rigorous mathematical treatment for these surfaces to
understand and improve their behavior. An analytical model is proposed to describe the
transfer characteristic (variation of contact angle versus temperature) of a unique
switchable, nanostructured, thermoresponsive surface consisting of silica nanoparticles
and the thermoresponsive polymer, Poly(N-isopropylacrylamide ) (PNIPAAm) which
changes its wetting angle upon heating. Important metrics such as the absolute lower
critical solution temperature, threshold & saturation temperatures and gain are modeled

and quantified by mathematical expressions.

Based on the modeling, a heat source for the thermoresponsive surface was integrated on
the glass substrate itself to create a fully functional smart surface. The design and
fabrication of a smart platform consisting of the switchable, nanostructured,
thermoresponsive surface with an integrated gold microheater for wettability control and

its time response analysis was conducted.
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The insight gained into the behavior of the thermoresponsive surface by using the
analytical model, aided the effort in the effective integration of the surface into a
microfluidic channel for flow regulation applications. The implementations of novel
microfluidic flow regulator concepts were tested. The aim is to integrate a regulator

function to a channel surface utilizing the layer-by-layer (LBL) deposition technique.

The characterization and pressure differential study of the microfluidic regulators was
carried out on simple straight microchannels which were selectively coated with the
thermoresponsive surface. Theoretical and experimental studies were performed to
determine the important characteristic parameters including capillary, Weber and
Reynolds numbers. The pressure differential data was used to develop critical operating

specifications.

This work lays out a new microfluidic device concept consisting of a channel with a

built-in regulatory function.
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CHAPTER 1: INTRODUCTION

1.1. Research Motivation

Micro-electro-mechanical systems (MEMS)/microelectronic/microfluidic devices and
chemical/optical/biological sensors integrated with nano dimensional materials have
invoked great research interest as these materials exhibit novel and enhanced properties
as compared to their bulk counterparts. In addition to the advantage of a small size,
devices integrated with the appropriate nanomaterials show new characteristics such as
high selectivity, sensitivity, throughput, output efficiency and reduced power/reagent

consumption leading to the development of cost effective devices and systems.

According to a report [1] from Business Communications Company, Inc. (BCC), a
leading market research company, the estimated the global market for nanotechnology
products was nearly $9.4 billion in 2005 and over $11.5 billion in 2007. It is estimated to
increase to about $27 billion by 2013 (a compound annual growth rate of 16.3%). The

growth of the nanotechnology market is shown in Figure 1.1.

One of the challenging aspects in the deployment of a device/system containing

nanostructures is the efficient integration of the nanostructures into the device.
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Figure 1.1: Global Nanotechnology Market, 2005-2013 [1]

Since the invention of the transistor at Bell Lab in 1947, the semiconductor industry has
achieved tremendous success in mass production of integrated circuits (IC) via planar
batch processing [2]. The standard semiconductor IC fabrication technology has been

adapted, modified and further developed for the fabrication of MEMS and microfluidic

systems [3].

Out of recent progress in chemistry and materials science, a wide variety of sub 10 nm-
scale engineering materials in wire, tube or particle form have been created [4-6]. On the
other side, lithographic techniques generate micrometer scale feature in reliable manners

[7-11]. Interface of those two needs to be explored for successful implementation of



nanomaterial into working devices and systems [12]. The process of design and
fabrication of a nanostructure integrated device can be broadly classified into three steps:
selection of proper materials, integration of the nanostructures into the device and/or self
assembly and finally developing a full scale product from the conceptual device.
Therefore integration of nanostructures is the vital link between the material selection and

the final product.

1.2. Previous Work and Research Objectives

Surfaces that can tune their properties when subjected to external stimuli have potential
applications in a variety of fields including drug delivery [13], bioanalysis [14], protein
separation [15] and microfluidics [16]. Surfaces which change their wettability with
varying temperature have drawn considerable attention as their hydrophobicity can be
finely tuned over a wide range of stimuli. These surfaces have a variety of applications
including microflow regulation [17], force transduction [18], drug delivery [19] and
molecular filtering [20]. One of the primary objectives of this work is to develop an
analytical model for the wettability switching characteristic of a unique nanostructured
thermoresponsive surface synthesized from the polymer PNIPAAm. PNIPAAm is a well
known polymer that is sensitive to changes in the ambient heat and has a lower critical
solution temperature (LCST) range of about 28-33 °C. The polymer chains hydrate and
stay in extended structures when the solution temperature is below the LCST range,
giving rise to hydrophilic structures. In contrast, the polymer chains form intramolecular

3



hydrogen bonds and dehydrate when the solution temperature increases above the LCST
range, resulting in compact hydrophobic structures [21]. PNIPAAm can be grafted on a
rough surface to create surface that can switch from superhydrophobicity to
superhydrophilicity by varying the ambient temperature [22]. An analytical model is
required in order to understand and implement this switching behavior into useful
applications. An exhaustive mathematical analysis of this unique thermosensitive
phenomenon is pursued in this work. The switching characteristic of the PNIPAAm
surface is modeled on a modified logistic function. Logistic functions to describe various

phenomenon have been reported [23, 24].

The second objective is to develop a smart surface that utilizes the wettability control
integrating the thermoresponsive polymer and a microheater. The temperature rise for the
switching of the thermoresponsive surface can be provided by metallic microheaters.
Metallic microheaters have been used as a heat source in various applications including
cell culture [25] and cell immobilization [26]. Temperature modulated PNIPAAm
surfaces have been used as platforms for attachment/detachment of endothelial cells and
hepatocytes [27]. In this work, the PNIPAAm surface is heated by spiral gold
microheaters which are fabricated on the lower side of the glass substrate. The contact
angle change with change in temperature is tested using a standard goniometer. Detailed
time response analysis of the surface and the gain of the PNIPAAm have been

experimentally determined and also verified theoretically.



The switchable thermosensitive surface can be efficiently integrated into microfluidic
systems for flow regulation based on the fluid-structure interaction effects. Passive
microfluidic valves based on abrupt geometric transition [28], incorporation of
hydrophobic material in the microchannel [29], fluid flow rectifying nozzles [30] and
diffusers [31], Tesla elements [32] have been investigated. All these valves have a non-
tunable functionality and cannot switch from hydrophilicity to hydrophobicity. Some
tunable surfaces based on electrowetting have been reported, but these require high
actuation voltage, have limited tunability and a complex fabrication process [33, 34]. A
unique microfluidic regulator which can switch its surface characteristic from hydrophilic
to hydrophobic in response to ambient temperature change, hence achieving regulation of
fluid flow due to fluid- surface interaction, is the third study objective of this research.
The PNIPAAm thermosensitive regulator has low power requirements and a wide range
of contact angle tunability. The polymers are deposited by using the LBL deposition
technique. Polyelectrolyte multilayers assembled by LBL technique have been
extensively studied over the past decade and show promise in numerous applications [35,
36]. In the current work, two fully integrated proof-of-concept microfluidic valves, one
with a superhydrophobic polymer surface and the other with a switchable,
thermosensitive polymer surface have been fabricated and tested [17]. The passive valve
with the superhydrophobic polymer surface selectively inhibits the flow of water-based
reagents and passes aqueous solutions containing surfactants. In case of the
thermosensitive valve, the switchable polymer surface becomes hydrophobic when
heated to temperatures exceeding 65 °C, thus inhibiting the flow of water and becomes

hydrophilic at room temperature, thus allowing the flow of water. The microchannels are



fabricated by standard photolithography and wet etching techniques. The polymer surface
for both the valves is fabricated using the LBL deposition technique, in which multiple
layers of polyelectrolytes are coated on a channel wall followed by silica nanoparticle
treatment. For the thermosensitive valve, the polymer surface is further coated with the
thermosensitive polymer poly(N isopropylacrylamide) (PNIPAAm). The fabricated
microfluidic valve was tested with liquids flowing in the microchannels under capillary

action. It is shown that the valve selectively regulates the flow of test samples.

For seamless large scale integration of the thermosensitive switchable microfluidic valve
into an LOC system, the critical operating specifications of the valve are to be
understood. The final objective is to characterize the thermoresponsive microfluidic
regulator in terms of the pressure differential between the inlet and outlet. Straight
microfluidic channels with various geometries were fabricated and the thermosensitive
polymer was selectively coated inside the channel. A differential transducer was
connected to the valve and pressure measurement was performed using standard data
logging set up. The development of pressure head and differential pressure inside thick
capillaries has been well established by numerous classical fluid mechanics theories [37-
40]. The hydraulic radius of the microchannel is used in the Hagen-Poiseuille equation to
calculate the pressure drop to establish laminar flow. Assuming a constant advancing
contact angle, the principle radii of curvature of the fluid are used in the Young-Laplace
equation to calculate the pressure drop to overcome the surface tension across the

advancing meniscus. Summation of the Hagen-Poiseuille pressure drop and the Young-

6



Laplace drop results in the total pressure drop. The important characteristic parameters
such as capillary, Weber and Reynolds numbers in association with operating conditions

will be discussed on theoretical and experimental basis.



CHAPTER 2: ANALYTICAL MODEL FOR THE WETTABILITY
SWITCHING CHARACTERISTICS OF NANOSTRUCTURED
THERMORESPONSIVE SURFACES

Conventionally, the equilibrium contact angle of a water droplet on a flat surface (6,) in

relation to the surface energies can be expressed by the Young’s equation [41] as:

cos (6,) = L 2.1)

oLy

where gy, dg;, and g, are the interfacial surface energies between the solid-vapor, solid-

liquid and liquid-vapor phased respectively.

The hydrophobicity of a surface depends on its surface energy and roughness. The energy
of a surface is determined by the surface functional groups. The effect of roughness on

hydrophobicity is described by the Wenzel model [42]and the Cassie model [43].

2.1. Modeling Contact Angle of Rough Surfaces

The Wenzel model can be used in the hydrophilic regime (6, < 90°) and hydrophobic
regime (90° < 6, < 150°) while the Cassie model can be used in the superhydrophobic

regime (6, > 1507) [44].



2.1.1. Wenzel Model

In the Wenzel theory, it is assumed that the water drop fills the grooves of the rough
surface and hence forms a wetted contact. The apparent contact angle of the water

droplet on a rough surface according to the Wenzel model (6,,) can be expressed as:

cos (6,,) = rcos(6,) (2.2)

where 7 is the roughness factor and is defined as the ratio of the actual surface to the

geometric surface.

