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Abstract

The hydrogel biosensor is one of promising BIOMEMS (Biomedical Microelectrome-
chanical system) devices with vast of applications in biomedical field. This project
aims to develop a pH biosensor based on pH responsive hydrogels a piezoresistive
pressure sensor capable of monitoring ambient pH as a signature of the physiologi-
cal health status of a cell culture (in vitro), tissue or organ (in vivo). The hydrogel
2-hydroxyethyl methacrylate-o-acrylic acid (HEMA-co-AA) was chosen to be incor-
porated into a cavity of a piezoresistive pressure sensor. The hydrogel was synthesized
and investigated separately within the fabricated SU8 photoresist cavity where hy-
drogel can only expand or shrink in one direction. When immersing the hydrogel
into the pH buffers, the percentage of volume change of the hydrogel was determined
indirectly by a profilometer. The hydrogel samples with thickness from 77-110 pm
performed the expansion degree of 55-77% at low pH 2-4 and of 130-195% at higher
pH 5-11. Both the equilibrium time and the maximum expansion of hydrogel samples
were influenced by their thickness. Practical experiments also showed that there is
a hysteresis of the hydrogel response which can be accounted for a delay of the pro-
tonation to deprotonation mechanism. Results indicated that the hydrogel sample
after hydration should be stored in suitable pH buffer. The design of the front-end
hydrogel sensor electronics and packaging procedure was made. The hydrogel HEMA-
co-AA 4:1 (molar ratio) after characterization was in situ synthesized in the cavity
of a piezoresistive pressure sensor. The hydrogel sensor was involved in two different
packaging processes. Results showed an increase in the electrical signal of the hydro-
gel, proving that the hydrogel can generate a pressure on silicon diaphragm of the
pressure sensor. The specific hydrogel incorporated into the cavity of the pressure
sensor was reached to equilibrium status in approximately 7 hours. However, the
hydrogel sensor could not stay stable in the solution for long period of time due to
the properties of packaged adhesives toward solution. The problems were pointed out

for future improvements.
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Abbreviation

AA
ATP
DAQ

DI
DMAEMA
HEMA
MEMS
Op-amp
PBS
PCB
pK,
SU8

uv

Acrylic acid

Adenosine triphosphate

Data Acquisition card
Deionized
2-(Dimethylamino)ethyl methacrylate
2-hydroxyethyl methacrylate
microelectromechanical system
Operational amplifier
Phosphate Buffer Saline
Printed Circuit Board

Acid dissociation constant

Name of a negative photoresist

Ultra Violet
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Chapter 1

Introduction

1.1 Motivation

pH inside the human body

The human blood and tissue fluid are buffered around a neutral pH of 7.4 at
37°C [1] to ensure the optimal conditions for functions of cells and tissues. This
body has some control mechanism to self-regulate and maintain the pH value within
a narrow range 7.35-7.45 (homeostatic systems). Since the entire metabolic process
depends on a balanced pH, the pH of tissues and body fluids presents the state of
human health, deviations above or below this pH range can signal potentially serious
and dangerous symptoms or states of disease. For example, a depletion of oxygen
due to circulation failure or the loss of blood flow (perfusion) may trigger anaerobic
catabolism that temporarily attempts to restore energy production by producing lac-
tic acid as an end product. An accumulation of lactate will reduce the pH below the
threshold level. A lower pH condition may cause living cells to malfunction and even
die. There is a relation between pCO2 level in tissue, 1 mmHg change in pCO2 results
in 0.008 unit change in pH in the opposite direction [2].The normal pCO2 level in
tissue is about 46 mmHg but can increase to 150 mmHg under severe hypoxia [3]. So
approximately, it can be said that the pH of living tissue fluid can reach to a minima

of pH 6.6.
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Energy and Work
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Figure 1-1: Anaerobic and aerobic (photo courtesy from Medbio.info)

Gastrointestinal ischemia

Gastrointestinal ischemia is a symptom happening when blood flow is inadequate
to bring Oy to the stomach and intestines [1,5]. After eating, the oxygen demand
increases. Normally, a cell operating under aerobic catabolism consumes carbohy-
drates (sugar) and releases energy for the body in the form of adenosine triphosphate
(ATP), and the by products HoO and C'Oy which is removed by the blood flow (figure
1-1). However, when hypoperfusion occurs, the accumulation of COy will induce the
reaction (1.1) in the direction of forming more H*. An increase in H™ concentration
is a signal for a cell to activate the anaerobic catabolism. The anaerobic catabolism
converts only sugar to lactic acid as the end product and less ATP than of aerobic
catabolism. The agglomeration of lactic acid in turn makes the equation (1.1) to go

reverse direction to create more COy [0]. As a result both pCO2 and pH decrease.

CO, + H,O = H + HCO3™ (1.1)

Gastrointestinal ischemia is either occlusive ischemia or non-occlusive ischemia.
Occlusive ischemia results from the disrupted of blood flow (by abnormal twisting
of the intestine or presence of thrombus figure 1-2) Non-occlusive ischemia results

from systematic conditions such as circulatory shock, sepsis (toxic conditions by in-
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Figure 1-2: Gastrointestinal ischemia caused by thrombus (photo courtesy from
pixshark.com)

fection) [6]. Diagnostic methods for ischemia are commonly based on evaluating
the carbon dioxide concentration or pCO2 by splanchnic angiography, duplex sonog-
raphy, endoluminal pulse oximetry, tonometry [(], etc. These methods depend on
complicated external apparatuses and measurement systems, not allow a real-time
observation, and may cause pains for patients. Therefore, an implanted sensor for
real-time diagnosis is the target for many current researches. A pH biosensor is among
the solutions.

A pH biosensor

Developing a miniaturized pH sensor capable of measuring the acidity in cell
cultures (in vitro) and in living tissue (in vivo) with the long term aim of targeting
implantation in human subjects for real-time observing pH change inside human
body should consider the biocompatibility of materials. Hydrogels can be a choice
for sensing elements.

Hydrogels known as the biocompatible materials have been applied in the field
of tissue engineering, regenerative medicine and drug delivery [7]. Hydrogels have
been used for biomedical applications for their special properties such as having the
similar structure to living cells as well as the sensitivity with specific stimuli in the
target environment. Since the swelling rate of the hydrogel has a relation the its

size [¢], miniature MEMS (microelectromechanical system) devices in small scale
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offer a unique opportunity for hydrogels to perform their sensing functions. Though
implantable MEMS biosenors are few examples so far due to biocompatible challenges,
micro-fabricated pressure sensors also have the potential for in vivo application [9].
The development of a pH biosensor bases on pH responsive hydrogel and piezoresistive

pressure sensor is highly motivated.

1.2 Research goal

The project aim is to develop a pH sensor based on a pH-sensitive hydrogel mate-
rial for biomedical applications, particularly for measuring the acidity in cell cultures
(in vitro) and in living tissue (in vivo) with the long term aim of targeting implanta-
tion in human body. It is expected to focus on (i) choosing the pH-sensitive hydrogel
for optimized response in the desired pH range (ii) synthesis and characterization the
hydrogel (iii) modification of an existing pressure sensor for the hydrogel incorpora-
tion, (iv) design of the front-end sensor electronics, (v) packaging the hydrogel sensor,
(vi) test and measurement in vitro using standard buffer and pH solutions.
Feasibility of the project is supported by firm theory and previous reported
work. The hydrogel that swells in response to the change of pH [10-13] is one member
in the family of stimuli-sensitive hydrogel and has been demonstrated the ability to
be incorporated into MEMS and other implantable devices for both in vivo and in
vitro biomedical applications [9]. A piezoresisitive pressure sensor with a membrane
deformed by pressure when incorporated with hydrogels will transduce the response
of pH-sensitive hydrogel to the change in solution to an electrical signal [I1-18].
Incorporation between a hydrogel and a pressure sensor is possible and promising for

either in vivo or in vitro applications.

1.3 Thesis outline

The thesis is mainly focus on development a pH biosensor based on the pH-sensitive

hydrogel material. It is structured as follows. The first chapter is a general intro-
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duction for the motivation for developing a miniature pH biosensor and goals of this
thesis.

Chapter 2 introduces an overview of hydrogels. The chapter explains the special
behaviors of pH-sensitive hydrogel, discusses the promising applications of hydrogels
and hydrogel sensors in biomedical field. The chapter also introduces the basic theory
for hydrogel simulation as well as some previous works on hydrogel modelling and
simulation. The choice of the model hydrogel using in this project is also presented.
In chapter 3, methodology utilized to synthesize and characterize the pH-sensitive
hydrogel (2-hydroxyethyl methacrylate co acrylic acid) is described. This chapter
also presents some elementary methods using to determine the swelling-shrinking
degree of the pH-sensitive hydrogel and the necessity to understand the microscale
hydrogel behavior are also discussed. Subsequently, the results for behaviors of this
hydrogel are provided with detailed discussions. Chapter 4 presents working principle
of hydrogel sensors as well as an explanation for capability of generating pressure of
the hydrogel inside the confined cavity of the pressure sensor. The experiment work
with the design, packaging and measurement methods used to characterize hydrogel
sensor is addressed. Results and discussions are also given. Chapter 5 is the conclusion
for the thesis. The chapter also discusses some future work possibilities for further

improvements of hydrogel sensor.
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Chapter 2

An overview of hydrogel

This chapter aims to give an overview of hydrogels, with emphasis on the promising
applications of hydrogel in biomedical field as well as special behaviors of pH-sensitive
hydrogels. The chapter aslo presents both elementary theory and antecedent studies
on hydrogel modelling and simulation. Different types of hydrogels have been com-
pared and a deliberate choice was made for the specific hydrogel used in this project:
2-hydroxyethyl methacrylate-co-acrylic acid (HEMA co AA). This hydrogel has the
potential to work in a similar pH range of living tissue, it is biocompatible, and is

neither really dangerous to handle in the preparatory steps.

2.1 Introduction

A hydrogel is defined as a three-dimensional cross-linked polymeric network that can
contain a large amount of water within its structure. The polymer network comprises
long chains called backbone which can be made up of one or more monomers, and
which contains functional groups (side groups) which contribute to the unique be-
havior of hydrogel toward some sort of external stimuli. Long chains of backbone are
linked to each other by cross-linking or by association bonds such as hydrogen bonds,
and strong Vander Waals interaction [19] that creates a stable matrix. This matrix
permits a hydrogel to hold up to 90% of water without dissolution.

Hydrogels have over the recent decades received a considerable amount of at-
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Figure 2-1: Behavior of hydrogel: acidic hydrogel (a), amphiphilic hydrogel (b) and
basic hydrogel (c)

tention thanks to their ability to react with different environmental factors such as
temperature, light, electrical field, ion concentration, pH, etc. They can be inte-
grated into a physical transducer that is then transformed to a hydrogel sensor with
potentially many applications, especially in chemical and biomedical fields, depend-
ing on the properties of the hydrogel. These sensors translate the physical swelling
of a hydrogel to an electrical signal that can be read out by an associated electric
circuit. It is expected that hydrogel sensors will have a promising position in biomed-
ical applications. Many polymers are bio-compatible, and the ability of holding a
large amount of water inside its structure makes it similar to natural living soft tis-
sue. Other important properties are the inertness towards normal bioactivity, which
makes them resistant towards degradation. Hydrogels can be easily prepared in any
shape or form by casting, spin-coating, photo-patterning as well as integration into
a transducer. The low cost of hydrogels may allow production of low cost dispos-
able devices, and responds to the demand of real-time diagnosis in bio-medical and

chemical applications.

