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ABSTRACT

One focus o f  the m icrocantilever (M CL) sensing area is to develop a novel surface 

m odification approach to increase the m icrocantilever bending am plitudes and thus 

further im prove sensitivities. In this dissertation, enzym e incorporated using the Layer- 

by-Layer (LbL) process, LbL deposition o f  m irco-, nano- hydrogel particles and 

electrophoretic deposition (EPD) o f  m icro-, nano- hydrogel particles w ere applied to 

prepare a m ultilayer o r th in  hydrogel film s on the surface o f  m icrocantilevers. P rior to 

applying to the m icrocantilevers, LbL and electrophoretic deposition techniques w ere 

also applied to gold coated silicon w afer surfaces to investigate the feasibility  and 

deposition behavior using these techniques. The m ultilayers prepared through self

assem bling o f  poly(styrenesulfonate) (PSS), poly(ethylenim ine) (PEI), and 

organophosphorus hydrolase (OPH), responded to organic phosphorus com pounds such 

as paraoxon, parathion, and dim ethyl phosphate at different bending am plitudes and 

bending rates. The bending m echanism  investigation suggested that the conform ational 

change o f  the OPH  m ight be the prim ary contributor o f  the M CL bending. The m icro-, 

nano- hydrogel particle deposition on the silicon w afer and m icrocantilever through LbL 

process w as investigated and discussed based on the observation and characterization 

using optical m icroscope, SEM  and A FM  techniques. A  pseudo-3D  m echanism  was 

prom oted to explain the hydrogel particle deposition process. The research on the EPD 

dem onstrated that the technique w as a convenient and reliable approach to deposit a

iii
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uniform  and continuous hydrogel thin film  on the m icrocantilever devices. The bending 

responses o f  hydrogel coated m icrocantilever correlated w ith changes in environm ental 

pH , dem onstrating the feasibility o f  this hydrogel film  for m icro-sensor developm ent.
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CHAPTER ONE

INTRODUCTION

1.1 M icrocantilever and M icrocantilever 
Based Chem -/Biosensors

M icrocantilevers are sim ple m icrom achined devices with typical dim ensions about 

0.2-1 pm  thick, 20-100 pm  w ide, and 100-500 pm  long. M irocantilevers are com m only 

fabricated from silicon and silicon nitride using w ell-established batch processes that 

involve photolithographic patterning and a com bination o f  surface and bulk 

m icrom achining [1], They can be V -shaped or bar-shaped w ith one end connected to an 

appropriate support for convenient handling. Figure 1.1 show s som e o f  the different 

shapes for m icrocantilevers.

Figure 1.1 D ifferent Shapes o f  M icrocantilevers

1
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Initially, the microcantilevers that are used as probes in atomic force 

microscopy (AFM) to translate small forces into topographic images were converted 

into a platform for a new class of sensors in 1994 [1], While being among the simplest 

o f structures, a cantilevered beam can be a highly effective sensing element, offering 

numerous transduction applications. Once the new possiblities o f the microcantilevers 

was realized, numerous chemical and biological sensing applications based on the 

microcantilevers mechanically have been set up to detect an analyte. For the 

measurement, microcantilevers adopt the same optical lever read-out scheme from the 

AFM as illustrated in the Figure 1.2. The reflected laser light from the deflected 

microcantilever projects at a different position on the position sensitive photodetector 

(PSPD). Depending on the distance between the two positions o f the laser beam on 

the PSPD, the deflection o f the microcantilever is determined.

Laser Diode

Position Sensitive 
Photo detector (PSPD)

Laser Light

Cantilever Beam

Figure 1.2 Schematic o f an optical detection system for detecting microcantilever 
deflection.
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In this scheme, a laser beam reflected from near the end o f a cantilever is 

displaced as the cantilever bends. This displacement is converted into an electronic 

signal by projecting the reflected laser beam onto a position-sensitive photodetector 

(PSPD).