2.1.2. Cassie-Baxter Model

In the Cassie-Baxter theory, it is assumed that the water droplet does not fill the grooves

of a rough surface and forms a composite contact [45].

The apparent contact angle of a water droplet on a rough surface according to the Cassie

model (6.) can be expressed as:

cos (6.) = @[cos(8,) +1] — 1 (2.3)

where @, is area fraction of the liquid-solid contact and represents the surface roughness.



These models explain the influence of surface roughness in the amplification of the
surface wetting characteristics. The contact angle of a water droplet on a hydrophobic

surface can be increased by incorporating high surface roughness and low surface energy.

2.2. Synthesis of Superhydrophobic Surfaces

Based on the Wenzel and Cassie-Baxter models, a multilayered polyelectrolyte surface
decorated with silica nanoparticles and functionalized with a low surface energy material

could be fabricated to realize superhydrophobic surface [46].

In the current work, first, a micro-nano structured (polyelectrolyte-silica nanoparticle)
base was created, followed by grafting the thermoresponsive polymer (PNIPAAm) and
finally a low surface energy material (perfluorosilane) was deposited to realize a unique
surface with variable wettability. Using this approach, the hydrophobicity of the surface

could be considerably increased.

Layer-by-Layer (LBL) deposition technique was used to build uniform and conformal
multilayer films of poly(allylamine hydrochloride) (PAH) and silica nanoparticles with a

precise control of film thickness and roughness. The porous polyelectrolyte multilayers
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give rise to roughness on the micron scale and the silica nanoparticles give roughness at
the nano scale. The surface was further functionalized with PNIPAAm. As a result, the
PNIPAAm molecules make the surface switchable between hydrophobic and hydrophilic
in response to the temperature variation. Three different kinds of thermoresponsive
surfaces, fabricated on glass slides for studying the switching characteristics are

described in Table 2.1.
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Table 2.1: The three types of thermoresponsive surfaces fabricated with different surface
roughness

Surface with a polyelectrolyte-silica nanoparticle base, on to which
a very thin layer of PNIPAAm is grafted, such that the PNIPAAmM
Surface A is present only on the surface and does not fill the pores of the base.
The PNIPAAm layer does not cover the surface completely and the
Intermediate surface roughness nanoscale surface roughness is retained. This is shown in Atomic

Force Microscope (AFM) image of Figure 2.1 (a), where we can

still see the shape of the individual nanoparticles.

Surface with a polyelectrolyte-silica nanoparticle base, on to which

a very thick layer of PNIPAAm is grafted, such that the PNIPAAmM

Surface B
is present on the surface and also fills up the pores of the base. The
Low surface roughness PNIPAAm layer covers the surface completely and the nanoscale
roughness is eliminated as shown in Figure 2.1 (b).
Surface similar to surface (B), but in this case the surface
Surface C roughness is regenerated by depositing a very thin layer of silica
nanoparticles on the PNIPAAm surface. The switching action due
High surface roughness to the PNIPAAm is still retained as the silica nanoparticles do not

cover the surface completely. This is shown in Figure 2.1 (c).
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Figure 2.1: AFM height images of (a) A very thin layer of PNIPAAM deposited on
rough multilayer film (Surface A). (b) A thick layer of PNIPAAm deposition after 2
hours polymerization which reduces roughness (Surface B). (c) Nanoscale roughness is
reintroduced with silica nanoparticle deposition on the thick PNIPAAm polymer film
(Surface C). (The size of all images is Imicron).

Atomic Force Microscopy (AFM) height and phase images were collected using an AFM
microscope (Pico SPM) in tapping mode. AFM images were obtained with scan sizes
ranging from 500 nm to 1 um. All images were obtained using tapping mode imaging
with a single silicon probe (Force constant of 0.5-9.5 N/m). The scan angle was
maintained at 0°, and the images were captured in the trace direction with a scan rate of

56-58 KHz.

Surface C was finally functionalized with a very thin layer of a low surface energy
material, (1H, 1H, 2H, 2H-perfluorooctyl) silane (perfluorosilane). The combination of
surface  roughness and  chemical composition created a  switchable
superhydrophobic/hydrophilic surface. X-ray Photoelectron Spectroscopy (XPS) analysis

was carried out for all the samples to determine the surface composition.
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2.3. Switching Characteristics of the Thermoresponsive Surfaces

The tuning of hydrophobicity was quantified by measuring the change in the contact
angle of a water droplet placed on the surface of the sample as the temperature of the
surface was varied. The contact angle was measured using a standard goniometer
(Ramehart Inc.). The surface temperature was varied using a flexible DC heater (Omega
Engineering Inc.). A K-type, chromium-aluminum, fine gauge thermocouple (Omega

Engineering Inc.) was attached to the surface to measure the temperature variation.

The switching characteristics depicting the variation of contact angle versus temperature
are shown in Figure 2.2 (a-c) for each type of surface. Surface C shows a higher
maximum and minimum contact angle than surface B at the maximum and minimum
operating temperatures respectively. This is due to the inherent higher average surface

roughness of surface C.
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Figure 2.2: (a) Plot of contact angle versus surface temperature for surface A. Inset:
Optical micrographs of the water droplet at low , medium and high temperatures. (b) Plot
of contact angle versus surface temperature for surface B. Inset: Optical micrographs of
the water droplet at low, medium and high temperatures. (c¢) Plot of contact angle versus
surface temperature for surface C. Inset: Optical micrographs of the water droplet at low,
medium and high temperatures.
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2.4. Analvtical Model for the Switching Characteristic of the Thermoresponsive
Surface

An analytical model for the switching characteristic of a thermoresponsive surface is very
useful for predicting the contact angle of a water droplet on the switchable surface and

for developing other important material characteristics of the surface.

The switching characteristic can be modeled on a standard logistic function, which is

expressed by the general equation:

1
1+e~kx

Y(x) = (2.4)

where k is the transition slope factor of the function.

Starting from Eq. 2.4, a modified logistic function was developed to fit the ordinate &
abscissa values, transition & saturation slope, surface roughness and the LCST of the

polymer.

The equation for the contact angle of a water droplet (6) can be given by:

O(T) = 0,,;, + —brbsat 2.5)

1+e~k(T-TLcs)

where, T is the operating temperature, 6,,;, is the contact angle at room temperature, [ is

the magnitude compensation factor, ¢@g,; is the saturation slope factor and Ty is the
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absolute lower critical solution temperature of the thermosensitive polymer. The curve
given by Equation (2.5) can be divided into two regions, namely, the linear and the

saturation region. The linear region spans the LCST range and exhibits maximum gain.

. . . 0
The magnitude compensation can be characterized by f = %

c

, Where 0,,,, is the

contact angle at maximum operating temperature and R, is a process dependent fitting
parameter. As the temperature is increased beyond the linear region, the gain in

hydrophobicity becomes minimal and gives rise to the slope in the saturation region. The

. T .
saturation slope factor can be defined as @, (T) = o where Cg;, is a process
slp

dependent saturation slope coefficient.

In the saturation region, the water droplet is subjected to competing forces. The droplet
absorbs heat energy of the test sample on which it is placed, resulting in a decrease of the
surface energy of the water droplet. On the other hand, the hydrophobic nature of the
thermosensitive polymer and the roughness of the sample tend to increase the surface
energy of the water droplet. Figure 2.3 (a), (b) and (c) shows the theoretical curve fitted

on to the experimental curve of surfaces A, B and C respectively.
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Figure 2.3: (a) Plot of the calculated contact angle fitted on the measured contact angle
versus surface temperature for surface A. (b) Plot of the calculated contact angle fitted on
the measured contact angle versus surface temperature for surface B. (c¢) Plot of the

calculated contact angle fitted on the measured contact angle versus surface temperature
for surface C.
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The T, s of the polymer occurs at approximately the midpoint of the transition slope.
“Surface B” shows faster switching due to a thicker layer of PNIPAAm, manifested in
the transfer characteristic equation as a higher value of k. The value of Cgy, is inversely
proportional to the saturation slope. Hence, a lower value of Cg,, is required to model
“Surface C”. We use the switching characteristic of Surface A for further mathematical
analysis. The first and second differentials of Equation (2.5) are given by:

e(T=TLes) 4k (T+B Co1p)+1
((T=Tics)y
2

(2.6)

4 Cg1p cosh

k ek TLes~D[(24T k+ k Csrp) e (TLES™T—k (T+B Crp)+2]
Csip (e¥ (TLes=T)4+1)3

0"(T) = (2.7)

Figure 2.4 shows the plot of the slope and second differential of the contact angle versus
temperature. We can clearly see that the relative local maxima occurs approximately at
the Ty s 1.e. at the point where 6" crosses the zero of the ordinate axis. The maximum

gain (i.e. the maximum value of m) of the contact angle also occurs at the T} 5.
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Figure 2.4: Plot of the first and second differential of the contact angle versus the surface
temperature for surface A.

The defining metric of a thermoresponsive polymer is the onset and end temperatures of
the LCST range. These temperatures can be calculated by using the piece-wise linear
approximation approach. The linear region of the transfer function given by Equation
(2.5) can be represented by a straight line which intersects an upper (4,) and a lower

(A; = 6,,;,) bound.
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The boundaries are defined over a contact angle range (8rqnge = Ay — 4;), such that

0 range

O1cs = Omin + as shown in Figure 2.5. ;.5 is the contact angle of the water

droplet at T} 5. The onset of the LCST range, characterized by the threshold temperature
Tin and the end of the LCST range, characterized by the saturation temperature (Ts,;),
correspond to the points where the straight line intersects with the lower and upper
bounds respectively. Ty, and T, are the temperatures at which the value of the contact

angles are approximately 10 % above and below 4; and 4,, respectively.
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Figure 2.5: Piece-wise linear approximation method to find the threshold (Ty,=28.27 °C)
and saturation  (Tg= 32.23 °C) temperatures to characterize the onset and end of the
LCST range. The contact angle at Ty, 1S Oy = 24.73° and at Tgy 1S Osat = 92.04°.
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Substituting the value of m at T} s (from Equation (2.6)) and the value of the constant C

erange

(for the condition y = 6,,;, + :

at x = T;¢s) in to the equation of the straight line

y = mx + C, we derive an expression for the linear region of the transfer function as:

Q(T) — 2+k (T:i‘5+ﬁ Cslp) T + Hmin + graznge _ Trcs [k (Ti(‘:"'ﬁ Cslp)"'z] (28)
slp slp
Solving for the value of Ty, at 8 = A;, we get:
_ _ 2 Cslp erange

Tenr = Tucs = 7 eiase (2.9)

Similarly, the value of T, ; at 8 = A, is:
o,
Toar = Tycs + o renee (2.10)

Trcs k+B k Csipt2

By introducing the rigorous mathematical model, the characteristics of the
thermoresponsive polymer could be precisely defined and identified as discussed in this

chapter.
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CHAPTER 3: THERMOSENSITIVE SMART SURFACE WITH
INTEGRATED MICROHEATER FOR WETTABILITY CONTROL

A Multilayer polyelectrolyte surface decorated with silica nanoparticles to provide
roughness and functionalized with a low surface energy material was deposited on a glass
substrate. PNIPAAm was grafted on the aforementioned surface to create a tunable
hydrophobic/hydrophilic smart surface for wettability control. The heating of the
PNIPAAm above its LCST can be achieved by integrated metallic microheaters.
Microheaters have been used for providing localized heating in a number of applications
including automated microfluidic cell culture [25] and cell immobilization [26]. The
thermoresponsive smart surface deposited on a glass substrate can be effectively heated
using integrated metal microheaters. This device is suitable for large scale integration
into Lab-on-a-chip (LOC) systems for potential applications such as automated
microfluidic cell culture systems for attachment and detachment of various cell types

including endothelial cells and hepatocytes [27].