18



Undissociated
lonizable Group

Polymer chain Fixed Charge

Mobile ion Crosslink

Fluid'Filled
Region

Figure 2-2: Hydrogel network with anionic side groups

2.2 The swelling-shrinking phenomena of p H-sensitive

hydrogel

A pH-sensitive hydrogel is based on weak acid or weak basic side-groups that are
attached to its backbone structure. These side-groups can be ionized as a function
of pH, resulting in free counterions inside the hydrogel structure that can exchange
with cations from the solution. The ion exchange follows the rule of maintaining
charge neutrality inside the hydrogel. This means that when a hydrogel gives off
ions to the surrounding solution, it will receive a similar amount of counterions in
return. Therefore, inside the hydrogel, the concentration of counterions will increase,
causing an osmotic pressure difference to develop between the gel and the solution.
As a result, the hydrogel will swell until the elastic forces inside the hydrogel are
in equilibrium with the osmotic pressure. Hydrogels with acidic side groups tend to
expand with the increase of pH whereas hydrogels that contains basic groups, such
as amphiphilic hydrogels, will expand at low pH and high pH value, and shrink in
moderate pH (figure 2-1).

— COOH = COO™ + H (2.1)

19



y | N
+
/ H \\\‘
,*'/ e _\\—>
f ) +
\.‘\‘ -"_ _ A
\\\\\ G e F //
Solution

Figure 2-3: Ion exchange between gel and solution

A hydrogel network with acidic function groups is presented in figure 2-2. For a
clearer explanation, we take an example with acidic hydrogel which has (-COOH) as
the function group in its structure. When hydrogel is inside the solution, -COOH will
be ionized following a reversible equation which is dynamic balance at equilibrium
state, degree of ionization depends on the dissociation constant pK, of the acid group.
When pH in the solution increases, thus concentration of H+ decreases, the balance
of equation (2.1) will shift toward the right side, more H™ to be produced inside the
gel. HT from inner gel goes outside and in reverse, cation species from solution, for
example AT goes inside to maintain the general electrical neutrality of the gel. The
concentration of A™ hence increase inside the gel and higher than that in the solution,
the difference in concentration of A™ causes osmotic pressure to make the gel expand.
Oppositely, when pH in surrounding solution decreases, meaning H™ concentration
increases in the solution, the balance of equation (2.1) shift to the left side, therefore
less H' to be generated. As a result, less AT will go inside to exchange with H' going
outside, less osmotic pressure was generate so the gel tend to shrink. Ion exchange
between hydrogel and solution is illustrated by figure 2-3.

The ionic strength has a large influence on the degree of hydrogel swelling. When a
hydrogel with acidic side group, for example, hydroxyethylmethylacrylate-co-acrylic
acid (HEMA-co-AA), is exposed to pure water or low ionic strength solution, no
osmotic swelling increase in the gel, although the pH of solution is higher than the

pK, of the acrylic acid (around 4.25). This can be explained by the electro-neutrality
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maintaining mechanism in interior hydrogel, hydrogel tends to exchange proton to
solution and take other counterions in reverse, but at low ionic strength, only protons
exists in outside solution due to protolysis of water. Consequently, pH inside hydrogel
network is low, most acid groups in protonated state (or uncharged state). There is
no difference in concentration of counterions to cause osmotic pressure. When the
ionic strength increases, hydrogels can exchange ions with solution, resulting in an
increase of counterions concentration inside the hydrogel. The resulting increase in
osmotic pressure causes the hydrogel to swell. When the ionic strength increase to
high levels (1M-10M), the hydrogel will shrink due to the loss of the osmotic pressure
between the gel and the solution, the solution now has osmotic pressures in the range

of the osmotic pressure inside the gel.

Peppas et al [19] have derived a mathematical model to explain the swelling-
shrinking of hydrogel based on Flory-Huggins thermodynamic theory, the rubber
elasticity theory, and ionic interaction deviations. There are three contributions to the
free energy of the system G: polymer-solvent mixing, elastic-retractive as the result of
expansion of hydrogel and ionic free energies due to difference in concentration inside

and outside hydrogel, expressed respectively by AG i, AGe and AGig,

AG - AGmix —I— AGel + AGion (22)

Equation (2.2) can be rewritten in term of pressures,

AlIl = All i + Allg + AL, (2.3)

In equilibrium state, the total energy reaches a minimum or zero

AIl = Alli + Allg + Alli,, =0 (2.4)
A1_-[mix + A]-_-[ion - _AHel (25)

From equation (2.5) it is easy to see that the expansion-shrinkage of hydrogel due to

the general tendency of hydrogel network to dissolve itself in solvent (mixing) and the
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osmotic pressure caused by differences in ionic concentration inside and outside the
hydrogel (Alljo,). But the osmotic pressure is much greater than the mixing force [10]
(assume hydration due to mixing of hydrogel has been completed before pH starts to
change) then it is possible to say that equilibrium of hydrogel is when elastic force of

the network balance the osmotic force.

2.3 Theory for hydrogel modeling and simulation

The behavior of hydrogels have been modeled and simulated for several decades re-
cently. pH-sensitive hydrogel simulation are basically based on the coupling of multi-
field equations.

The problem of hydrogel simulation is to predict how much hydrogel expand-
shrink in a certain condition. It is basically based on the coupling of multi-field
equations. We can start with the mechanical field equation, in which the deformation
of hydrogel can be determined (Chandrasekharaiah and Debnath, 1994) [20]

0%u

ou
pﬁ + fa =V.o+ ,Ob (26)

where p is the effective density of the gel, u the vector of the displacements, f the vis-
cous damping parameter between the solvent and the polymer-network, o the stress
tensor and b is the vector of body forces. Equation (2.6) has been derived contain-
ing term of osmotic pressure Posmotic in the derived equation [21,22]. Posmotic is

calculated in ”Physical chemistry” book of Berry et al (1980) [23].
Posmotic = RT Z (Ck - Cﬁ) (27)
k

where ¢ is the concentration of the k™ ion in the stress-free state in the outside
solution, ¢ the concentration of A" ion inside hydrogel. The ions considered in the
computation of the osmotic pressure are ions with dominant concentrations. Concen-
tration of H' and buffer ions are too small and can be ignored to make computation

simple [21].
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Concentration of ions inside the hydrogel is determined by a system of two equa-
tions. The first equation is Nernst-Planck equation. It is a conservation of mass equa-
tion used to describe the motion of the charged chemical species in a fluid medium.
The flux of ions is described including diffusive flux (concentration gradients), elec-
trical migration flux (gradient in electric potential), and convection flux (convection

of the solven and the ions) [21,25]

— ov
Fk = ¢[—Dk% — /LkaCk%] + CkU (28)

where I is the flux of the £ ion, ¢ the gel porousity, Dy the effective diffusivity of
the k™ ion inside the hydrogel, . the ionic mobility and 2z, the valence of the k' ion,
U the electric potential, U the area-averaged fluid velocity relative to the polymer
network and x is the coordinate system associated with the deformed hydrogel.

The second equation used to compute the concention of ions is either Donnan
theory together with electro-neutrality condition or Poisson’s equation. The Donnan
theory (or Gibbs-Donnan equilibrium) describes the equilibrium that exists between
two solutiona that are separated by a membrane. The expression for the Donnan
equilibrium is given by equation (2.9) [24], and electro-neutrality equation given by
equation (2.10). Solving equation (2.8), (2.9) and (2.10) can obtain all the concentra-
tion ions and fixed charge concentration. Poisson’s equation is used in electrostatics to
describe the potential energy field caused by given charges or mass density distribution
(equation (2.11)). Solving equation (2.8) and (2.11)) can achieve ion concentrations
and fixed charge concentration inside hydrogel.

The Donnan equilibrium equation is given by

1 0

Ck C, L
(Cog)mﬁ\ — (CL)\Zk_l =\ (2.9)
k+ k—

where ¢y and ¢, are the concentrations of a positive ion inside and outside the
hydrogel, respectively. Where ¢, and ¢)_ are the concentrations of a negative ion
inside and outside the hydrogel, respectively. 2z, and z,_ are the valences of the

positive and negative ions, respectively. A is termed as the Donnan partitioning
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ratio.

The electro-neutrality equation is given by

Z 2+ ez =0 (2.10)
k=1

where ¢f and 2 are the concentration and valence of fixed charge group inside the
hydrogel structure.
The Poisson’s equation is given by
0?0 F

- 2.11
72 - ( kz::l Cr2k + Ce2e) (2.11)

Where F'is Faraday’s constant, €, ¢y are relative dielectric constant and vacuum
dielectric constant of solvent.

The system of these equations described above is called the system of chemo-
electro-mechanical equations, used to describe the swelling and shrinkage of hydro-
gel. It have been studied and solved by Wallmersperger et al (2001-2015) by nu-
merical simulation [10,19,26,27]. In this model, the author used the Nernst-Planck
equation to describe the chemical field, and the Poisson’s equation for the electri-
cal field and mechanical field equations. Hua Li et al (2004) solved a similar model
with Meshless Methodology Development called Hermite-Cloud Method (numerical
technique) [22]. Kang et al (2008) uses Comsol-Multiphysics (simulation software)
combined with Matlab software to solve model of chemo-electro-mechanical multi-field
including Nernst-Planck equation, Donnan theory and elastic mechanics without con-
sidering Poisson’s equations [28]. Sudipto et al (2002) reported an equilibrium and
a kinetic model based on Donnan theory [10], but soon replaced the Donnan theory
by a kinetics model based on chemo-electro-mechanics in 2004. The improved model
used Poisson’s equation instead Donnan theory, explaining that the Donnan theory is
typically valid only at the boundaries of the gel may not be correct to determine the
ionic concentrations inside hydrogel structure, especially for smaller gels where the
concentration gradient within the gel is more steeper compared to that in larger gels

and so is the electric potential. This model is similar to the model of Wallmersperger
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Figure 2-4: Coupling between different modules within Comsol in moving mesh and
fixed frames required for hydrogel simulations [30]

mentioned above [21]. Suthar in his thesis (2009) used Comsol Multiphysics, employ-
ing a moving mesh method for 3D geometry, the FEM simulation was performed to
account for large swelling of the pH sensitive hydrogel. Studies of Suthar have also
been reported in [29,30] (2013).

A flow diagram explaining his work on hydrogel simulations in Comsol multi-
physics is illustrated in figure 2-4, showing a whole relationship between the chemo-
electro-mechanical system of equations. The coupling of the Nernst Planck equation
and the Poisson’s equation can generate the solution for the ion species concentra-
tions ¢, the fixed charge concentration ¢; and the electrical potential which in turn
permit us to compute the osmotic pressure P,gnotic, the main force that cause expan-
sion/shrinkage within the hydrogel. Pogmotic is used in mechanical field equations to
solve for the deformation of a hydrogel which again induces the change of fixed charge

concentration and hence the solution of Poisson’s equation. In addition, Thong Trinh
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Figure 2-5: Chemical structure of HEMA, DMAEMA, AA

et al (2006) attempted to investigate the behavior of silicon piezoresistive pH sensor
which relies on the pH sensitive property of a hydrogel. They simulated the silicon
membrane deflection and the stress inside the membrane using finite element method

(ANSYS software) [21,28].

2.4 Material considerations

The suitably chosen hydrogel should refer the purpose of this project to develop a
biosensor. Therefore, it is important to consider both the biocompatibility of materi-
als as well as the appropriate working range of hydrogel can respond to. pH range for
living tissue in normal condition is around 7.4 and can be reduced to 6.6 as mentioned
in chapter 1, section 1.1.