3.1. Design and Fabrication

Spiral thin film structures with variable pitch are ideal as microheaters because they
exhibit minimum center to edge temperature deviation [47]. Gold can be optimally used

as the microheater metal as it has a linear temperature coefficient of resistance, a very

23



low resistivity and is inert / compatible in many biological processes. The designed gold

film microheater with a variable pitch is shown in Figure 3.1.

Figure 3.1: Schematic showing the dimensions of the gold thin film microheater.

The microheaters were fabricated on a glass substrate using standard photolithography
and wet etching techniques [48] [49] as shown in Figure 3.2 (a-b). After coating

photoresist on the microheaters for protection, the glass surface on the flip side of the
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substrate was deposited with polyelectrolytes using the LBL (layer-by-layer) self
assembly technique. An automated LBL coater Stratosequence VI (Nanostrata Inc.) was
used to deposit 43 bilayers of poly(allylamine hydrochloride) (PAH) and silica
nanoparticles on the glass substrate as shown in Figure 3.2 (c¢). The pH of the
polyelectrolyte and silica nanoparticle solution was chosen to obtain an optimum degree

of ionization to generate a rough surface with appropriate thickness [50].
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Figure 3.2: Fabrication process for the Thermosensitive Polymer-on-Microheater smart
platform. (a) Gold thin film deposited on a glass slide is lithographically patterned. (b)
Gold is wet etched to form the microheater structure. (¢) The microheater is protected by
coating photoresist and the flip side of the glass substrate is deposited with
polyelectrolytes. Positively charged poly(allylamine hydrochloride) (PAH) followed by
negatively charged silica nanoparticles are dip coated by LBL deposition till 80 layers of
PAH and silica nanoparticles are deposited. (d) The glass platform with the rough
polymer surface is annealed at 400 °C for 2 hours, (¢) Again, with the microheater
protected with photoresist, 4 layers of PAH and poly(acrylic acid) (PAA) are deposited
by LBL method followed by free- radical initiator deposition. (f) Poly(N-
isopropylacrylamide) (PNIPAAm) is grafted to create the switchable, thermosensitive
polymer surface.
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The metal lines of the microheater structure have inherent roughness which tends to
affect the wettability of the surface. The thermoresponsive switchable polymer was
created on the bare glass surface on the flip side of the substrate to ensure that the
observed hydrophobicity of a water droplet is solely due to action of the smart surface
and not due to the roughness of the metallic microheaters. The heat generated by the
microheaters which are on the lower side of a glass substrate, is easily transmitted to the

thermosensitive surface on the upper side of the substrate.

The multilayered, porous polymer was weakly attached to the glass surface by forces
created by opposing charges. Hence the surface is made robust and adaptable for further
processing by annealing the glass substrate at 400 °C for 2 hours as shown in

Figure 3.2 (d).

On the top of multilayered coating, two bilayers of PAH and poly(acrylic acid) (PAA)
were deposited with PAA as the last layer followed by free radical initiator coupling for
the subsequent grafting of thermosensitive polymer PNIPAAm as shown in
Figure 3.2 (e). Thermosensitive PNIPAAm was grafted on initiator modified multilayer
films according to a reported approach [51] as shown in Figure 3.2 (f). Finally

perfluorosilane which is a low surface energy material was deposited on the polymer
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surface by chemical vapor deposition (CVD) to increase the hydrophobicity of the

thermosensitive polymer surface.

3.2. Results and Discussion

An AFM image of the fabricated polymer smart surface is shown in Figure 3.3 (a). The

fabricated platform is shown in Figure 3.3 (b).

Amin_1000S_081707_2 #1

Figure 3.3: (a) AFM image of the thermosensitive polymer PNIPAAm decorated with
silica nanoparticles to enhance the surface roughness. A very thin layer of PNIPAAm is

optimum to achieve the highest hydrophobicity. (b) Fabricated Switchable
Thermosensitive Polymer-on-Microheater platform.

The smart polymer surface on the upper side of the glass substrate is heated by the
integrated microheater on the lower side. The microheater is connected to a variable DC

power supply and the temperature of the PNIPAAm surface is monitored using a standard
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chromium-aluminum K-type fine gauge thermocouple (Omega Engineering Inc.). The
temperature variation is repeatable and reliable for characterizing the thermosensitive
platform. Surface wettability tuning is quantified by measuring the contact angle of a
water droplet on the thermoresponsive surface using a standard goniometer (Ramehart
Inc.). Initially the thermoresponsive surface is heated up to an elevated temperature and a
water droplet is placed on the surface. The contact angle of the water drop decreases as
the surface is allowed to cool down gradually by step wise decrement of the applied
voltage to the microheater. Contact angle of the water drop on the platform ranges from

18° at room temperature to 125° at approximately 70 °C.

3.3. Time Response Analysis

Figure 3.4 shows the plot of the variation of the contact angle of the water droplet and the

temperature of the thermoresponsive surface versus applied voltage to the microheater.
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Figure 3.4: Plot of variation of the contact angle of a water droplet and variation of
temperature of the smart thermoresponsive surface versus voltage applied to the
microheater (Inset: Hydrophobic and Hydrophilic drop on the thermoresponsive polymer
platform).

It can be observed that the temperature of the smart surface linearly varies with the
voltage applied to the microheater over the entire operating temperature range from 22 °C
to 90 °C. The contact angle of the surface varies rapidly over the LCST range while the
variation is much slower at elevated or around room temperatures. Accordingly the plot
can be divided into the linear range and the saturation range. The shape of the contact

angle plot can be modeled by a modified sigmoidal logistic function as discussed in

CHAPTER 2.
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An important metric of the smart surface is the time response. The time response is
crucial to study the hydrophobic/hydrophilic switchability of the surface for the
development of fluid regulating devices. The decrease in the contact angle of the water
drop on the thermoresponsive platform with the decrease in the surface temperature was
recorded at fixed intervals of time to quantify the time response. The plot of the contact

angle change with time is shown in Figure 3.5.
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Figure 3.5: Plot of contact angle change of a water droplet on the thermosensitive surface
versus time.
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We define the temperature, time and contact angle difference over the LCST range as
ATLCS = (33 - 28) °C , AtLCS = (16 - 55) min and AQLCS = (744 - 251)0

respectively. The approximate slope of the line in the LCST range (28 °C to 33 °C) is:

mtl'me == AGLCS/AtLCS == _4695 O/min (31)

This value indicates the reduction rate of contact angle upon cooling.

With the current set up of the metallic microheaters, the rate of temperature fall over the

LCST range is:

SLCS = ATLCS/AtLCS = 0476 OC/min (32)

Considering the contact angle of 90° to be the starting of the hydrophobic regime, the
switch from hydrophobicity to hydrophilicity can be calculated as the time required for
the smart surface to transition from a contact angle of 100° to 80°. This transition time is

given by:

t, = (100 — 80)°C/m = 4.26 min (3.3)

Obviously the time t; will be much lower if the rate of temperature fall / rise (6;¢s) is

made higher.
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Table 3.1 gives the values of the measured contact angles and corresponding time and

temperature over a range of 49 °C to 27 °C. The difference between successive readings is

also shown.

Table 3.1: Measured temperature, time and contact angle.

Temperature, T (°C)

Time, t (minutes)

Contact angle, 0 (°)

T, =49 t; =0 0,=98.1

T, =43 =1 0,-93.3
(AT,=T,-T,=6) | (Ai=t,—t,=1) (A0,=0,-0,=4.8)

T, = 41 =15 0:=91.1
(AT,=T;-T,=2) | (Ab=t; —t,= 0.5) | (A0,=0,-0,=2.2)
T,=39 (AT;=2) | =2 (At=0.5) | 0,=88.9 (A0,=2.2)
Ts=38 (ATs=1) | ts=2.5 (At=0.5) | 05=86.5 (A0,=2.4)
Te=37 (ATs=1) | tt=3 (Ats=0.5) | 0,=84.6 (A0s=1.9)
T,=36 (ATe=1) | t:=3.5 (Ate=0.5) | 0,=82.1 (ABs=2.5)
Ts=35 (AT, =1) | ts=4 (At,=0.5) | 0,=80.2 (A0,=1.9)
To=34 (ATs=1) | ty=4.5 (Atg=0.5) | 0,=78.3 (ABs=1.9)

T]() =33 (AT() = 1)

th =55 (Atgz 1)

0,0=74.4(A0y=3.9)

T[] = 32 (AT](): 1)

t]1 =6.5 (Atl(): 1)

61 ]:70 (A610:44)

le = 31 (AT][ = 1)

t]2 =175 (At”: 1)

612 :661(A91]:39)

T3=30 (AT;,=1)

t]3 =95 ( Atuz 2)

613:56.1 (A612:10)

Tiu=29 (AT;3=1)

tiy = 12 (At13: 25)

914:45.2(A913:10.9)

Tis5=28 (AT\4=1)

tis=16 (At;=4)

915:25.1(A914:20.1)

Tis=27 (AT;s=1)

t16 =20 (At15: 4)

616 = 18(A915:71)

To visualize the contact angle gain in the LCST range, it is useful to define a differential
normalized contact angle A6/AT, as the change in contact angle per unit change in
temperature. The contact angle tuning of the water droplet on the smart surface is a

function of temperature. Hence the time response of the contact angle variation is also
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related to the temperature. The normalized contact angle will reflect the time response

incorporating the temperature dependence.

Using Table 3.1 the normalized contact angle versus the total time over the entire
temperature range is plotted as shown in Figure 3.6. The largest normalized gain is
3.05°/°C-min and occurs between 30 °C (7.5 minute) and 31 °C (9.5 minute). The average
normalized contact angle gain over the LCST range of 28 °C — 33 °C is 1.543°/°C-min. As
shown in Figure 3.6, the gain before and after the LCST range is much lower than that in

the LCST range.
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Figure 3.6: Time response of the thermoresponsive smart surface. Plot shows normalized
contact angle variation versus time.
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CHAPTER 4: MICROFLUIDIC FLOW REGULATION BASED ON
SUPERHYDROPHOBIC NANOSTRUCTURES AND
SWITCHALBLE THERMOSENSITIVE SURFACE

The field of microfluidics is in a nascent stage of development and there is tremendous
research emphasis on developing basic microfluidic devices like pumps and valves based
on various phenomena [52]. The development of micropumps and microvalves has made
it possible to realize a fully integrated microfluidic system for biochemical analysis [28,
53, 54]. Previously developed flow regulation techniques for microfluidic devices are
dependent on the pH of the solution flowing in the microchannels [55]. Nano/microliter
fluid handling on LOC by passive fluidic manipulation often employs a hydrophobic
surface as a valve in the microchannel network and an external pneumatic control
coupled with capillary action to discretely manipulate the fluids. Capillary manipulation
of fluids by modifying the solid-liquid surface tension, using surfaces with wettability

gradients have been shown to be well adapted for microfluidic systems [56].

Wettability of a solid surface is an important property of a material as it controls its
interaction with the liquid. It depends on various factors, among which surface roughness
and surface energy are the dominant ones. For the fabrication of superhydrophobic
surface, a combination of optimum surface roughness and low surface energy is required.
Wenzel’s model proposed that the roughness increases the surface area which

geometrically increases the hydrophobicity [42]. In fact, surfaces with a water contact

36



angle of more than 150° were fabricated by incorporating appropriate roughness on

materials having low surface energies.

By extending these studies, we propose novel microfluidic valves, in which the
microchannel network is selectively coated with functionalized polymers, using the LBL
deposition technique. Two different microfluidic valves based on different gating

mechanisms were chosen as proof of concept devices:

(a) A passive microfluidic valve with an integrated superhydrophobic surface to

control the flow of reagent based on the surface energy of the sample fluid.

(b) A thermosensitive microfluidic valve with an integrated switchable
thermosensitive, hydrophobic/hydrophilic surface to control the flow of

reagent based on the temperature of the polymer surface.

In the LBL technique the degree of ionization of weak polyelectrolytes is dependent on
their pH. By controlling the pH of weak polyelectrolytes, the molecular structure and
properties of resulting multilayer films can be precisely tuned. This pH dependency is

exploited in the deposition technique to create very thin polyelectrolyte layers [50].
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It has been reported that aqueous solutions of various surfactants can wet a
superhydrophobic surface, as the surfactant reduces the surface tension of the solution
[57]. The polymer in our valve is superhydrophobic to water-based reagents which have
high surface tension (surface tension of water is 72.2 mJ/m?) but is wettable by an
organic-based solvent like 2-propanol which has low surface tension (surface tension of
2-propanol is 21.7 mJ/m?). This achieves valving action by selectively inhibiting the flow

of water while passing 2-isopropanol.

The selectively coated thermosensitive polymer in our valve exhibits hydrophobicity
when heated to temperatures above 65 °C and hydrophilicity at room temperature for all
water-based reagents having high surface tension. This achieves gating of the sample

reagents based on the temperature of the switchable polymer surface.

The polyelectrolytes in the multilayered film, fabricated by LBL, are held by weak ionic
bonds. Hence the polymer cannot withstand any vigorous microfabrication processes that
use strong acids or bases. These limiting factors make the integration of the LBL

polymers significantly challenging.
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The overall process has been developed such that the polymer surface can be created with
minimum number of LBL depositions and a robust polymer surface which is compatible
with most of the standard microfabrication processes is obtained with reduced processing

steps and time.

4.1. Design

Polymer

PDMS

Glass Slide

Figure 4.1: Schematic of the flow regulator. In-Inlet; O1-Outlet 1; O2-Outlet 2.

Figure 4.1 shows a schematic illustration of the device. The same design has been used to

demonstrate the working concept of both types of microfluidic valves. A simple T-
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junction microfluidic channel structure that connects one inlet and two outlets was
chosen. A polymer patch in one branch of the channel is used as the valve to gate the

incoming flow depending on the surface tension characteristics or the temperature.

4.2. Fabrication of the Passive Microfluidic Valve with the Superhydrophobic
Surface

4.2.1. Microchannel Fabrication

Figure 4.1 shows the fabrication process flow for the valve. The bare borosilicate glass
slides are initially prepared by the RCA standard cleaning. The detailed procedure for
RCA cleaning is described in APPENDIX A. A positive photoresist, AZ-4903 (AZ
Electronic Materials USA Corp.) is then spin-coated to a thickness of approximately 20
um. The photoresist is patterned by UV photolithography to define the T-junction
microchannel structure (Figure 4.2 (a)). The glass etch solution consists of 0.8% (v/v)
hydrofluoric acid and 32% (v/v) sulfuric acid [58]. The etchant has an etch rate of
approximately 0.35 um/min and the etching is carried out at 30 -C. The glass was etched
to create channels of around 50 pm depth (Figure 4.2 (b)). This etch produces a linear
profile and a smooth etched surface. The detailed procedure for RCA cleaning is
described in APPENDIX B. This etching technique requires only the photoresist (AZ

4903) as the etching mask and eliminates the need for metal etching masks.
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Glass Slide
(a)
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Glass Slide
(b)
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Glass Slide
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Positive Resist Shipley 1813

Glass Slide
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Glass Slide

(e)

Superhydrophobic/hydrophilic polymer
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™ /
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Figure 4.2: Fabrication process the passive valve. (a) Glass slide is lithographically
patterned to form the T-junction microchannel. (b) The patterned glass slide is wet etched
by using the photoresist as an etch mask. (c) The glass slide is photolithographically
patterned to form an opening for the initial polyelectrolytes. (d) Positively charged
poly(allylamine hydrochloride) (PAH) is dip coated on the opening. (e) Negatively
charged poly(acrylic acid)(PAA) is then dip coated. This LBL deposition is continued
successively till 101 bilayers of PAH and PAA are formed. (f) A Polydimethylsiloxane

(PDMS) slab is bonded to the glass slide after oxygen plasma treatement.
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4.2.2. Polyelectrolyte Deposition

A positive photoresist Microposit S1813 (Shipley Company) is spin-coated on the etched
glass slide and patterned photolithographically to produce openings for the initial
polyelectrolytes deposition as shown in Figure 4.2 (c). The polyelectrolyte patch is
deposited using the LBL self-assembling technique. An automated LBL coater
Stratosequence VI (Nanostrata Inc.) is used to deposit 101 bilayers of poly(allylamine
hydrochloride) (PAH) and poly(acrylic acid) (PAA) on the patterned glass substrate, with
the outermost layer being PAH as shown in Figure 4.2 (d) and (e). The pH of PAH and
PAA is maintained at 8.5 and 3.5 respectively. The pH is chosen to get an optimum
degree of ionization to generate a rough coating with appropriate thickness after
subsequent acidic treatment [46, 50]. The surface of the multilayer film is roughened by
immersing the glass slides, first, in an acidic solution at pH 2.7 for 2 h and then in a
solution at pH 2.3 for 4 h (pH was adjusted with 0.05 M HCI). The film is crosslinked by

baking the glass slide for 2 hours at 180 °C.

4.2.3. Polydimethylsiloxane (PDMS) Bonding and Interconnection

A fully cured PDMS slab can be irreversibly bonded to a glass slide after both the
surfaces are exposed to oxygen plasma and immediately brought into contact with each
other. The irreversible bonding is due to the formation of bridging covalent siloxane (Si—
O-Si) bonds between the PDMS and glass surfaces [59]. PDMS elastomer (Sylgard 184,

Dow Corning) and curing agent were mixed with a ratio of 10:1 (by weight) and cured at
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100 °C for 45 min. A 17-gauge blunt reusable steel needle was used to core through holes
in the PDMS for the inlet and outlets. The cured PDMS slab and the glass slide with the
etched microchannels (containing the selectively coated roughened polyelectrolyte film)
are subjected to oxygen plasma activation in a reactive ion etcher (Plasmalab RIE), then
immediately brought into contact with each other to form a leak proof seal as shown in
Figure 4.2 (f). A moderate RF power of 70 W, an oxygen pressure of 100 mTorr and a
very short treatment time were found to produce the best results for this kind of bonding

[60]. Polymer tubings were inserted into the holes.

4.2.4. Fabrication of the Superhydrophobic surface

To create nanoscale features on the roughened polyelectrolyte surface, a 0.01 M solution
of PAH followed by a 0.028% (w/v) silica nanoparticle solution (Ludox TM 40, Aldrich:
40 wt% silica nanoparticle suspension in water, particle size ~22 nm) was introduced
successively through the microchannels using a syringe pump. The silica nanoparticles
are negatively charged. Since the roughened polyelectrolyte surface is coated with a layer
of positively charged PAH, the silica nanoparticles attach to the rough surface. Taking
into account the very small particle size of TM 40 (~22 nm) compared to the dimension
of the channel and the fact that only one bilayer is deposited, we can assume that this
deposition does not interfere with the flow of fluid through the channel, although there is

some attachment of PAH and silica nanoparticles on the glass channel.
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To create a superhydrophobic surface, a network of long chain (1H,1H,2H,2H-
perfluorooctyl) silane molecules were coated on the patch, by pumping into the
microchannels, 0.6% (w/v) perfluorosilane dissolved in isopropyl alcohol. The
perfluorosilane molecules reduce the surface energy [61, 62] of the polymer surface.

Finally the sample is baked at 90 °C overnight.

Figure 4.3: Silica nanoparticles on porous multilayered polyelectrolyte surface - (scale
bar =1 pm).