The most widely used biomedical hydrogel is water swollen, crosslinked poly(2-
hydroxyethyl methacrylate) (pHEMA). It shows resistance to degradation and is per-
meable to most metabolites. In addition, it is not absorbed by the body, withstands
heat sterilization without damage, and can be prepared in a variety of shapes and
forms. Other important hydrogels are acrylamides, co-monomers of acrylic acid or
methacrylic acid with other co-monomers [19)].

HEMA-co-AA was a deliberate choice among 2-hydroxyethyl methacrylate co
Acrylic acid (HEMA-co-AA), and 2-hydroxyethyl methacrylate co 2-(Dimethylamino)ethyl
methacrylate (HEMA-co-DMAEMA). The difference between these HEMA based hy-

drogels is the functional group of the co-monomer. While AA contains carboxylic acid
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Table 2.1: Comparison of HEMA-co-DMAEMA and HEMA-co-AA

Object HEMA-co-DMAEMA HEMA-co-AA
Functional group Amino —N — (CHj), Acid —-COOH
[onic monomer DMAEMA AA
pK, of DMAEMA 8 4.25
Behavior when increase Shrink Expand
o) (s

Acrylic‘group
OH

Figure 2-6: Chemical structure of HEMA-co-AA

groups which make the gel expand when pH increase, DMAEMA contain basic amino
basic groups which induce the gel to expand when pH decrease. HEMA-co-DMAEMA
with the pK, of DMAEMA around 8, is reported to have acid dissociation constant
pK, around 7 [20] which means this gel will significantly change around this value.
This value of pK, is very close to normal pH of living tissue (pH 7.4), matching
with the range of pH change 6.6 - 7.4 inside living tissue. HEMA-co-AA has the
acid dissociation constant pK, of AA is 4.25 [31], the pK, of HEMA-co-AA was
experimental determined by this project is approximately 5.5-6which is expected to
drastically swell-shrink in range of pH 4 - 8 (chapter 3). Therefore, HEMA-co-AA can
also be usable in the working range of living tissue. On the other hand, DMAEMA
is extremely toxic that adults can be killed if inhaling while AA is only classified
as acute toxic (information given in specification by Sigma-Aldrich Company). For
safety reasons, HEMA-co-AA was chosen. Although the pH range is not optimal, it
will work as a proof-of-concept material within the aim of this project. The chemical
structure of HEMA, DMAEMA, AA are illustrated in figure 2-5. A comparison of

the two mentioned hydrogels is presented in table 2.1.
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Finally, throughout this project, hydrogel HEMA-co-AA was used. It is syn-
thesized from a monomer HEMA, co-monomer AA, the crosslinker tetraethylene
glycol dimethacrylate (TEGDMA), and finally the photoinitiator 2,2-dimethoxy-2-
phenylacetophenone (DMPAP). The synthesized hydrogel should have the structure

as presented in figure 2-6.

2.5 Conclusion

Hydrogels in general and pH-sensitive hydrogels in particular are relative new mate-
rials with a potential for integration with physical sensors, transducers or actuators in
the field of BioMEMS. The kinetics of swelling-shrinking of hydrogels can be explained
and different model have been built to describe this behavior in detail. Modellings
and simulations of hydrogels will permit researchers to predict the properties of hy-
drogel for sensors with high accuracy. In this project, the hydrogel HEMA-co-AA was

chosen as the model component used for integration into a pH sensitive biosensor.
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Chapter 3

Miniaturized-hydrogel

characterization

This chapter introduce some methods to determine the swelling-shrinking degree of
the pH-sensitive hydrogel and discusses the necessity to understand the miniature hy-
drogel behavior in constraint condition. As the main parts of the chapter, the method-
ology used to synthesize and characterize the pH sensitive hydrogel HEMA co AA
that was chosen as the model component in this project are presented. Subsequently,

the results for behaviors of this hydrogel are provided with detailed discussions.

3.1 Introduction

Hydrogels have been known to science for a long time and are currently being in-
vestigated for use in a wide range of applications. However not all is known about
hydrogels, especially when it is scaled down to the micro range. Also, incorporating
stimuli-sensitive hydrogel into physical microtransducers, will take the advantage of
translating the mechanical properties of the gel to an electronic or optical read-out
platform providing a source of data. Therefore, there is a need to understand the
behavior of confined hydrogel. For example, the response time of a hydrogel, referred
to (3.1) (Fick’s second law of diffusion), depends on the diffusion distance x and the

diffusion coefficient D of the respective ions and molecules involved in the swelling
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process. Thus, with the purpose to reduce the response time, diffusion distance should
be reduced. This can be achieved by downsizing the hydrogel that is integrated into
the sensor. It would be interesting to know the behavior of micro-scale hydrogel in a

constraint condition.

(3.1)

Ol %

Many methods used to determine the hydration of pH sensitive hydrogel have been
approached. Most of these rely on a free expansion of the hydrogel. A change in
volume of can be measured traditionally by weighing the hydrogel, or optically by
imaging sample movement using a microscope. The measurements were improved by
more accurate methods when incorporating hydrogels into transducers which allow
converting signal of swelling/shrinking from hydrogel to electrical signal. Two basic
principles for evaluating changes of hydrogels by transducers were mentioned in [32],
including transducers based on mechanical work performed by hydrogel swelling and
shrinking and transducers based on observing changes in properties of free swelling
gels. The mechanical work induced by the expansion and shrinkage of hydrogels can
be incorporated with microcantilevers, bending plate transducers, etc. The changes
in properties of free swelling gels such as optical properties, mass can be the main
factors to determine the hydration degree of hydrogel themselves when they are inte-
grated into relevant transducers. Some possible transducers are optical transducers,
conductometric transducers [33], oscillating transducers such as quartz crystal micro
balance [31], magnetoelastic sensor [35]. The changes in properties of hydrogels can
be observed indirectly by modificating the hydrogel surface with a coating material or
from embedded objects implanted (nanoparticle surface coating) or by fluorophores
labelling. The changes of hydrogels induces the changes (position, intensity or optical

properties) of these objects and are then measured by optical transducers.

In this project, the hydrogel is synthesized in microscale, constrained in all direc-
tion but one opening to the environment. Characterization for miniaturized-hydrogel

was determined using profilometer with vertical resolution down to 1 A. The same
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method was used in the work of S. Payen (2007) [20].

3.2 Materials

The hydrogel hydroxyethyl methacrylate-co-acrylic acid (HEMA-co-AA) was synthe-
sized from: 2-hydroxyethyl methacrylate, HEMA, (128635, Sigma-Aldrich, USA),
acrylic acid, AA, (147230, Sigma-Aldrich, USA), tetraethylene glycol dimethacry-
late, TEGDMA, (86680, Sigma-Aldrich, USA), and photoinitiator 2,2-dimethoxy-2-
phenylacetophenone, DMPAP, (196118, Sigma-Aldrich, USA). pH buffers from 2-12
were prepared from ortho-phosphoric acid (100573, Merck, Germany), sodium phos-
phate monobasic monohydrate and sodium phosphate dibasic dehydrate (59638 and
71643 , Sigma-Aldrich, USA). Tonic strength of all pH buffers was adjusted by sodium
chloride (746398, Sigma-Aldrich, USA). The photolithography process used chemicals
offered in cleanroom of Buskerud and Vestfold University: SU8100 (Micro Resist Tech-
nology GmbH, Germany), developer mr-Dev 600 (R815100, Micro Resist Technology

GmbH, Germany), and other chemicals.

3.3 Methods

3.3.1 Hydrogel synthesis

SUS8 cavity fabrication

A negative photoresist SU8-100 was used to fabricate the microcavities used
to synthesize the hydrogel. Negative photoresist refers to photoresist that will be
crosslinked for the part cured under UV light, parts not exposed to UV light will
remain soluble and can be washed away by developer. SUS8 derives its name from
consisting of 8 groups of epoxy in its structure (figure 3-1). By means of photolithog-
raphy techniques, square cavities were formed with 1400 pm sides and depth of 100-
150 pum. Two different processes have been set up: the first process to create SU8

wall on silicon wafer (SU8-silicon) (figure 3-2a, b), the second one to form SU8 wall
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Figure 3-1: Structure of photoresist SU8

on a SU8 base (SU8-SUS) (figure 3-2c).

The first photolithography process is described as following. A silicon wafer was
firstly pretreated by rinsing carefully with acetone, iso-propanol and deionized (DI)
water before pre-baking at 200°C in 10 minutes to drive off any moisture on the
wafer surface. About 10 ml of SU8-100 was spin coated using the SP100 Spin Coater
with process parameters shown in figure 3-3. A soft-baking was followed at 75°C
in 25 minutes and 105°C in 55 minutes to increase the viscosity of photoresist and
ensure the uniform thickness distribution on silicon wafer. A photomask with different
transparent and opaque regions was used in exposure step to allow UV light only on
expected area of photoresist. This happens in 65 seconds under UV lamp with light
intensity 8.5 mWW/cm?. Wafer was then post-baked at 75°C in 12 minutes and 105°C
in 12 minutes. After post-baking, it was very important to leave the wafer to cool
down before developing to prevent any broken in structure (due to thermal shock in
such a thick photoresist layer). Developing step was conducting in Developer mr-Dev
600 in 10 minutes. The wafer was rinsed with isopropanol, dried by nitrogen and
checked to make sure a complete development by microscope. Hard-baking was an
optional step for 5 minutes. The second process for SU8-SUS cavities follows the same
steps but adding one layer of SU8 spin coated on silicon wafer without developing
before adding another SUS layer.

Hydrogel synthesis

Pre-hydrogel solutions were prepared consisting of HEMA and AA at mole ratio
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Figure 3-2: (a) SUS8-silicon process, (b) SUS8 cavities on silicon wafer, (c) SU8-SU8
process

6:1, 4:1, 2:1, 1.67% crosslinker TEGDMA and 3% photoinitiator DMPAP to the total
weight. An amount of pre-hydrogel solution was injected manually into prepared
cavities by using a micropipette and exposed to UV light intensity of 12 mW /cm? in
550 seconds to achieve a complete polymerization as illustrated in figure 3-4 [10,13,20].
Synthesized hydrogels were synthesized individually on wafer and diced for further
testing (figure 3-5). All the hydrogel samples were stored in nitrogen cabinet before

testing.
Phosphate-buffered saline (PBS) preparation

A pH buffer is the solution in which a molecule tends to either bind or release

ions in order to maintain a particular pH. It contains a mixture of a weak acid and

33



N
o
o
o

Angular velocity (rpm)

50
0
5 15 25 40 70
Time (second)
Figure 3-3: Spin coating program
UV light
UV light
su8 Pre-hydrogel su8 sus Hydrogel sus
solution (el el
SU8 Pre-hydrogel su8 sug Hydrogel su8
solution (solid form) Su8 sus
Silicon wafer Silicon wafer Silicon wafer Silicon wafer
UV exposing After exposing UV exposing After exposing

(a) (b)

Figure 3-4: Hydrogel synthesized (a) in SU8-silicon cavity, (b) in SU8-SUS cavity

its conjugate base, or vice versa. The test solution used in this study was based on a
phosphate-buffered saline (PBS) which simulate the composition and pH of a human
body fluid known as the interstitial fluid, which resides in living tissue. PBS buffers of
different pH were prepared from ortho-phosphoric acid, sodium phosphate monobasic
monohydrate and sodium phosphate dibasic dehydrate. Ionic strength was adjusted
to 200 mM by using sodium chloride. pH buffers were prepared based on pairs of
HsPO,/H, PO}, Hy,PO; JHPO;™, HPO3; /PO}™ and their dissociations shown in
equations (3.2), (3.3), (3.4) . In these chemical equations, K, represents for acid dis-
sociation coefficient, pK, is the negative logarithm of K,. The smaller pK,, the more
acidic the substance). In solution, along with the dissociations of phosphate salts,
there always exists the dissociation of water, however, water dissociation coefficient is

rather small compared to the others, so it is assumed to be ignored in equation (3.5).