Figure 4.3 shows the SEM image of the silica nanoparticles coated on the roughened

polyelectrolyte surface.
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4.3. Fabrication of the Microfluidic Valve with the Thermosensitive Polymer

4.3.1. Initial Polyelectrolyte Deposition

T-junction microchannel structure is etched in a glass slide and openings are
photolithographically patterned on the device for initial polymer deposition as described
in 4.2.1 and 4.2.2. An automated LBL coater is used to dip coat 40 bilayers of PAH and
silica nanoparticles on the patterned glass substrate as shown in Figure 4.4 (a) and (b).
The pH of PAH solution and silica nanoparticle solution is maintained at 7.5 and 9.0,
respectively. The silica solution consists of 0.069% (w/v) (Ludox SM 30, Aldrich,
particle size ~7 nm) and 0.081% (w/v) (Ludox TM 40, Aldrich, particle size ~20 nm)
nanoparticle suspensions in 0.1 M NaCl solution. The concentration of the nanoparticle
solution is adjusted to 0.1 M to aid the formation of thick layers of silica nanoparticles.

This step creates a rough, multilayered, porous silica/polymer surface.
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Figure 4.4: Fabrication process for the thermosensitive valve. (a) The etched glass slide
with a lithographically patterned opening for the initial polyelectrolytes is dip-coated
with positively charged poly(allylamine hydrochloride) (PAH). (b) Negatively charged
silica nanoparticles are then dip-coated. This LBL deposition is continued successively
till 40 bilayers of PAH and silica nanoparticles are formed. This is followed by a second
run of LBL deposition to decorate the polymer surface with silica nanoparticles. (c) The
glass chip with the rough polymer surface is annealed at 400 C for 2 h. (d) After a third
run of LBL deposition to create two bilayers of PAH and PAA, the glass chip is dipped
into the initiator solution for 2 h. Finally PNIPAAm is grafted onto the initiator-coated
surface to create the switchable, thermosensitive polymer surface.
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4.3.2. Annealing

The multilayered polymer surface is weakly attached to the glass platform by forces
created by opposing charges. Hence the surface is not adaptable for further processing
and needs to be made robust. This is achieved by annealing the microfluidic glass chip
with the integrated polymer surface, at 400 -C for 2 h as shown in Figure 4.4 (c). This
fuses the silica nanoparticles into the glass, makes the patch robust and also increases the

roughness further.

4.3.3. Initiator Deposition

On the top of crosslinked porous coating, two bilayers of PAH (pH 8.5) and PAA (pH
3.5) were deposited with PAA as the last layer. The negatively charged PAA provides
carboxylate groups to attach the initiators for the subsequent grafting of thermosensitive
polymers. The initiator solution consists of 1 g of 2,2 -azobis(2-methylpropionamidine)
dichloride(AMPD) and 0.494 g of N-(3-dimethlyaminopropyl)-N-ethylcarbodimide
(EDC, the catalyst) dissolved in 100 ml of water. The valve with the PAA functionalized
polymer patch is placed into the aqueous solution of the free-radical initiator and allowed
to react for 2 h. This creates an initiator layer on the rough and porous polymer patch
onto which the thermosensitive polymer PNIPAAm can be grafted. The initiator-
derivatized sample is rinsed in deionized water, dried, and used immediately for

polymerization.
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4.3.4. Thermosensitive Polymer (PNIPAAm) and Perfluorosilane Deposition

Thermosensitive PNIPAAm was grafted on initiator modified multilayer films according
to a reported approach [51]. Recrystallized NIPAAm is dissolved in deionized water at
1% (w/v). The initiator-modified glass sample is immersed into this solution, and the
whole solution is purged with nitrogen gas for 15 min to remove the dissolved oxygen.
Then, 0.135 g of AMPD is added quickly and the reaction vessel is sealed immediately. It
is placed in a preheated oil bath. Polymerization reaction is carried out typically at 65 °C
which is indicated by the milky white appearance of the reaction solution. The sample is
removed from the reaction vessel as soon as the solution turned milky to ensure a very
thin layer of polymer formation on the patch. The sample is washed in deionized water

and dried.

The thermal tunability of the valve depends on the PNIPAAm polymerization time. We
have found that a very short period of polymerization reaction is the most optimum as it
deposits a very thin layer of polymer (PNIPAAm) on the rough multilayer surface, which
maintain the surface roughness required for hydrophobicity. On the other hand,
polymerization carried out for long time generates a very thick layer of PNIPAAm which
fills up all the pores and reduces surface roughness. Thus the short-time polymerization
process on the rough surface renders the polymer surface hydrophobic and at the same

time makes it thermally switchable.
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The subsequent chemical vapor deposition (CVD) of (1H,1H,2H,2H-perfluorooctyl)
silane on the polymer patch increase the hydrophobicity of the thermosensitive polymer

surface.

Finally the photoresist on the glass chip is stripped off and the device is baked overnight

at 140 °C. PDMS is bonded on the device to form a leak proof seal as described in 4.2.3.

4.4. Test Results and Discussion

Figure 4.5 shows the final fabricated device on a glass substrate. Figure 4.6 shows the
SEM micrograph of the cross-section of etched glass channel sealed with a leak proof flat

PDMS slab.

The final thickness of the selectively deposited gating polymer in both types of valves is
approximately 5 um as shown in Figure 4.7. The cross-section of the thermosensitive
polymer deposited on the glass channel was observed using SEM. We believe that the
superhydrophobic polymer in the passive valve has a thickness in the same range due to

the similarity in the processing conditions.
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For the valve test, a programmable syringe pump (Harvard PHD 2000) was used to pump
dye-colored water at 20 pl/h into the inlet reservoir and then the liquid was allowed to

flow in the microchannels under capillary action only.

Figure 4.5: Fabricated structure showing the inlet/outlet reservoirs and the
superhydrophobic/hydrophilic polymer film (shown as white patch in the right
microchannel.

Flat PDMS slab

Etched glass channel

6.0kV x180 50um ——

Figure 4.6: SEM micrograph of the cross-section of the etched glass channel with a
PDMS seal.

50
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Figure 4.7: SEM micrograph of switchable thermoresponsive polymer deposited inside
etched glass capillary.

4.4.1. Passive Microfluidic Valve with Superhydrophobic Surface

Figure 4.8 shows the change in the contact angle of water/2-propanol drop on a
superhydrophobic surface with varying 2-isopropanol concentration. Increasing
concentration of 2-propanol decreases the surface tension of the solution and hence

produces lower contact angles [63].
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Figure 4.8: Contact angle vs. concentration of water/2-isoproanol mixtures on a polymer
surface.

The “closed” status of the valve is observed when the water stops at the film interface
because of the superhydrophobic polymer film surface (Figure 4.9). When 2-isopropanol
solution flows in the microchannels under capillary action, the polymer film is readily
wetted due to reduced surface tension between the surfactant solution and the polymer
surface. The 2-isopropanol solution passes over the polymer film resulting in “open”

action of the valve as shown in Figure 4.10 (a) and (b).
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Figure 4.9: "Closed" status of the valve: (a) dyed water approaches junction and (b) water
is stopped at the superhydrophobic polymer surface.

(b)

Figure 4.10: "Open" status of the valve: (a) 2-isopropanol approaches junction and (b) 2-
isopropanol wets the polymer surface and flows over it.
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4.4.2. Microfluidic Valve with the Thermosensitive Polymer

As mentioned before, PNIPAAm forms intramolecular hydrogen bonds above its LCST
and becomes hydrophobic. Therefore, it is expected that the wetting properties of the
rough surface grafted with PNIPAAm will switch from hydrophobic to hydrophilic when
the ambient temperature decreases. Figure 4.11 shows the plot of contact angle versus
temperature. It is clear that the contact angle decreases dramatically at PNIPAAm’s

LCST.
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Figure 4.11: Plot of contact angle vs. temperature on the switchable thermosensitive
surface.

Figure 4.12 shows the contact angle change of the switchable surface with grafted

PNIPAAm. The contact angle decreases as the temperature decreases.

54



Figure 4.12: Contact angle change with increasing temperature. Temperature increases
from (a)-(f): (a) contact angle is 14° at a temperature of 25 °C and (f) contact angle is
122° at a temperature of 70 °C.

The temperature of a glass substrate with the thermosensitive microfluidic valve is
controlled using a hot plate. Dyed water is allowed to flow in the microfluidic channels
under capillary action only, to test the capability of the valve to control liquid flow.
Figure 4.13 shows the working of the switchable valve at 70 °C. At this temperature, the
PNIPAAm forms intramolecular hydrogen bonds and becomes hydrophobic. The
hydrophobic patch with high contact angle (122°) stops the dyed water at the polymer

front. This corresponds to the “closed” status of the valve.
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(b)

Figure 4.13: "Closed" status of the valve: (a) dyed water approaches junction and (b)
water is stopped at hydrophobic polymer surface. The operating temperature is 70 °C.

Figure 4.14 shows the operation of the switchable valve at room temperature where
PNIPAAm forms intermolecular hydrogen bonds and becomes hydrophilic. The
hydrophilic patch with low contact angle (14°) allows the dyed water to flow through.
This corresponds to the “open” status of the valve. These results demonstrate that a
switchable thermosensitive valve fabricated from a rough patch functionalized with

PNIPAAm is able to manipulate the liquid flow by temperature.
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(b)

Figure 4.14: "Open" status of the valve: (a) dyed water approaches the junction and (b)
water passes over the polymer surface at room temperature as the patch has switched to
become hydrophilic.

Sections of multiple microchannels can be selectively deposited with the
thermoresponsive polymer patches and integrated with corresponding microheaters. The
microheaters can be programmed to turn on or off in a sequential manner which may lead
to sophisticated LOC systems and even computational and logical microfluidic circuits

[64, 65].
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CHAPTER 5: CHARACTERIZATION OF THE SWITCHABLE
THERMORESPONSIVE MICROFLUIDIC FLOW REGULATOR

Realizing innovative applications with precision control using the thermoresponsive
microfluidic regulator described in CHAPTER 4 requires detailed analysis and
characterization studies. Understanding microfluidic behavior which is dominated by
viscous and interfacial forces [66, 67] is necessary to develop novel devices. The reported
design of hydrophilic-hydrophobic microcanals gives insight for surface energy based
liquid flow [68]. Patterning the thermosensitive (PNIPAAm), smart surface in a glass
microchannel effectively results in the integration of a switchable hydrophobic patch in
the microchannel. This creates a difference in the surface free energy across the
advancing meniscus of the liquid front, when it reaches the glass/PNIPAAm contact line,

achieving gating of the liquid.

5.1. Device Design
A simple device was fabricated for testing the flow stopping characteristics of the
thermoresponsive surface. The device consists of a straight microchannel channel etched
in a glass substrate with the switchable thermoresponsive surface selectively deposited in
the central portion of the microchannel. The glass patterning and etching process is same
as in Chapter 4 (4.2.1). The synthesis of the thermoresponsive surface is described in

detail in Chapter 4 (4.3). The microchannel device with the integrated smart surface is
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sealed with a flat slab of PDMS by oxygen plasma activation method. The bonded glass
PDMS device provides leak proof fluidic flow. PDMS bonding is carried out using a
portable held corona treater (Model BD-20AC, Electro-Technic Products Inc.) [69]. The
corona treater is used with the disc electrode. The distance between the electrode and the
test sample is approximately 0.5 inches. The plasma is adjusted such that it is soft and
stable with minimal crackling. Both the glass piece with the microfluidic device and the
PDMS piece are treated successively for around 1 minute. Then both the pieces are
brought into contact and left overnight on a hotplate at 80 °C [70]. A detailed procedure

for the corona treater is described in APPENDIX C.

The fabricated device with the integrated smart surface is shown in Figure 5.1.

Figure 5.1: The fabricated straight channel microfluidic device in glass substrate with the
integrated switchable, nanostructured, thermoresponsive surface (seen as the white patch
in the center of the microchannel). Either of the circular reservoirs on each side can be
used as the inlet.
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SEM micrograph of the cross section of the etched microchannel is shown in Figure 5.2.
It was approximated to a trapezium. The width of the microchannel is b, = 840 um,
b; = 0.8b, = 672 um and the depth is h = 145 um. The length of the microchannel is

designed in the photolithography mask and is set at L = 1cm.

Figure 5.2: SEM micrograph showing the trapezoidal cross section of the microchannel
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5.2. Fluid Mechanics in Microdevices

Microfluidic device design must take into consideration the laminar flow regime, very
small geometries, the effect of surface energies and complex interplay of pressure
gradients and capillarity. A number of interesting fluid-dynamics phenomenon have been

reported for microdevices [71].

5.2.1. Dimensionless Numbers to Characterize Microflow

The interfacial force at the solid-liquid-gas contact line and the laminar flow rate has a
dominant effect on the fluid flow in a microchannel. The proportion of influence of
different forces (i.e., interfacial, viscous, inertial and gravitational) on the fluid guides us
in developing efficient design rules for the microdevices. The dimensionless numbers

rank the importance of each force and hence classify the multiphase microflows [72].

The capillary number Ca, defined as the ratio of the viscous to the interfacial forces is

given by:

Ca =24 (5.1)

oLy
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where ¢ is the kinematic viscosity of the fluid and Uy is the linear velocity of the fluid.

The linear fluid velocity is given by:

2
__RpAP

Ua = 5= (5.2)

where R, is the hydraulic radius of the microchannel, AP is the pressure difference, 7 is
the dynamic viscosity of the fluid and L is the length of the microchannel. The hydraulic

or the wetting radius is defined as:
A
Ry =3 (5.3)

where A and P are the area and perimeter of the microchannel respectively. Since the
microchannel used for this study has a trapezoidal cross section as shown in Figure 5.2,

the area of the microchannel cross section is:

A= (22)p (5.4)

2

The perimeter of the trapezium is given by:

P=b1+b2+2/h2+@ (5.5)
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The dynamic viscosity used in of water used in Equation (5.2) changes with temperature

[73] according to the equation:

c
n(T) = Cllom (5.6)

where C; = 2.414-1075Pa - s, C, = 247.8K and C; = 140K are the constants of the
equation and T is the temperature in degree Centigrade (in this case the experiment is

carried out at T = 55 °C).

The Weber number We, defined as the ratio of the inertial to interfacial forces is given

by:

2
We = 2k (5.7)

oLy

where p is the density of the test liquid and L, represents the characteristic length of the

liquid-gas interface.
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Reynolds number, which is perhaps the most frequently used dimensionless number for

the characterization of multiphase microflow is given by:

_we
Re = (5:8)

Reynolds number gives the ratio of the inertial to the viscous forces. The laminar flow
regime in the microchannels generally falls in the low Reynolds number range indicating

that the viscous forces are dominant.

5.2.2. Pressure Differential

Water flows from the inlet to outlet of the fabricated device due to capillary action of the
microchannel. When the integrated thermoresponsive surface is heated above its LCST, it
becomes hydrophobic and stops the fluid flow along the microchannel. In order for the
water to flow over the hydrophobic thermoresponsive patch, pressure is required to drive
the laminar flow and to overcome the drop due to surface tension across the advancing
meniscus [54]. A schematic of the water meniscus at the glass-PNIPAAm interface is

shown in Figure 5.3.
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Figure 5.3: Shape of the advancing meniscus of the water at the interface of the glass-
PNIPAAm contact line

5.2.2.1.Hagen-Poiseuille Equation

The laminar flow pressure drop is given by the Hagen-Poiseuille equation [37]:

AP, (T) = Q Re(T) (5.9)
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We obtain the volumetric flow rate Q from the experimental conditions and the fluidic

resistance for a microchannel with trapezoidal circular cross section is given by:

8n(T)L
TR}

R:(T) = (5.10)

The drop due to the laminar flow is negligible as the flow rate is very low due to the fact

the water in the microchannel is flowing only due to capillary action.

5.2.2.2.Young-Laplace Equation

The Young-Laplace equation [74, 75] which gives the surface tension pressure drop

across the advancing meniscus can be written as:
1, 1
AR(T) = o (TG + ) (5.11)

where R, and R, are the principal radii of curvature of the liquid with respect to the width

and height of the microchannel respectively.

Table 5.1 gives the change of the surface tension with temperature [76].
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Table 5.1: Variation of the Liquid-Gas Interfacial Energy with Temperature

Temperature (°C)

Liquid-Gas Interfacial Energy (J/m®)

20 0.07275
30 0.0712

40 0.0696

50 0.06794
60 0.06624
70 0.06447
80 0.06267

The radius of curvature of the liquid with respect to the width in a hydrophobic channel is

schematically depicted in Figure 5.4.

67




N
sH B¢
W /2 R: Advancing meniscus
¢ of water
W
A
Water Air

Figure 5.4: Schematic depicting the shape of the principal radius of curvature of the
advancing meniscus of water in a hydrophobic channel with respect to the width of the
channel.

Since the microchannel has a trapezoidal cross section, the average width of the channel
will be W = %. The contact angle (6) of the water with a hydrophobic channel (one

could also consider a hydrophilic channel) is defined between the side wall of the channel
and a tangent to the advancing meniscus. In triangle ABC, angle f = 8 — 90 and hence

angle « = (180 —90) — f = 180 — 6.

Now, we can write:  cos(a) = cos(180 — 60) = %
1
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Therefore Ry =-— > c:;(g) (5.12)

Similar argument for the radii of curvature of the liquid of the water with respect to the

height of the microchannel leads us to the equation:

h
2 cos(0)

R, = (5.13)

The same geometrical manipulation for a hydrophilic microchannel leads us to radii of

curvature similar to Equations (5.12) and (5.13).
Substituting Equations (5.12) and (5.13) in Equation (5.11) we get:
101
AP,(T) = =2 0,y (T) cos[0(T)] (W + H) (5.14)

Since the microfluidic channel is a thin capillary [39] and satisfies the condition W > h,

we can approximate the above equation as:

AR(T) = =2 0, (T) cos[6(T)] ) (5.15)

Hydrophilic canals patterned on a hydrophobic substrate have been used to establish flow

in a streamline. The maximum pressure that the stream of water can withstand without
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bursting into the hydrophobic field has been derived using the Young-Laplace equation

[77].

Similarly, the maximum pressure P, , that the switchable thermoresponsive patch can

withstand can be calculated by summation Equations (5.15) and (5.9).

5.3. Measurement Set-up

5.3.1. Calibration of the Pressure Sensor

The pressure in the microfluidic device with the integrated thermoresponsive surface is
measured using a two port differential pressure sensor (PX 2300-2DI, Omega
Engineering Inc. Stamford, CT). The measured pressure values are logged by a 4 channel
voltage recorder (OM-CP-QUADVOLT, Omega Engineering Inc., Stamford, CT) at a
fixed frequency. The output voltage is plotted against time on a PC which is interfaced
with the voltage recorder. The voltage output of the pressure sensor is calibrated with
pressure from a column of water. For this, the high port of the pressure sensor is
connected to a burette with centimeter markings. Before measurement, it is ensured that
the pressure sensor and the zero value of the water in the burette are at the same level.
Water is poured in the burette in increments of 1 cm and the increase in pressure is

logged. The calibration curve of the pressure sensor is shown in Figure 5.5.
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Figure 5.5: Calibration curve for the pressure sensor.

The equation of the linear fit on the curve gives us the slope my,o in cm/mV, which will

be used in calculating the height (in cm) of the water column as:

hyzo =V Myz0 (5.16)
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The corresponding differential pressure in pascals is then given by:

AP =hyrop g (5.17)

where g = 9.81m/s? is the acceleration due to gravity.

5.3.2. Differential Pressure Measurement for the Microfluidic Flow
Regulator

The schematic of the set up for measuring the differential pressure in the straight
microchannel device with the integrated switchable thermoresponsive PNIPAAm coated
surface is shown in Figure 5.6. The set up consists of a syringe pump (Harvard PHD
2000) connected through a T junction connector to the microfluidic device inlet and the
high port of the differential pressure sensor. The low port of the pressure sensor is left
open to the atmospheric pressure corresponding to the pressure at the outlet of the device.
The pressure sensor essentially measures the differential pressure of the water flowing in

the microchannel.

The picture of the actual set up for measuring the differential pressure in the straight
microchannel device with the integrated switchable thermoresponsive PNIPAAm surface

is shown in Figure 5.7.
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Figure 5.6: Schematic showing the set up for the pressure measurement. In, Out - inlet &
outlet respectively of the microfluidic device.
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Figure 5.7: Picture of the set for pressure measurement.

74



The fabricated microfluidic device is attached to a flexible heater which is connected to a

DC power supply as shown in Figure 5.8.