(pK,)1 = 2.15: H3PO, = HyPO; + H* (3.2)
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Figure 3-5: Synthesized hydrogel on diced wafer

(pKa)g =721: HQPOZ = HPO47 + H+ (33)
(pK,)3 = 12.32: HPO;™ = PO + HT (3.4)
(pK.)s=14: H,O = H" + OH" (3.5)

The ratio of the amount of buffer components were calculated based on the chemical

equations for each pair of acid/conjugated base.

For H3PO4/H2PO4_

[Hy PO, ]
H = (pK, (R 3.6
e = ol KAy 3.7
[H3POy] (3.7)
For Hy,POy; /HPO7 :
[HPO;™]
H — Ka +1 e———— 38
[HPO3™] (pH—(pK
Tt = 1P (PK)2) 3.9
[Hy PO, | (3.9)
For HPO3} /| PO}
[POZ"]
H = (pK, lo——2 2 3.10
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[1531?042]—] _ 10~ (pKa)0) (3.11)
4

Since the value of the buffer pH is around at the logarithmic scale pK, of acid, PBS

buffers from phosphoric and its salts can vary from 2-12.

3.3.2 Hydrogel characterization

ho = hl'hz
Ah = h3-h0
Original gel Swelling gel

(b)

Figure 3-6: (a) Measuring hydrogel thickness by profilometer, (b) Hydrogel thickness
calculation

The hydrogel samples were synthesized in a cavity where it was only allowed to
swell-shrink in one direction. Thus, the changes in volume of the hydrogel sample
were indicated by measuring the changes in thickness of the sample. The Dektak
150 Surface Profilometer (Veeco Instruments Inc, USA) is the equipment used to
characterize the hydrogels in these experiments. The vertical range and theoretical
resolution of the Dektak 150 are 524 ym and 1 A respectively. In this experiment, the

profilometer was set to measure in 524 pm with a stylus force 1 mg. The thickness
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of the hydrogel samples before and after exposure to a particular pH buffer were
measured indirectly. A sketch of how to measure and calculate the hydrogel thickness
is shown in figure 3-6 where hq is the initial thickness of hydrogel, h; the depth of
cavity, he the depth of cavity containing hydrogel dried hydrogel inside, hs the depth
of cavity and swelling gel, Ah is the displacement of hydrogel. As a result of swelling
inside confined cavity, surface of hydrogel samples were not flat, but rough. In order
to measure accurately for specific positions across a polymer surface, measurements
were made through two diagonals of square cavity (figure 3-7c) . The samples were
immersed in pH buffer during the measurement to prevent dehydration when exposed
to air. A clear image of hydrogel under the needle of the profilometer and typical
results by presented on the monitor of profilometer system can be seen in figure 3-7a,

b.
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Figure 3-7: The measurement of thickness of hydrogel with a profilometer. (a) Re-
sults showing the ”dry state” after synthesis, and (b) after immersion in pH buffer and
subsequent expansion. (c¢) The hydrogel surface was measured through two diagonals

The hydrogels were characterized as a function of pH range, response/equilibrium

time, hydration of different ratio of HEMA-co-AA, and for any hysteresis behavior.
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3.3.2.1 Morphological properties of hydrogel in cavity

A sample of hydrogel synthesize in cavity was used to observe change in thickness
and shape of hydrogel inside the cavity due to hydration and dehydration process.
Hydrogel was first in a dry state and then dropped solution on surface to observe any

change. Photos were taken under microscope for each 20 seconds.

3.3.2.2 The swelling rate of HEMA-co-AA

Two samples of HEMA-co-AA at ratio 4:1 were immersed in pH buffer 3.91 and 6.92
with thickness 61 pm and 77 pum respectively and measured after each two minutes
until 90 minutes and then almost 28 hours later to see how much time for the hydrogel
samples to get in equilibrium status and how differently hydrogel samples behave in
different pH buffers. Hydration degree is calculated by equation 3.12

AV h

HA) = 3 = o (3.12)

Where H(%) hydration degree, V change in volume, V0 initial volume of hydrogel as
dry state, h change in thickness, hO initial thickness of hydrogel, h is calculated as
showed in figure 3-6.

3.3.2.3 Behavior of HEMA-co-AA

Experiment 1 was to determine a general behavior of hydrogel in a wide range pH and
to figure out the pH range for drastic swelling of HEMA-co-AA. Different hydrogel
samples were dipped inside pH buffers from 2-11 sequentially. Changes in volume
of polymer samples in pH buffers were observed after 18, 38, and 44 hours. Then,
hydrogel samples had been dried naturally in air and stored in nitrogen cabinet for 23
hours before being rehydrated in relevant pH solutions during 4.5 hours and measured
the thickness changes.

Experiment 2 with two samples, moved from one pH buffer to other pH buffers in

every 30 minutes. Experiment 3 was implemented as experiment 2 but in 60 minutes.
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These two experiments were compared to each other and compared to experiment 1

to determine an actual pH range.

3.3.2.4 Hydration of different ratio of HEMA-co-AA

HEMA-co-AA hydrogel samples were prepared in different ratio 2:1, 4:1, 6:1. Samples
were moved from pH 2.29 to 11.04 and stay 30 minutes in each buffer. Changes in

thickness were recorded.

3.3.2.5 Hysteresis in the behavior of HEMA-co-AA

Samples stayed 30 minutes in each buffer for pH from pH 2.29 to 11.04,. Experiments

were repeated but sample were left in 60 minutes in each buffer to make a comparison.

3.4 Results and discussions

3.4.1 Hydrogel synthesis

Both SUS8-silicon and SU8-SUS cavities were prepared, side of square cavities 1.4
mm, depth 100-150 pum. Hydrogel samples were successfully synthesized inside those
cavities. pH buffers were prepared from 2-12, measured by pH electrode. Hydrogel
samples were characterized in both SU8-silicon and SU8-SUS cavities. Experiments
showed that in SUS8-silicon, characterization cannot be done properly due to a dif-
ference in adhesion of hydrogel samples to SU8 wall and silicon bottom, resulting in
buckling when samples swelled in pH > 7. These below results were recorded with
samples in SU8-SUS cavities. The results achieved on the characterization of the

hydrogel are with the SU8-SUS8 cavity.
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Figure 3-8: Hydration and dehydration of hydrogel under microscope

3.4.2 Hydrogel characterization

3.4.2.1 Morphological properties of hydrogel in cavity

Observing the swelling and shrinking of the hydrogel sample due to hydration and
dehydration process in the cavity, many creases were formed on the surface of hydrogel
(figure 3-8). The hydrogel in a confined volume (cavity) cannot spread its structure
in all directions as in the conditions of free-expansion. They were forced to expand in
one direction, so they tend to fold the structure forming creases on the surface. This

may not happen in case of free expansion.
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Figure 3-9: Swelling rate of hydrogel HEMA-co-AA

3.4.2.2 The swelling rate of HEMA-co-AA

Studying swelling rate of HEMA-co-AA (4:1) (figure 3-9) shows that gel from initial
state (dry) swell dramatically fast in first 30-60 minutes. In pH=3.91, for the first 30
minutes, it swells to 43% of initial volume, and to 49% in 60 minutes. In pH=6.62,
the sample swells to 82% in first 30 minutes and to 108% in 60 minutes (Table 3.1).

Results from figure 3-9 show that thinner hydrogel swells (hydration) faster than
thicker one in specific time. The reason is thin layer of hydrogel has shorter diffusion
paths for ions from outside to diffuse into the whole structure of the gel. It also
can be seen that higher pH values make the gel swell stronger, resulting in higher
hydration degree at equilibrium status than in lower pH. At low pH, little acidic
groups are protonated, so the exchange of ions with surrounding solution happens
very limited. The main driving force to induce hydrogel to expand and withdraw
water into its structure is mixing force. The role of the osmotic pressure in this case
is not significant. Oppositely, in high pH, more acid groups of the gel are protonated,

more proton Ht to be released to exchange with cations from solvent, as a result,
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Table 3.1: Hydration of HEMA-co-AA (4:1) in pH 3.91 and pH 6.62

Parameters pH 3.91 pH 6.62
Thickness (pm) 61 7
Hydration in 30 minutes (%) 43 82
Hydration in 60 minutes (%) 49 108
Hydration in 90 minutes (%) 49 143

osmotic pressure increases, causing the gel to expand much more that in low pH
buffers. It took approximately 60 minutes, 90 minutes for the hydrogel sample of
thickness 61 pum, 77 pum to get in equilibrium state, respectively.

The characteristic time constant of polyelectrolyte gels in presence of buffer ions

was investigated by Lesho and Sheppard [36], given by

2
2(5 [1+ /Bgel
7 Dup (1+ Ho)SPus

(3.13)

Thdr =

0 is gel thickness, Dyp diffusivity of the buffer molecule into the gel, Hy hydration,
gel buffer capacity of the hydrogel, Syg buffer capacity of the buffer solution Assume

that in these experiments, only thickness of the sample change:

T1 51

bk (314)

T2

To this experiments, there are two samples with thickness ;=61 um and ;=77 pm
have constant time 73 = 60 minutes and 7 = 90 minutes respectively. The ratio (%)2
=0.63 and (Z-)=0.67 are nearly equal.

71
T2

3.4.2.3 Behavior of HEMA-co-AA

Acid acrylic has a pK, of around 4.25, and figure 3-10 shows that the reference
behavior of acrylic acid gel in pH solutions, drastically swell in pH 4-7. Thus a
prediction was made that the hydrogel HEMA-co-AA will significantly swell around
the same range of pH. Sample list and swelling degree (or hydration degree) of
HEMA-co-AA in pH buffers were presented in table 3.2 and figure 3-11.
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Figure 3-11: Behavior of HEMA-co-AA at equilibrium with the pH buffer

Practical experiments display the trend of HEMA-co-AA as the same as predic-

tion, results of swelling of HEMA-co-AA follow the same trend compared to figure

3-10. Hydrogel expanded much more in pH 4-8 than other pH solutions and get

swelling-equilibrium status from pH > 8. The pK, of HEMA-co-AA can be around
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Table 3.2: Equilibrium hydration degree of hydrogel in different time interval

Sample pH buffer Thickness (yum) Equilibrium hydration (%)
18 hours 38 hours 44 hours

1 2.29 109 55.13 54.20 53.94

2 2.79 114 57.12 53.46 53.66

3 3.86 80 60.25 74.38 77.34

4 4.65 77 84.06 132.35 129.26
) 5.61 30 176.15 177.76 174.90
6 6.62 80 197.68 200.06 193.43
7 7.67 89 191.32 192.41 184.72
8 8.58 67 167.59 161.70 161.75
9 9.98 70 187.41 187.00 179.96
10 11.04 74 188.61 186.06 187.82

5.5-6 which is higher than pK, of acrylic acid at 4.25. Figure 3-11 also shows a
consistent trend for equilibrium status of polymers in different pH buffer in different
interval of time. At pH 8.58, there is a lower expansion compared to others due to the
thickness sample used was 67 pm, less than other samples, so the maxium expansion
of this sample is lower than others. Regarding to the samples that were dried in air
and stored in a nitrogen cabinet for 23 hours and re-hydrated in 4.5 hours, they did
not completely behave in the same way as that observed with samples stored in a
hydrated phase, because structures of those samples were broken in high pH buffer
values. Samples should not be stored in dried status but be stored in the appropriate
pH buffers. Samples should not be stored in dried status but stored in appropriate
pH buffers. This experiment used different samples for different pH value to shorten
the time for measurement. This results in a limitation in analyzing the results since
the thickness of the samples are not the same. However, the results from this exper-
iment are good for the purpose of observing the behavior trend of HEMA-co-AA as
well as predicting the hydration degree of the hydrogel in specific pH values. These
hydrogel samples demonstrated the expansion compared to the initial volumes (at
dry status) of 55-77% at low pH 2-4 and expansion of 130-195% at higher pH 5-11.
Measurements were recorded in different long intervals of time to prove that as soon

as the hydrogels reach the equilibrium status, they can no longer expand. The similar
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experiment was set up to observe the behavior of the hydrogel but over a shorter time
period (not fully equilibrated) when the samples were move from one pH buffer to
another for 30 and 60 minutes. The results are presented in figure 3-12.