PEEK tubing connected
to the microfluidic

Microfluidic Device 1 device inlet Microfluidic Device 2

Flexible tubing
carrying water from
the syringe pump to a
stiff PEEK tube which
is connected to the
microfluidic device

inlet
Flexible heater Thermocouple
mounted on stage gauge attached to
the microfluidic
device platform

Electrical connections to the flexible heater

Figure 5.8: Close up view of the microfluidic device mounted on the heater and
connected to the pressure sensor for pressure measurement.

A fine gauge thermocouple (Omega Engineering Inc.) is attached to the glass substrate of
the microfluidic device and the temperature is constantly monitored throughout the

experiment. The microfluidic device, syringe pump and the differential pressure sensor
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are arranged at the same height so that the weight of the water column does not create

excessive pressure inside the microchannel.

The differential pressure drop that is measured is defined as AP = P;,, — P,,;, where P,
in is the pressure at the microfluidic device inlet and P,,;is the pressure at the device
outlet, which in this case is essentially the atmospheric pressure. Water colored with dye
is pumped by the syringe pump at a pumping speed of 50 uL/hr till it fills up the inlet
reservoir of the microfluidic device. Once the water starts flowing in the microchannel,
the external pumping is immediately stopped. Now since the pump and the device are at
the same level, the water flows in the microchannel only due to capillary action. The
advancing meniscus of the water stops soon after it touches the glass-PNIPAAm contact
line. The voltage readings from the pressure sensor converted to pressure differentials
and plotted versus time are shown in Figure 5.9. The conversion of voltage output of the

sensor to corresponding pressure is described in Section 5.3.1.
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Pressure Differential, AP (Pa)

100y

Time, t { min )
A - Water enters device

B - Water enters microchannel

C - Water stops at the thermoresponsive polymer

Figure 5.9: Plot of pressure versus time for the straight channel microfluidic device with
the integrated thermoresponsive surface. This measurement was carried out at a device
temperature of 55 °C when the thermoresponsive surface was hydrophobic.

The water enters the microfluidic device at point (A) in the plot of Figure 5.9. The
pressure differential decreases as soon as the water enters the microfluidic device, which
is expected, since the water enters the device inlet reservoir which has a larger volume
and is made in a hydrophilic glass substrate. As the water starts to flow in the

microchannel (point (B) in the plot) under the influence of capillary action, the pressure
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steadily decreases till the water front reaches the thermoresponsive polymer surface. The
water stops flowing when it comes in contact with the hydrophobic thermoresponsive

polymer (point C in the plot).

Two different cases of surface energies arise as the water flows in the microchannel
device. The first case is when the water is flowing in the microchannel along glass walls.
In this case the two side walls and the lower floor is made of glass while the upper ceiling
is made of PDMS. Glass is a hydrophilic material with contact angles (of a water drop)
ranging from 10° to 25° and PDMS is a hydrophobic material with a native contact angle
of 110°. Since a majority of the walls are hydrophilic, the water experiences overall
hydrophilicity and flows in the microchannel inherently under capillary action. This can
also be inferred by calculating the capillary number for the microchannel. With the given
dimensions, using Equation (5.1), we get Ca = 0.0007068. The very low value of the
capillary number proves that the interfacial forces dominate and establish a capillary

flow.

Further, the Weber number for the present device can be calculated from Equation (5.7)
as We = 0.008028. The characteristic length L,in Equation (5.7) can be approximated

as the hydraulic radius Rj,.
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As the water flows in the microchannel, it can be seen from Figure 5.9 that the pressure
decreases steadily as the flow is in the laminar regime. This is confirmed by calculating
the Reynolds number using Equation (5.8). The value of the Reynolds number comes out
to be Re = 11.357 which proves that the flow in the microchannel is in the laminar

regime [78] as expected.

The second case of surface energy consideration occurs when the water front reaches the
glass-PNIPAAm contact line. The switchable thermoresponsive PNIPAAm surface is
conformally coated on both the side walls and the floor of the glass microchannel. The
flow experiment is carried out at a temperature of 55 °C. At this temperature, the contact
angle of a water droplet on the switchable thermoresponsive hydrophobic surface is
approximately 114°. Now the water encounters three surfaces (two side walls and the
floor) which have a contact angle of 114° and the top PDMS ceiling which has a contact
angle of 110°. Hence the water front now experiences overall hydrophobicity. This case

is shown schematically in Figure 5.3.

It is observed from Figure 5.9 that as soon as the advancing meniscus of the water
touches the thermoresponsive surface (point C in the plot) there is a small but abrupt
decrease in the pressure differential. This abrupt decrease, though counter intuitive, can

be explained by the concept of pseudo-hydrophilicity [79]. As the water is flowing due to
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capillarity in the hydrophilic glass channel, the top view of the advancing meniscus
profile is concave (when seen from the gas) as shown Figure 5.10 (a). When the
advancing meniscus encounters the hydrophobic thermoresponsive polymer, the front
ends of the concave radius are pinned to the hydrophobic surface as shown in Figure 5.10
(b). Due to the pinning, the body of water mass which is still on the hydrophilic glass
surface is suddenly forced forward till it encounters the hydrophobic thermoresponsive
surface. This sudden forward flow is manifested as a decrease in the pressure differential.
The advancing meniscus of the water after it has been stopped by the hydrophobic
thermoresponsive surface is shown in Figure 5.10 (c). The meniscus has to maintain
contact with the walls of the microchannel but cannot move forward over the
hydrophobic surface and attain a hydrophobic convex shape. It can still be viewed as a

static hydrophilic front and hence the name pseudo-hydrophilicity.
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Figure 5.10: Schematic of the changing radius of curvature of the advancing meniscus of
water flowing under capillary action in the microchannel. (a) Concave principal radii of
curvature of water when it is flowing in the glass channel indicating that the water front
experiences overall hydrophilicity. (b) Radius of curvature when the advancing meniscus
of water reaches the glass-hydrophobic thermoresponsive surface interface. The front
ends of the water meniscus are pinned to the hydrophobic surface. Due to this pinning
action, the body of water is suddenly pushed toward the hydrophobic surface giving rise
to an abrupt drop in the pressure differential. (¢) The advancing meniscus of water after it
has been stopped by the thermoresponsive hydrophobic surface. The shape of the
meniscus is still slightly concave (or may be flat at the most), as the water cannot pass
over the hydrophobic surface ahead.

According to the mathematical analysis of the maximum pressure that the hydrophobic
thermoresponsive valve can withstand is presented in Section 5.2.2, the maximum

pressure is given by:
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8n(T)L
TR}

Prax(T) = =2 01 (T) cos[6(T] (3) + @ (5.18)

Since the fluid is flowing in the microchannel only under capillary action, we can assume
a very low flow rate like Q = 10uL /hr. The dimensions of the channel are known from
Section 5.1 as L = 1cm, b, = 840 um, b; = 0.8b, = 672um and h = 145 um. The
hydraulic radius is found from Equation (5.3) as R, = 59.346um. The experiment is
carried out at a temperature of T = 55 °C. The value of the dynamic viscosity at this

temperature can be obtained from Equation (5.6) asn = 5.009 - 10~*kg/m s.

The liquid-vapor interfacial energy at the operating temperature can be obtained from
Table 5.1 as g, = 0.068]/m?. The value of the contact angle of a water droplet on the
thermoresponsive surface at T = 55 °C can be obtained from Equation (2.5) (CHAPTER
2) as 6(55°C) = 114.2°. At the point when the flow is stopped, the front meniscus of
water is in between the thermoresponsive surface and a PDMS ceiling. Since PDMS has

a native contact angle of 110°, we can take the average contact angle as

__114.4°+110°

0 = 112.2°. Using all the above parameters in Equation (5.18), we obtain

the maximum pressure that the hydrophobic thermoresponsive surface can withstand as
Prax = 356.933Pa. Several attempts have been reported to combine micro and nano
fluidic components to achieve adequate pressure and flow rates. The low value of Py,

implies that the thermoresponsive material alone cannot provide adequate pressure

83



withstanding capability when used in a microfluidic valve. The thermoresponsive
material has to be used with other valving concepts to achieve adequate pressure and flow

rates [80].

The contact angle of a water droplet on the thermoresponsive surface, at a range of
temperatures from 25 °C to 70 °C can be measured by using a standard goniometer.
Equation (5.15) can then be used to calculate the Young-Laplace pressure differential

corresponding to the changing contact angles at every incremental temperature rise.

The values of the calculated surface tension pressure differentials and the measured

contact angles at various temperatures are shown Figure 5.11.
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Figure 5.11: Variation of surface tension pressure differential and contact angle with
change in temperature of the integrated thermoresponsive surface in the microfluidic flow
regulator

It can be seen from Figure 5.11 that the pressure differential becomes positive when the
contact angle 8 > 90 °. Positive pressure differential implies hydrophobic surface which

is capable of fluid flow regulation.

The value of the pressure differential which is negative at 25 °C reflects the fact that the

integrated thermoresponsive polymer surface is hydrophilic at room temperature. This
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was experimentally verified where a capillary flow is established in the microfluidic
device at room temperature and it was observed that the thermoresponsive surface
allowed the water to flow over it. The pressure differential readings are plotted versus
time in Figure 5.12. We can note that there is no abrupt drop in pressure due to flow
stoppage. The pressure steadily decreases due to laminar flow once it enters the

microchannel (point B in the plot) till it reaches the outlet reservoir.

8

Pressure Differential, AP (Pa)

60 65 0

Time, t (min )
A - Water enters device

B - Water enters microchannel

Figure 5.12: Plot of pressure versus time for the straight channel microfluidic device with
the integrated thermoresponsive surface. This measurement was carried out at room
temperature when the thermoresponsive surface was hydrophilic.
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Hence a gating action is achieved in a microfluidic channel by integrating a temperature
responsive polymer which is hydrophobic at elevated temperatures (above 33 °C) and

hydrophilic at room temperatures.