Over a time period of 30 minutes, the pH range that triggers a strong degree
of swelling is between pH 4 and pH 8.5, but when this time period is increased to
60 minutes, this ranges is reduced to below pH 8. This can be explained that in
30 minutes, samples have not got close to the equilibrium, the expansion were not
happened completely so the trend of behavior shifted to the right as seen on figure
3-12a. When the measured time is increased, samples got closer to the equilibrium

state and the trend moved a little to the left as shown on figure 3-12b.
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Figure 3-12: Behavior of HEMA-co-AA after exposure to pH buffer in (a) 30 minutes
and (b) 60 minutes

3.4.2.4 Behavior of different ratio of HEMA-co-AA

Samples of hydrogel with mole ratio of HEMA:AA 2:1, 4:1, 6:1, samples were moved
from pH 2.29 to 11.04 and stayed 30 minutes in each buffer. The sample list was
shown in table 3.3. Results show that there are not major differences between these
samples as can be seen in figure 3-13. According to the theory about behavior of
the hydrogel, the gel with higher comomer ration in its structure (AA) is expected
to perform a higher expansion, meaning that HEMA:AA 2:1 is expected with highest
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Table 3.3: HEMA-co-AA samples in different ratio

No. pH buffer pH buffer Thickness (um)
1 2:1 2.29-11.04 61
2 4:1 2.29-11.04 62
3 6:1 2.29-11.04 99
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Figure 3-13: Behavior of different ratio of HEMA-co-AA

expansion and HEMA:AA 6:1 with lowest expansion. However, from experimental
results, it seems that the change in ratio of HEMA and AA does not to affect so much
on the the degree of hydration in these experiments. This may happen due to the fact
that these results were recorded in shorter time compared to the equilibrium time of
hydrogel. Therefore, not clear differences between theses hydrogels to be observed. In
addition, in this experiment, due to the use of different thickness samples, the hydrogel

HEMA:AA 6:1 which was thicker than others demonstrated a higher expansion than

others.
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Figure 3-14: Hysteresis of HEMA-co-AA 2:1 in 30 minutes (a) and 6:1 (b)

3.4.2.5 Hysteresis in the behavior of HEMA-co-AA

A hysteresis in behavior of different ratio of HEMA-co-AA has been recorded when
samples were immersed in pH solution in 30 minutes. Figure 3-14 shows hysteresis
of HEMA-co-AA 2:1 (a) and 6:1 (b).

Hysteresis in response to hydrogel when increasing/decreasing pH shows that for a
certain time (lower than time to get equilibrium), there is a delay in the signal when
going downstream, meaning that in certain interval of time before the equilibrium
status, the expansion of the hydrogel occurs faster than shrinkage. This can be
explained by the diffusion time of ions inward and outward of the gel structure. The
decrease in volume of the hydrogel when reducing pH is the result of the decrease of
osmotic pressure. The protonation of acid groups (precondition) and the moving out
of conjugated cations toward solution happen. Therefore, hysteresis in swelling and
shrinking of hydrogel can be caused by a delay of deprotonation and protonation, or
there is a difference in concentration of H™ inside the gel at same pH value of solvent.

Looking into the protonation and deprotonation of functional group (—COOH)
of the hydrogel (equation (2.1)), these two processes are reversible and happened at
the same time. However, at non-equilibrium status, the domination of one of two

processes will determine the direction of the reaction: —COOH = COO~ + Ht.
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Forward reaction rate r¢ and reverse reaction rate r, of equation (2.1)) can be given

by basic rate laws

re = kf[COOH] (315)
r = k[COO™|[H"] (3.16)

Since this is a reversible process, rate of reaction (2.1)) will be

r=r;—1 = k{COOH] — k,[COO™|[H™] (3.17)

where k¢ is the forward rate coefficient and k.. These coefficient play a part in the
rate of reaction. They depends on temperature, ionic strength, absorbent surface,
catalyst, etc which affect the chemical reaction. We assume that temperature and
ionic strength is constant in these experiments. The absorbent surface may be a
cause for the difference of protonation and deprotonation rate. When the gel is on
the way to expand (increasing pH ), the surface on hydrogel sample is broadened and
oppositely to shrinking gel (decreasing pH ), the surface is diminished. Therefore, the
protonation (decreasing pH) is lower than the deprotonation (increasing pH). Other

reasons due to the complicated kinetic of hydrogel behavior can also happened.

Hysteresis of hydrogel is an important issue when incorporating it into transducer.
If swelling degree of the hydrogel depends on the direction of pH change, it cannot be
usable for the sensor. However, we can avoid hysteresis by measuring at equilibrium
status, means r = ry — r, = 0. To reduce the equilibrium time of the hydrogel,

thickness should be reduced.

As can be seen in figure 3-15, hysteresis between upstream and downstream of
the hydrogel stayed in solution in 60 minutes (figure 3-15a) is smaller than that of
hydrogel stayed in solution in 30 minutes (figure 3-15b). That means the closer the
recording time for measurement to the equilibrium status, the less hysteresis is. In
addition, it can been seen that hysteresis mostly happened below pH 8 for the reason

that the hydrogel obtained the maximum volume at this pH. Hysteresis of hydrogel
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Figure 3-15: Hysteresis of HEMA-co-AA 4:1 in 30 minutes (a) and 60 minutes (b)

is also reported in a review of Gerlach et al [1] but does not explain clearly for this

phenomenon.

3.5 Conclusions

The experimental results show that the profilometer can be used to characterize
hydrogel behavior. The hydrogel samples with thickness from 77-110 pm performed
the expansion degree of 55-77% at low pH 2-4 and of 130-195% at higher pH 5-11.
Both the equilibrium time and the maximum expansion of hydrogel samples were
influenced by their thickness. pK, of hydrogel HEMA-co-AA is approximately 5.5-6,
higher than that of acrylic acid. The hydration degree of HEMA-AA polymer can
be predicted at specific pH. In addition, hydrogel should be stored in appropriate
buffer (after hydrating for the first time) to avoid any damage to the structure. The
mechanical changes in the polymer experience a hysteresis when subject to a rising
pH compared to a reduced pH. This can be explained by a delay of protonation
compared to protonation processThis hysteresis can be minimized by increasing the
reaction time of the hydrogel in solution. The results show that HEMA-co-AA is
suitable to be integrated in a pH sensor to measure pH in the range of 4-8. This

range is also relevant for pH changes inside the human body (pH 6.6-pH 7.4), which
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means that it is possible to make sensors that incorporates HEMA-co-AA for work

tailored measurements in living tissue.
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Chapter 4

Hydrogel based biosensor

This chapter follows the work performed in chapter 3 in which the HEMA-co-AA 4:1
is integrated together with the silicon pressure sensor to construct a hydrogel sensor.
The aim is to test the sensor within the same pH range 4-8 which was the range
in which the hydrogel had its most dramatic change in volume. This chapter starts
with an introduction about the general working principle of hydrogel sensors as well as
specific working principle for hydrogel sensors based on piezoresisitive pressure sensor.
The chapter also shows some previous designs of pH-sensitive hydrogel sensors and
an explaination for ability of generating pressure of the hydrogel inside the constraint
volume of a pressure sensor’s cavity. The experimental works describes the design,
assembly-packaging and the measurement methods used to characterize the hydrogel

sensor and completes with the results and discussions part.

4.1 Introduction

4.1.1 Hydrogel based sensor

A hydrogel based sensor (or a hydrogel sensor) consist of two main components in
their structure: (i) sensing element hydrogel and (ii) a transducer. The hydrogel plays
the role as the sensing element that converts a specific stimuli in the surrounding

environment to changes of volume. The transducer will convert the physical signals
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Figure 4-1: A design from Herber et al (2004) [37] for CO2 sensor based on piezore-
sistive pressure sensor

occurring from changes in the hydrogel volume to a specific electrical signal that can

be read out by an associated electronic circuit (or instrument).
Principles of hydrogel sensors

A review on hydrogel-based pH sensors and microactuators were made by Richer
et al (2008) [32]. According to Richer, hydrogel sensors can be categorized into two
types based on their working principles. The first category is for sensors based on
observing changes in properties of free swelling hydrogel. The second category is for
sensors based on mechanical work performed by the hydrogel swelling or shrinking.
With respect to sensors using free swelling gel, they have to observe one or more
properties of the hydrogel. They can be optical transducers that measure changes
in optical properties of hydrogels such as transmission (shrunken state hydrogel has
lower transmission coefficient while swollen state hydrogel is usually transparent high
transmission coefficient), refractive index (swollen gel has lower refractive index than
that of shrunken gel), reflection (reflection intensity decreases as gel swells), opti-
cal wavelength diffraction (change in hydrogel volume shifts the diffraction to longer
wavelength), or labeling hydrogel with fluorophore and observing a change of fluo-
rescence intensity (swollen gel has lower intensity than shrunken gel). They can be
conductometric transducers in which hydrogel layer is coated on electrode array, and
where the swelling of the hydrogel layer results in an increase in the conductance,

accompanied by a decrease in resistance). They can be oscillating transducers which
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Figure 4-2: A design from Herber et al (2004) [33] for CO2 sensor based on piezore-
sistive pressure sensor

the changes in the mass of hydrogel (due to swelling or shrinking) will convert to a
shift in the resonance frequency. Some kinds of oscillating transducers which can be

mentioned are quartz crystal micro balance (QQCM) and magnetoelastic sensors.

For the second category of transducers based on mechanical work exerted by the
hydrogel, the swelling or shrinking action of hydrogel will cause deformation on the
transduction element resulting in a change in specific property of that element or a
change of detectable distance. They can be optical transducers with reflective di-
aphragms (hydrogel is coupled to a reflector, when hydrogel changes its volume, it
makes diaphragm to move, as a result, intensity of light reflected back into the optical
fibre changes). Other type is fibre BRAGG grating sensor which based on fibre optic
BRAGG grating sensors (swollen gel increase the BRAGG wavelength and shrunk
hydrogel reduces BRAGG wavelength). Mechanical transducers such as microcan-
tilevers which can transduce a change of mass, temperature, heat or stress into a
bending action or to a change in resonance frequency also belong to this category.

Microcantilevers are usually coupled with an optical or piezoresistive readout system.