Using the preceding analysis, we can deduce specifications (as shown in Table 5.2) for

the switchable thermoresponsive flow regulator -

(a) Having dimensions of L = 1cm, b, = 840 um, b, = 0.8b, = 672um and

h = 145 um;

(b) Having a trapezoidal cross section and

(c) Operating at a temperature of 55 °C
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Table 5.2: Specifications of the switchable thermoresponsive valve

Parameter Value
Flow Capillary flow
Hydraulic Radius 59.346 pm
Capillary number 0.0007068
Weber number 0.008028
Reynolds number 11.357

Maximum pressure that can be stopped at a

356.933Pa
temperature of 55 °C
Minimum Operating Temperature ~33°C
Minimum required contact angle of the
thermoresponsive surface for flow 100°

regulation
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CHAPTER 6: CONCLUSION AND FUTURE WORK

This work explored the modeling of a thermoresponsive material for the applications in
microfluidic devices and exploited the defined characteristics for a flow regulating
function in the fabricated devices. Different types of devices were realized and tested to
provide comprehensive solutions for the integration of nanostructured thermoresponsive

polymers into microchannels.

A detailed theory of the switchable, nanostructured, thermoresponsive PNIPAAm surface
was developed and mathematical equations were derived for calculating - the contact
angle of a water droplet at any given temperature, the gain of the thermoresponsive
surface, the exact value of the LCST and the beginning and end of the LCST range. The
proposed mathematical model, analysis and expressions can be generalized for any kind
of thermoresponsive surface which exhibits a transfer characteristic that can be fitted to a
sigmoidal logistic function. This work will potentially lay the basis for identifying and

understanding the wettability switching characteristics of thermosensitive polymers.

By incorporating the appropriate roughness, introducing low surface energy material and
grafting the thermosensitive polymer PNIPAAm, a tunable surface for wettability control

was created. Thin film microheaters have been integrated into the smart platform for
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controlling the surface temperature of the PNIPAAm. The contact angle of a water
droplet can be tuned from the hydrophilic to the hydrophobic domain via the temperature
rise provided by the integrated microheater. A platform with a thermosensitive polymer
for surface energy manipulation and contact angle tuning integrated with a microheater
has been presented. Functional characteristics such as time response, contact angle gain
and normalized gain have been studied as groundwork for the further development of

thermosensitive polymer based devices and systems.

As a proof of concept devices, microfluidic flow regulators based on superhydrophobic
nanostructures and switchable thermosensitive polymer were fabricated and tested, in
which multiple bilayers of PAH/PAA and silica nanoparticles were conformally and
selectively coated by the LBL deposition technique on a channel wall and used as an
integrated gating component. The deposition process was optimized in order that the
polyelectrolyte films may be integrated and used as a functional component for

microfluidic devices and systems.

The pressure differential measurements carried out on the straight channel microfluidic
device with the integrated thermoresponsive polymer gives much needed insight into the
potential applications of thermoresponsive materials. The maximum pressure differential

that the thermoresponsive flow regulator could withstand was calculated. The
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characterization of the flow by the dimensionless numbers (namely the capillary, Weber

and Reynolds number) indicates that this kind of flow regulator can be further optimized.

This work as a whole promises the integration of various regulatory functions into lab-

on-a-chip devices using a wide range of available polyelectrolyte combinations.

Based on this work, the future efforts can be directed to create an array of microheaters
integrated with the thermoresponsive surface for parallel/serial programmable flow

regulators on a chip.

The LBL deposition technique discussed in this work can be extended and adapted to
coat polyelectrolytes or charged species on the inner walls of hollow capillaries. This
FLBL (Flow through layer by layer) deposition technique is currently being designed,
assembled and tested using a novel micropumping system. Inner walls of glass capillaries
were coated with polyelectrolytes and then chemically treated to create a surface for

chemical or biological experiments.
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APPENDIX A: RCA CLEANING
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This appendix describes the RCA cleaning method that can be used to effectively clean

silicon and glass.

Equipment:

1) 2 Glass beakers, one each for the SC-1 and SC-2 cleaning.

2) Hotplate

3) Teflon wafer/sample holder

Chemicals:

1) Ammonium Hydroxide

2) Hydrochloric acid

3) Hydrogen Peroxide
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It cleaning process has two steps:

1) Standard cleaning 1 (SC-1):

This cleans all organic contaminants.

The solution consists of the following:

6:1:1 — DI Water: Ammonium Hydroxide (NH4OH): Hydrogen Peroxide(H,O5).

Cleaning Procedure:

1)

2)

3)

4)

Heat DI water and ammonium hydroxide to abut 80°C.

Then add hydrogen peroxide. Now the solution will start bubbling.

Immerse your samples in the SC-1 solution. Keep the sample immersed in the

solution for about 10/15 mins (until the solution stops bubbling).

Take the samples out of the SC-1 solution; rinse with DI water for 5 minutes

and blow dry with Ni gun.
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2) Standard cleaning 2 (SC-2):

This cleans all metallic contaminants.

The solution consists of the following:

6:1:1 — DI Water: Hydrochloric Acid (HCIl): Hydrogen Peroxide (H,O5).

Cleaning Procedure:

1)

2)

3)

4)

Heat DI water and hydrochloric acid to abut 80°C.

Then add hydrogen peroxide. Now the solution will start bubbling.

Immerse your samples in the SC-2 solution. Keep the samples immersed in

the solution for about 10mins/15mins (until the solution stops bubbling).

Take the samples out of the SC-1 solution; rinse with DI water for 5 minutes

and blow dry with Ni gun.

If we are cleaning ceramic samples then we have to use only SC-1 cleaning process as the

HCI in SC-2 attacks the ceramic.
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APPENDIX B: GLASS ETCHING FOR MICROCHANNEL
FABRICATION
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This appendix describes the recipe for etching glass to create a very smooth profile

suitable for microfluidic devices.

Equipment:

1) Teflon Beaker

2) Stirring hot plate

3) Magnetic stirrer

4) Wafer holder

5) Stand and clamp for the wafer holder

Chemicals:

1) Sulfuric acid (H>SO4)

2) Hydrofluoric acid (HF)

3) DI water
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Procedure:

1y

2)

3)

4)

5)

Use a paint brush to paint the photoresist (PR), Shipley 1813, on the substrate

(e.g. silicon wafer).

Stick glass slide to Si wafer. Paint Shipley 1813 on the sides of the glass slide to

ensure that the sides are totally sealed.

Leave for at least 12 hours.

Hard bake the Si wafer (with glass sample/s stuck to it) for 10 minutes at 100°C.

Prepare the glass etching solution as follows:
Mix HF : H;SO4 : DI H,O in the ratio 0.8%(vol) : 32%(vol) : 67.2%(vol)
respectively. Following the above ratios, typically we would mix 6.4ml of HF,

256ml of H,SO,4 and 537.6ml of DI H,0.

Note: Always add acid to water. This is an exothermic reaction. Leave the

solution at RT for at least 1 hour for cooling.

7) The Etch rate of this solution for Pyrex (Borofloat) glass is around 0.08 to 0.1pm/min.

8) The etching is carried out at a stir speed of 600rpm and temperature of around 25 °C.
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The following chemical reactions take places in the glass etch:

Si0, + 4HF > SiF, + 2H,0

B,0; + 8HF — 2HBF, + 6H,0

Na,0 + 2HF — 2NaF + H,0

Al,05 + 6HF - 2AlF; + 3H,0

K,O0 + 2HF — 2KF + H,0

Fe,0; + 6HF — FeF; + 3H,0

All the metal fluorides are soluble in water except the fluorides of aluminum and
potassium. The purpose of the sulfuric acid is to convert the fluorides of aluminum and

potassium into the respective sulfides. The sulfides of these metals are soluble in water.

2AlF; + 3H,0 - Al,(S0,); —» Al,SO, + 6HF

2KF + H,S0, — 2K,S0, + 2HF

99



APPENDIX C: GLASS-PDMS BONDING USING CORONA TREATER
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Equipment:

1) Corona treater (Model BD-20AC, Electro-Technic Products Inc.)

2) Stand with clamp for the corona treater

3) Disc electrode of the corona treater

4) Flat circular conducting metal plate (Diameter = 5”)

5) Non-conducting Styrofoam block (Dimensions =~ 12" x 6 " x2 ")

6) Measuring tape

Procedure:

Note:

# This is a high voltage RF equipment. It should not be operated in the vicinity of
electronic circuits. It can reset or permanently damage sensitive electronic

components.

# Do not wear any metallic rings, bracelets, pendants/necklaces or any other
ornaments while using this equipment. The high voltage plasma should be operated

very carefully.
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1y

2)

3)

4)

5)

6)

Fix the disc electrode to the bottom of the corona treater.

Fix the corona treater (with the disc electrode affixed) in an upright vertical

position using the clamp and stand.

The metal plate should be placed on a non-conducting platform like a Styrofoam
block. The entire block (with the metal plate on top) is now positioned such that

the flat circular metal plate is directly beneath the disc electrode.

Adjust the height of the clamp (on the stand) holding the corona treater, such that
the bottom of the disc electrode is approximately 0.5 ” above the metal plate. Use
the measuring tape to measure the distance between the electrode and the metal

plate.

Turn on the high power RF supply and set up the plasma between the disc
electrode and the metal plate underneath it. The air-plasma appears like a blue

flame and can be adjusted by using the knob on top of the corona treater.

Note: The disc electrode is subjected to very high voltage (in the range of
10KkYV) to ionize the surrounding air. Do not touch the electrode or the metal

plate when the plasma is struck.

Adjust the top knob to increase or decrease the plasma. The plasma increases

when the knob is turned in the anticlockwise direction and the plasma decreases
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when the knob is turned in the clockwise direction. Ensure that the plasma is soft

and stable. The plasma should produce minimum crackling.

7) Now turn off the RF power supply.

8) Place the glass substrate to be bonded on the metallic plate not directly

underneath the plasma electrode.

9) Turn on the RF supply and strike a soft stable plasma between the electrode and

the metal plate by readjusting the top knob.

10) Once a typical plasma is formed, move the Styrofoam block such that glass

sample (on the metal plate) is directly underneath the electrode in the plasma

field.

11) Move the Styrofoam block back and forth such that the plasma irradiates all parts
of the glass sample. This process needs to carried out for at least 1 minute for a

37 x 17 sample.

12) At the end of 1 minute turn off the RF power supply and remove the glass sample

from the metal plate.

13) Now repeat the same process (steps 8 to 12) for the flat piece of fresh clean

PDMS.
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14) Once the plasma activation for both the glass sample and the flat PDMS slab is
done, bring both the pieces in conformal contact. Do not press the PDMS too hard
on the glass sample. Press gently to make sure that there are no air pockets

between the glass and the PDMS.

15) Place the Glass-PDMS pieces (which are in intimate contact with each other) on a

hotplate at 80 °C and leave overnight.

16) Complete bonding will occur after about 8 hours.
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