A bending plate transducer is another kind of mechanical transducer which usu-
ally includes a piezo-resistive Wheatstone bridge (for example a pressure sensor). A
hydrogel element is incorporated into this kind of sensor in confined conditions, where
a change in the volume of the hydrogel will deflect the plate and resulting in change

in resistance of the bridge.

Designs of hydrogel sensors based on piezoresistive pressure sensor
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Figure 4-3: Designs from Gerlach and Guenther [39] 1 bending plate, 2 mechano-
electrical transducer (piezoresistive bridge), 3 swellable hydrogel, 4 Si substrate
(5x5x0.3 mm?), 5 socket, 6 tube, 7 interconnect, 8 solution, 9 Si chip (5x5x0.4 mm?).
50-100 pm dry hydrogel on a silicon flatform (a), 50 pum dry hydrogel piece was
glued to the socket (b), 4-50 pm hydrogel layer was deposited on the backside of the
membrane (c)

Several attempts of making such a piezoresistive hydrogel sensor have been made
before. S. Herber et al (2004) [37] presented a fabricated hydrogel sensor by filling
the cavity of the pressure sensor with silicone and placing hydrogel disk on top and
afterward the gel disk was covered by porous metal screen (figure 4-1). Later his
group fabricated another sensor with a porous cover to hold the gel inside. The gel
was in a direct contact with the silicon membrane of the sensor, and the hydrogel was
injected and in situ synthesized. These fabricated sensor designs helped to control
the expected thickness of the hydrogel by controlling the cavity depth of the porous
cover (5 and 10 pm). Therefore the response time for the sensor could be kept short
(figure 4-2). Gerlach and Guenther has also presented some designs in their review on
hydrogel sensors and actuators [39] (figure 4-3). Gerlach et al [16] provided another
design for using PNIPAAm (N-Isopropylacrylamides) hydrogel (figure 4-4).

AT = Al + Ally + Allig, = Ally + Al (4.1)

Generation pressure of hydrogels under isochoric condition

All the above designs have one thing ina common which is that the hydrogel should
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Figure 4-4: Design from Gerlach et al [16] 1 bending plate, 2 mechano-electrical
transducer (piezoresistive bridge), 3 swellable hydrogel, 4 Si-chip, 5 socket, 6 tube, 7
interconnect, 8 solution, 9 grate

be confined in all directions but haveand has to be in contact with the stimulus in
the surrounding solution by a porous membrane. A study for the ability of hydrogel
to generate pressure under isochoric conditions was presented by Herber et al [38]. In
this study, DMAEMA-co-HEMA hydrogel with thickness 15 pym was used to induce
a pressure of 67 kPa in 12 min for each step of pH from 9 to 6. The results from this
research demonstrates how pressure can be generated by a hydrogel under isochoric
conditions. Under the isochoric condition (constant volume), the total energy of
the hydrogel as mentioned in equation (2.2), (2.3) of chapter 2 can be rewritten by
equation (4.1). In this case, where All,,;x assumed to be zero (when hydrogel get
expansion to the same volume of the cavity, and water flow cannot go in or out of
the hydrogel anymore) and All remains constant because the expansion of the gel
cannot happen in the isochoric condition. Therefore the osmotic pressure is the main
factor for ability of the gel to expand and generate ion ofa pressure of swollen hydrogel

inside the cavity and toward the silicon membrane.

4.1.2 Working principle of pH-hydrogel based sensor

This section introduces the working principle of a hydrogel based sensor based on a
piezoresistive pressure sensor. The piezoresistive effect is a change in the electrical
resistivity of a metal or a semiconductor when mechanical strain is applied. Especially,
this effect is more significant in semiconductor material such as silicon. A relationship

between resistance and strain for a piezo resistor element can be presented by equation
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Figure 4-5: (a) Silicon pressure sensor, (b) Wheatstone bridge circuit.

(4.2) [11], where AR is the change of resistance, Ry the unstrained resistance of the
piezo resistor, G the gauge factor given by equation (4.3), v is the Poisson’s ratio,
e the strain, and p the resistivity. The term (1/e)(Ap/p) which is representing the
strain-induced changes in resistivity can be large, depending on the gauge factor. The
result is a large change in resistance according to (4.2). Silicon material which have
been lightly doped can have a gauge factor between +100 and 4175 for p-type silicon
and between -100 and -140 for n-type silicon (a negative factor means a decrease in

resistance for an increased tensile strain).

AR
=t og 4.2
= Ge (42
G144 127 (4.3)
e p

In piezoresistive pressure sensors, the elastic element consists of a flat silicon di-
aphragm. The distortion of the diaphragm is sensed by four piezoresistive strain
elements made by introducing piezoresistors in the areas of the silicon diaphragm,
where the strain is the greatest [I1]. On the silicon diaphragm, four piezoresistive
elements (two in tension, two in compression) are incorporated into a bridge circuit
(figure 4-5). The difference in output voltage U,y of the Wheatstone bridge is cal-

culated according to equation (4.4) where Ry, Ry, Rs, R, is the resistance of the
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piezoresistive elements and given by R; = Rs = Ry(1 — Ge), Ry = Ry = Ro(1 + Ge)
and V. is supplied voltage for the bridge. Since the strain e has a relation to stress
according to equation (4.5) and o is defined by the force/area by equation (4.6), o can
be considered to be equal to pressure P applied to the sensor (in this case a pressure
sensor). So considering 0 = P, we can write out the relationship between the output
voltage of the bridge as a product between the unrestrained resistance, gauge factor
and pressure and the Young’s modulus of the silicon diaphragm as shown in (4.7).
So theoretically, the output voltage Uout from the Wheatstone bridge implanted on

silicon diaphragm is a linear function of applied pressure P to the diaphragm.

Ry Ry
Uout = Vee — = RyG 4.4
t (R]_ + RQ RS + R4) o€ ( )
e=o0/F (4.5)
F
o= (4.6
Uout = R()Ge = RoGP (47)

where F is the Young’s modulus

This applied pressure in a hydrogel based sensor will be generated from the ex-
pansion of an integrated hydrogel. The deflection of the diaphragm will change the
bridge resistance and generate a change in the output voltage as a function of the
applied pressure. The magnitude of the applied pressure and consequently the output
voltage will be related to the expansion or shrinkage of the hydrogel, which in turn

depends on the pH of the surrounding solution that the hydrogel is exposed to.

4.2 Experimental work

4.2.1 Design of the hydrogel sensor and packaging

The feasible approach in this project isto incorporate the HEMA-co-AA (4:1) hydrogel
inside the cavity of a commercial pressure sensor, which was covered by the stainless

steel porous membrane. The porous membrane plays the roles to hold the hydrogel in
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Figure 4-6: The design of hydrogel sensor including (1) piezoresistive pressure sensor,
(2) hydrogel HEMA-co-AA (4:1), (3) stainless steel porous membrane, (4) adhesives,
(5) glop-top layer, (6) waterproof water layer, (7) electrical wires, (8) chip carrier, (9)
PCB

the cavity but still allows the hydrogel to contact with stimuli factors from solution.
The sensor will be wire bonded to a chip carrier which designed to have a hole at
the center for the inlet of solution. Via this hole the hydrogel inside the cavity can
be exposed to the solution and perform its swelling-shrinking. The chip carrier will
be connected to external wires for later measuring signals. These components will
be placed on a printed circuit board which also has its hole respectively to that
on the chip carrier. All the components will be joined together by adhesives. The
hydrogel sensor will be covered by glop top material to protect the wire bonds and
by the outermost waterproof layer for an electrical insulation when the sensor works
in solution. When applying immersing the sensor into pH buffers, the expansion of
hydrogel will create a pressure on the membrane of a pressure sensor. Electrical signal
can be read out by a read-out platform. The design for the sensor in this project is

apparently given in figure 4-6.
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Figure 4-7: Mechanical dimensions (in pm) of the SW415-2 sensor [1(]

4.2.2 DMaterials & Components

Sensor

The silicon piezoresistive pressure sensor (SW415-2, Sensonor, Norway) was used
is this project. The silicon die has the dimension of 1980x2480x1450 pm?, and has a
dynamic range of 0-2 bar absolute pressure. It is bulk micro-machined and designed
with buried backside piezoresistive elements making these piezoresistors not exposed
to the media that may reside in the etched cavity below the membrane. The SW415-
2 sensor has 3 layers of glass (top and bottom layer) and silicon (middle layer) as
showed in figure 4-7, the total thickness of the cavity is 925 pm. Results in chapter
3 indicates that thicker hydrogel gives longer response time, hence, with the purpose

to reduce the response time of the hydrogel based sensor by reducing the thickness

61



@ (b) (d) (e)

Figure 4-8: The pressure sensor was mounted on fixture (a), which enabled it to be
polished by the polisher (b). The modified sensor is shown with the front view (c),
side view (d) and back view (f)

(a) (b)

Figure 4-9: Chip carrier (a), Stainless steel membrane (b)

of hydrogel synthesized inside sensor’s cavity, the original sensor was polished by a
special polishing machine (Multiprep polishing system, Allied High Tech Products
Inc., USA) with 320 Grit Silicon Carbide Paper 8 inches (Allied High Tech Products
Inc., USA) for raw polishing and with 0.05 gm alumina suspension (90-187540, Allied
High Tech Products Inc., USA) for fine polishing to remove the bottom layer of glass
(Figure 4-8a, b).

The cavity thickness of the sensor after polishing was around 320 ym and the open-
ing of the cavity was 2135x1164 um? compared to 1300x800 um? when the underlying
glass plate was in place. This makes it easier to manually inject the pre-hydrogel mix-
ture into the cavity of the pressure sensor. A view of polished sensor is illustrated in
figure 4-8c, d, e.

Substrate (chip holder)

The chip holder was adapted from a substrate used in the Doctorate of Philosophy
project of O. Krushinitskaya, Vestfold University College, 2012 [11]. The substrate

was fabricated to create a hole in the center which allows the access of pH solution
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to the chip. The thin metal film constituting the contact pads on chip holder were
made from a 0.5 mm thick layer of gold [11] (figure 4-9a). This component plays a

connection role from sensor to external world.

Membrane

A stainless steel membrane #300 mesh, 49 pym in aperture, 36 um wire diameter
(The Mesh Company, United Kingdom) was utilized to hold the polymer inside the
sensors cavity. This steel membrane was chosen due to its material properties to be
rigid enough to hold the hydrogel inside cavity of sensor and being able to suffer
pressure from expansion of hydrogel without significant deformation. On the other
hands, it can let water go in and out freely and be stable in low pH buffers (figure

4-9b).

Other chemicals and components

To complete the packaging step of the sensor, some epoxies were used: two compo-
nents epoxy Araldite 5 min (Huntsman Corporation, Switzerland) to glue membrane
to substrate and sensor to membrane; two components silver epoxy (Epotek EE 129-
4, USA) to connect contact pads on substrate to external wires, two components glop
top epoxy (Epo-tek T7139, USA) to make wire-bonds stronger and protect them;
two parts silicone (MED3-4013, NuSil Technology, USA) and one part silicon (Dow
Corning 3140 RTV Coating, USA) to form a waterproof outer layer so that the sensor
can work long time in solution. pH buffers from pH 2 to 8 were prepared as described
in chapter 3. For electrical measurement, a data acquisition card (DAQ) (NI USB
6211, National Instruments, USA) was used for signal acquisition (DAQ), Labview
System Design Sotfware 2015 (National Instruments, USA-HBV license) was used to
read out the signal on computer, dual-op-amp (OPA2137, Burr Brown, USA). Other

electrical components were supported by electronic lab at HBV.

63



J DAQ-In1 DAQ-In2

R2 1

Dual-channel op-amp
; R1

QUTA V+
-INA QUTB

4 +INA -INB
V- +INB

F18V
e et
TT|T

18V

R4 R3

il

GND

T BATTERY

0

Figure 4-10: Schematic of the signal conditioning circuit for the sensor

4.2.3 Method

4.2.3.1 Experimental setup

In order to measure the signals from sensor, electrical measurement system has been
set up. Principle for electrical measurement of the sensor is represented by figure
4-10. Here, a dual-op-amp (operational amplifier) was used as a buffer for the circuit.
The sensor was powered by a 5 V DC source, and the op-amp was powered by 4
batteries 9 V. The difference in output signals were connected to DAQ, and then to
a computer with Labview software which was written to read out the signal from the
DAQ. The Labview program is presented in figure 4-11. The measurement system is
illustrated by a flow in figure 4-12. There are 4 experiments to be conducted as listed
below.

Experiment 1: Test of the Electrical signal conditioning circuitry

Test 1 was conducted to investigate if the electrical circuit worked properly without
the sensor. Two independent DC sources were used to supply 5V directly to each
inlet of the dual op-amp. The op-amp was supplied by 18 VDC. The electrical circuit

did not consist any sensor. The dual op-amp plays the role as the buffer with gain =
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Figure 4-12: Components of the measurement system

1. The expected output signal is the same with supplied voltage.
Experiment 2: Test of SW415-2 pressure sensor

Experiment 2 was to map the signal from original SW415-2 pressure sensor. The
sensor was tested at the range of pressure from 0-2 bar (upstream and downstream)
with steps of 0.1 bar. The pressure was controlled by a chamber and a pump. The
sensor was gold-wire bonded to the chip carrier which already connected to external
wires. Several ways of assembling the sensor and interconnect it to the outside world
were attempted as shown in figure 4-13: sensor connected directly to PCB by wire-
bonding without chip carrier(c), sensor was first wire-bonded to chip carrier, then
chip carrier was connected with external wires by headers (a), chip carrier connected
with wires by using conductive silver epoxy (b). The direct bonding of sensor to PCB
seems to be the most simple way to do. However, before bonding to the PCB, the
sensor had to be mounted into a hole drilled on PCB using adhesive. The adhesive

was not strong enough to suspend the sensor within the hole, causing some problem
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Figure 4-13: Chip carrier connected with external wires by headers (a), chip carrier
connected with wires by using conductive silver epoxy (b), sensor connected directly
to PCB by wire-bonding

Figure 4-14: Comparison in size of the sensor with a normal pen

with the bonding process. Moreover, for further process to package the sensor, it is
necessary to have a substrate to hold the porous membrane adjacent to the sensor.
Another reason for not directly bonding to the PCB is the expansion of PCB in water
may happen. Silicon membrane does not have this problem. So it is better for the
sensor to attach on a chip carrier. Considering (a) and (b), (a) given a easier way to
attach the headers on contact pads of chip carrier. But after attaching the headers,
the bottom face of chip carrier is not flat and wire bonding can be done. Wire-bonding
was decided not to be the first step to avoid breaking of delicate wire bonds during

the process of packaging. Only (b) was chosen to be continue for the rest of lab work.
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Figure 4-15: (a) Sensor inside chamber, (b) PCB, (c¢) pump, (d) battery, (e) DAQ,
(f) power source, (g) computer with Labview interface

Sensor was checked if the Wheatstone bridge is balance before measuring the signal,
meaning that the bridge resistance is around 12 k(2. The sensor was placed inside a
chamber, connecting to the inner pins of the chamber, PCB was connected to the
outer pins of the chamber in respect and then to the PCB. An illustration for the
measurement system can be seen in figure 4-15 and a comparison of size of sensor to
a normal pen can be seen in figure 4-14.

Experiment 3: Test of polished SW415-2 pressure sensor

Experiment 3 was to confirm the the functionality of the sensor after removing
the bottom layer of glass. Measurement was set up as similar as experiment 2.

Experiment j:

Experiment 4 was used to characterize the hydrogel-based sensor. Since the work-
ing environment of sensor would be in solution, so the sensor must go through a
packaging procedure as described in detail in section 4.2.3.2. After packaging, sensor
was immersed in the solution (figure 4-16). Sensor was first dipped in pH buffer 2.39
(25°C) for completed hydration process before moving to the next higher pH buffers.
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Figure 4-16: Sensor in pH buffer

The system was covered by plastic film to avoid the solution from evaporating.

4.2.3.2 Sensor assembly procedure

The packaging process is summarized by figure 4-17, and most of steps were done
under a microscope. Packaging is one of the most important steps to get the signals
from sensor system. SW415-2 was first polished to remove the bottom layer before the
hydrogel HEMA-co-AA (4:1) was in situ synthesized inside its cavity (figure 4-17a,
b, ¢). The pre-hydrogel solution was injected to the backside cavity of the sensor by
using micropipette and cured under UV light with the same conditions described in
chapter 3. The synthesized hydrogels had the thickness around 200 pm compared to
thickness of the polished sensors cavity around 300 pm (thickness determined by the
microscope (Gendersew and Loken Instrumenter AS, Norway)). According to results
from chapter 3, the expected expansion degree of these hydrogels with this thickness
will be more than 55% with pH > 2. This allow the achievement of signals when
immersing the sensor to the pH buffers > 7.

The chip carrier with contact pads (figure 4-17d) was prepared before incorporat-

ing with the sensor via gold wire bonds. The chip carrier was glued with electrical
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wires on its gold contact pads by the conductive silver epoxy and then covered by
a layer of two components epoxy (Araldite 5 min) to harden the bonds. Stainless
steel porous membrane was also glue upon the hole of the chip carrier (figure 4-17e).
Pressure sensor with integrated hydrogel was stuck to the chip carrier and then to the
PCB, the gold wire bonds were bonded from the contact pads on sensor to those of the
chip carrier. Foot of each wire bond was covered by the epoxy before the whole area
to be encapsulated inside the glop top epoxy to protect all wire bonds. Silicone was
dispersed as the outer layer to make the whole system waterproof. There are some
different points in the packaging steps that have been attempted, mainly about the
types of chemicals (glue) utilized for joining sensor-membrane, membrane-substrate,
substrate-PCB, and type of silicon for outer waterproof layer. Each procedure was
conducted by individual sensors.

Procedure 1: Araldite 5 min (Huntsman Corporation, Switzerland) was applied
to link sensor-membrane, membrane-substrate, substrate-PCB cured for 2 hours at
80°C. Two parts silicone MED3-4013 (NuSil Technology, USA) was used to make a
cover layer, cured at 50°C for one hour and at room temperature for a day.

Procedure 2: Araldite 5 min (Huntsman Corporation, Switzerland) was applied
to link sensor-membrane, membrane-substrate, substrate-PCB. One part silicon Dow
Corning 3140 RTV Coating (USA) was used to make outer layer, cured at room
temperature for one day.

Procedure 3: Paraffin wax and silicone (one part silicon Do w Corning 3140 RTV
Coating (USA)) was used to glue sensor-membrane, membrane-substrate, substrate-
PCB. One part silicon Dow Corning 3140 RTV Coating (USA) was used to make
outer layer, cure at roomtemperature. Both paraffin wax and silicone is waterproof

and does not to expand in water.

4.3 Result and Discussion

Test 1

The input voltage 5V went directly through each inlet of the dual op-amp on
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(c) (d)

Figure 4-18: (a) The backside of pressure sensor showing synthesized hydrogel inside
the cavity, (b) the chip carrier (substrate) was connected to external wires by silver
epoxy and Araldite 5 min epoxy on top to strengthen the connection, pressure sensor
(with hydrogel inside) with a porous membrane was gold wire-bonded to contact
pads on chip carrier (c), a general look of sensor before covered by glop-top epoxy
and silicone to be waterproof inside solution (d)

the PCB and read out by Labview on computer with the same value, proving the
electrical circuit was working well.

Test 2

Figure 4-19 illustrates response of pressure sensor to change of pressure from 0 to 2
bar. Regression equation for upstream signal is y = 56.948x — 1.7425 with coefficient
of determination (R squared) R*=0.9999; regression equation for downstream signal
is y = 57.482z — 1.9545 with R2=0.9996. R squared indicates how well data fit to the
regression equation, a Ry close to 1 indicates that the line perfectly fits to the data.
The figure shows that SW415-2 responded very well to the pressure in its working
range 0-2 bar.

Test 3 Figure 4-20 presents response of SW415-2 which has been polished to
remove the bottom layer. Regression equation for upstream signal is y = 58.408x +
27.617 with coefficient of determination (R squared) R*=0.9997; regression equation
for downstream signal is y = 59.43x + 27.289 with R?=0.9999. Comparison between
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Figure 4-19: Response of SW415-2 pressure sensor to 0-2 bar pressure

regression equations of SW512-2 pressure sensor (figure 4-19) and modified sensor
(figure 4-20) shows that the behavior of modified sensor were similar to the original
sensor, therefore we can used these polished sensor for the purpose of making pH-

sensitive hydrogel based sensor.
Test 4
Procedure 1:

The starting signal was negative, meaning that the silicon diaphragm of the sensor
may have been physically pulled down, since the equilibrium position of the membrane
is measured against vacuum or zero pressure (figure 4-21). An observation was made
between before and after applying silicone showed that the negative signals came after
the silicone cured at 50°C. So silicone when shrunk (after cured) may have caused
the silicon membrane to go down, giving out the negative signals. This problem
was solved when using another kind of silicone (one component silicone Dow Corning
3140 RTV Coating in procedure 2 with less negative signal (around -3 mV compared

to -65 mV in this case). The negative signal may have resulted from the shrinking
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Figure 4-20: Response of polished sensor to 0-2 bar pressure

after curing by UV light of the hydrogel synthesized into the backside cavity of the
pressure sensor. In figure 4-21, when sensor was immersed in the pH buffer of 2.31,
it got the signal from the expansion of the hydrogel, causing a deformation on the
silicon membrane that in turn changed the resistance of the piezoresistive elements,
and hence changed the voltage of the output signal. The sensor got in an equilibrium
state after 7 hours and stayed in that state for several hours more before the signal

started to drastically fluctuate due to some unknown problems.
Procedure 2:

In this test, the type of silicone used in procedure 1 was replaced by one component
silicone Dow Corning 3140 RTV Coating (USA) which cured at room temperature for
one day. As seen in figure 4-22 the starting signal was a bit negative, showing that this
type of silicone when cured did not created much stress on silicon membrane. Signals
from sensor go up proved that it got the signal from the expansion of hydrogel inside
the cavity and got equilibrium around 7 hours. Afterward, expected signal should

have been stable at the equilibrium state but in reality, the signal did go up to very
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Figure 4-21: Hydrogel-based sensor of procedure 1 in pH 2.34

high of voltage and continue increasing after sensor was taken out of the solution for

several hours more before decreasing (up to a equivalent pressure of 5 bar.

Sensors was taken out of the water to check the balance of Wheatstone bridge and
observed under microscope, showing that the hydrogel was still within the cavity cov-
ered by porous membrane and silicon membrane of pressure sensor remained to work
well (figure 4-23), proving that the steel stainless membrane can hold the hydrogel
inside.

Comparison between signals in figure 4-24 shows that at the first period, both sen-
sors got the signal of expansion from hydrogel, resulting in increases in voltage, prov-
ing that hydrogel sensors did work well to convert signal from swelling of hydrogel to
electrical signal. After expansion, two sensors got in equilibrium after approximately
7 hours. The data was reasonable because gel synthesized in cavity of those sensor
were around 200 gm then having the longer response time compared to that of thinner
hydrogel investigating in chapter 3. Compared to experiment in section 3.4.2.2 and

refer to equation 3.14 (and assume that the data generate by hydrogel sensor is cor-
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Figure 4-22: Sensor of procedure 2 in pH buffer 2.34

rect): For sample 1, thickness §;=61 um and constant time 77 = 60 minutes, the ratio
(%)*=(5L)?=0.093, and 2=250=0.143. For the sample 2, thickness §,=77 ym and

constant time 7 = 90 minutes, the ratio (%2)2:(%)2:0.148, and 2=0=20—0.214.
The results do not fit to equation (3.14). The determined thickness of the hydrogel
sample may be wrong. According to these calculations, the hydrogel thickness should
be around 160 gm. This problem may come from the method to determine thickness
of hydrogel in cavity. In this particular case, a microscope was used to manually
evaluate the thickness inside the cavity due to unexpected broken profilometer as
used for other measurement. Continuous rising in voltage of sensor of procedure 2
may happen due to the expansion of two components epoxy (same possible reasons to
cause membrane to be broken in procedure 1. Epoxy may contain hydrophilic groups
in its structure, resulting in an expansion when staying long time in solution. Other

kind of waterproof glue without expansion should be applied in steps of packaging to

glue components together.

Procedure 3: Results from procedure 3 are showed in figure 4-25 with two sensors
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(a) (b)

Figure 4-23: A photo from back side of the sensor through the hole on PCB and sub-
strate: hydrogel inside the pressure sensor covered by stainless steel porous membrane
(a), visible membrane of pressure sensor through silicone layer (b)

1 and 2. In this procedure, paraffin wax and silicone were used to join all the com-
ponents of the sensor system together instead of two components epoxy as described
in detail in figure 4-17. Results from sensor 1 shows that voltage signal increased
at first but quickly went down and remain stable even the sensor was changed to
higher pH buffer. This means silicone membrane of sensor did not receive expansion
signal from the gel. The same problems happened to sensor 2 since the voltage signal
did not change when sensor was dipped in the pH buffer 2.34 and even higher pH
buffers. The reasons accounted for these phenomena may be the fact that paraffin
wax together with silicone cannot hold the porous membrane close enough to the

sensor. Therefore no pressure exerted toward the silicon membrane.

4.4 Conclusion

A hydrogel based pressure sensor was designed and constructed and the results from
chapter 4 suggests a working principle in which a hydrogel can generate pressure
causing the silicon membrane of the sensor to deform. The increased pressure due
to swelling can be attributed the osmotic pressure, whereas negative pressures can
be attributed physical forces pulling the membrane down below the displacement
indicating the zero pressure equilibrium state. Due to the difficulties experienced

from the suspected swelling of the packaging materials, an alternative method of
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Figure 4-24: A comparison between signals of sensors in procedure 1 and 2

assembling the hydrogel sensor was described. A prerequisite for the sealing and
encapsulation materials is that they should be waterproof and not to expand when
staying a long time in solution. Regarding the response time of the gel, this can be
reduced by implementing a custom made pressure sensor in which the thickness of
the cavity that hydrogel layer is synthesize inside. The thinner hydrogel layer results
in shorter diffusion distances. In the experiment, the specific hydrogel incorporated
to the cavity of the pressure sensor was reached the equilibrium after approximately
7 hours. Although the hydrogel gel sensor in this project did not work as expected
according to the aim of making a pH sensor, it still demonstrated the ability of
converting a signal of swelling or shrinking of a hydrogel to an electrical signal. In
addition, several challenges in the packaging steps have been addressed for other
future project to improve. We have reasons to believe that with several improvements

in packaging sensor, pH-sensitive hydrogel sensor can work properly.
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Chapter 5

Conclusion and Future work

5.1 Conclusion

This project focuses on developing a pH-sensitive hydrogel based micro-sensor, es-
pecially for human applications to measure the pH change inside living tissue. The
optimal pH for tissue working properly is 7.4 and may be reduced to around 6.6 due
to diseases. So the hydrogel sensor was supposed to work and detect the change of
pH in the range of 6-8. The pH-sensitive hydrogel sensor is based on the corporation
of HEMA-co-AA into the cavity of a piezoresistive pressure sensor. The hydrogel was
chosen deliberately relied on its suitable properties and safety reasons. The hydrogel
was individually investigated before incorporating into the pressure sensor. In order
to study the behaviors of the hydrogel in micrometer scale, the hydrogel was synthe-
sized inside a micro-fabricated cavity. Within a cavity, hydrogel can only perform
its swelling and shrinking in one direction, allowing us to measure the changes in
thickness of the hydrogel instead of the changes in volume of the hydrogel in different
pH buffers. A profilometer was utilized to determine the changes in thickness of the
hydrogel responding to pH solutions. The cavity was fabricated by photolithography
techniques to form cavity with 1400 pm sides and 100-150 pym depth. There were two
different processes to be attempted to fabricate this cavity. The first process to create
SU8 wall on a silicon wafer (SU8-silicon) and the other is to form SU8 wall on a SU8

base (SU8-SUS8). However, SU8-silicon could not support very well for those studies
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on the hydrogel behaviors due to a difference in adhesion of the hydrogel sample to
the SU8 wall and silicon bottom, resulting in buckling when the sample swelled dras-
tically in pH buffers higher than 7. The results for characterization of the hydrogel
HEMA-co-AA in this project were mostly based on using the SU8-SUS8 cavity. The
pH buffers PBS from 2-12 was prepared from phosphoric acid and its phosphate salts
and was adjusted the ionic strength to 0.2 mM by sodium chloride.

The change of the hydrogel was observed under the microscope showed that when
the hydrogel expanded in a constraint cavity, it tended to generate creases on the
surface instead of a flat surface as in free expansion. For the hydrogel samples with
thickness from 61,77 pm, the equilibrium status were reached mostly after 60, 90 min-
utes, respectively. These hydrogel samples demonstrated the expansions compared
to the initial volumes at dry status of 55-77% at low pH 2-4 and expansions of 130-
195% at higher pH 5-11. They got the equilibrium with pH above 7. The thickness
of the sample influence not only the equilibrium time but also the maximum expan-
sion of the hydrogel. There was a hysteresis on the hydrogel HEMA-co-AA behavior
to be recorded in the experiments when increasing and decreasing pH of buffers at
pH below 8. These phenomena can be accounted for a delay of the protonation to
the deprotonation of functional acid groups inside the gel and other reasons from
complicated kinetic of the hydrogel. The hysteresis of the hydrogel reduces when the
recorded time is close to the equilibrium time. Thus, it can be avoided by measuring
the signals at the equilibrium status. Short measuring-time (less than equilibrium
time) for the swelling of the hydrogel can cause a light shift on curve of the behav-
ior of the hydrogel to a higher range of pH In addition, short measuring-time could
not make the results for difference in expansion degree of different ratio in molar
of HEMA-co-AA become clear in these experiments. Moreover, experimental works
showed that hydrogel HEMA-co-AA after hydration should be stored in a suitable
pH buffer 2-3.

The hydrogel after characterization was synthesized inside a cavity of the mi-
cro piezoresistive pressure sensor to make it become a pH-sensitive hydrogel based

biosensor. The commercial SW415-2 pressure sensor was modified for a thinner cavity
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before being incorporated with the hydrogel. A setup for electrical measurement was
prepared, including PCB with dual op-amp, Labview software, etc. Electrical circuit,

original SW415-2, and modified sensor were tested showing the perfect signals.

Hydrogel sensor underwent complex packaging procedures to connect it the ex-
ternal world and allow it to work in solution. The pressure sensor integrated with
the hydrogel was placed and glued to a stainless steel porous membrane and together
stuck to a chip carrier and then a PCB board. Gold wire bonds were bonded from the
sensor to the chip carrier, chip carrier is linked with external wires by two component
silver epoxy. Glob-top two components epoxy was applied to strengthen the wire
bonds. Silicone was the waterproof outer layer to protect hydrogel sensor in solution.
The initial packaging used two components epoxy Araldite 5min to join most of the
components of the system. Hydrogel produced by this procedure worked in solution
and proved that it is capable of converting the signal from expansion from the hy-
drogel in the solution to the electrical signal with the fact that the voltage increased
corresponding to the expansion of hydrogel. It also showed that, for the specific syn-
thesized gel in the experiment, the time for reaching equilibrium is around 7 hours.
However, the hydrogel cannot stay long in solution for more than 20 hours due to
the expansion of epoxy in solution, causing unexpected signal and even breaking the
delicate membrane of pressure sensor. Another packaging procedure was built up to
replace the previous packaging. Paraffin wax and silicone which known as waterproof
material were used to join the components of the system instead of using two com-
ponents epoxy Araldite Smin. The measurement system could not receive the signal
of expansion of hydrogel from this sensor. A possible reason is that paraffin wax and

silicone do not have strong adhesion to hold the porous membrane with the sensor.

Although the hydrogel sensor in this project did not work as expected to observe
the pH changes in solutions, it showed the possibility to transduce physical changes
of hydrogel to electrical signals. Future improvements in packaging steps will help to

solve the problems remaining in this project.
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5.2 Limitation

Some limitations of the project are mentioned here for further improvements in future.
About the hydrogel HEMA-co-AA, even it performed a dramatic change in the pH
range around 4-8 with determined pK, approximately at 5.5-6. It is not an optimal
choice because this pK, is not so close to the pH of tissue living in normal condition
(7.4) but HEMA-co-AA can be used as the model pH-sensitive hydrogel for developing

a pH sensor.

5.3 Future work

The work has demonstrated a good performance of the hydrogel HEMA-co-AA and
the ability of hydrogel sensor to transfer the swelling signal of the hydrogel to the
electrical signal. There are some suggestions that can be made in the future. Firstly,
it is necessary to fabricate a custom made piezoresistive pressure sensor. A fabricated
sensor with thinner cavity can allow a synthesis of thinner hydrogel layer inside and
thus a shorter response time of hydrogel. The thin hydrogel layer reaches the equi-
librium status quicker and can help to reduce the hysteresis of the hydrogel behavior.
Secondly, an improvement in the packaging of the hydrogel sensor should be figured
out. The chemicals or adhesive components used in assembling of the hydrogel sensor
should be waterproof and non-expansion in aqueous working environment. This is a
decisive step to be able to record the signal from the sensor. Thirdly, since the experi-
ments are conducted in room condition, effects of change of temperature and ambient
pressure should be considered. We can make up a reference circuit to eliminate these
changes of ambient temperature and pressure. Fourthly, other types of stimuli hydro-
gel can be interesting to study and incorporate to the piezoresistive pressure sensor
such us ion-sensitive hydrogel, glucose-sensitive hydrogel, antigen-sensitive hydrogel,
other kinds of pH-sensitive hydrogel, etc. HEMA-co-DMAEMA with pK, around
7 which is closer to the pH of the living tissue should also be considered. Fifthly,
model for simulation should be built up based on the theory of behavior of hydrogel to
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predict the changes of the hydrogel both in free and constraint expansion-shrinkage.
Sixthly, as the hydrogel is can be photo-sensitive, it can be photopatterned. A process
to photopatterned should be attempted to produce the hydrogels in expected shape

and thickness with the purpose for further integrating into different transducers.
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