As previously mentioned, analogous to the two basic working modes o f the 

AFM, contact mode and tapping mode, cantilever-based sensors can also make 

measurements based on cantilever deflections or shifts in resonance frequencies. 

However, the MCL mechanisms that translate interactions of various components o f a 

physical, chemical, or biological environments into these parameters are generally 

different from that operate in an AFM. Usually, there are two operation modes for the 

cantilever-based sensors: a) dynamic mode and b) static bending mode.

1.1.1 Dynamic Mode

When operated in dynamic model, microcantilevers are essentially mechanic 

oscillators that can be described using traditional models [2-5], In many sensing 

applications, the frequency o f the cantilever oscillators is not significantly damped by 

the environment in which the microcantilever is placed or by any surface modifications 

applied. Under these conditions, if  there is an additional mass increase resulting from 

the analyte binding or absorbing on the cantilever surface, a shift directly related to this 

mass change is monitored in the cantilever resonance frequency by the system. The 

relationship between these parameters is presented in the Equation (1) [2],

_L__L = _^L  (i)
f 2 fo  4 n 2K
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where Am is the net mass increase, fo, f i  are the cantilever resonance frequencies 

before and after the mass change respectively, K  is the cantilever spring constant, 

which is an intrinsic property o f the cantilever and directly related to the structure and 

materials employed in the fabrication of the microcantilevers.

From the above equation, it can be concluded that, in order to achieve 

appreciable mass sensitivity, only higher amplitudes o f fundamental frequencies are 

required for the microcantilevers. Though most cantilevers only have lower resonance 

frequencies at a range o f 20-200 kHz compared to traditional quartz crystal 

microbalances (QCM) have much higher oscillating frequencies in the range o f 5-500 

MHz. However, MCLs have superior mass sensitivity compared to QCM. This 

sensitivity is a consequence o f  the relatively low stiffness and micro-size o f the beam of 

a cantilever structure. With an effort o f further enhancing the sensitivity, researchers 

have developed nanoscale cantilevers with higher fundamental frequencies o f 1 0 5 - 1 0 6. 

It can be predicated that mass sensitivity o f these nanoscale cantilevers can reach the 

single-molecule level ( 1 0 '2 ig) [ 1 ],

In dynamic mode, there are three mechanisms to explain the sensor based 

resonating cantilevers. The first is the adsorbate-induced loading to MCL as we 

discussed above. The second is the damping caused by the viscosity o f the media, if the 

damping effect o f the media is rather strong. And finally, interactions between the 

environment (for example differences in pH media) and the cantilevers may affect the 

mechanic properties o f the cantilevers, such as stiffness, and induce elasticity changes 

in microcantilever materials.
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1.1.2 Static Bending Mode

In the static bending mode, the deflection o f the cantilever is directly related to 

the asymmetric, out-of-plane mechanical stress generated in the cantilever. For metal 

coated (such as gold) cantilevers, due to the different coefficients o f thermal expansion 

between the base materials (such as silicon) and the metal coating, thermally induced 

stress is typical. Thus, a temperature change in the environment where the cantilever is 

located can result in the deflection o f the cantilever due to the unequal thermal 

expansion o f the layers in a biomaterial cantilever. There is practical application, if  the 

analyte species can produce heat when they combine through adsorption on the 

cantilever, or chemical reactions are associated with the adsorption on the cantilever, 

then the analyte species can be detected by the cantilever [6 ],

There are three distinctive surface modification models to explain the behavior 

o f the cantilever as a function o f MCLs chemical or biosensing in static bending mode 

(Figure 1.3). In the first model, the cantilever produces bending due to an 

adsorbate-induced surface stress change due to chemical binding. For example, Figure 

1.3a shows chemisorption o f straight-chain thiol molecules on a gold-coated cantilever. 

The surfaces usually tend to expand as a result o f  adsorptive processes. 

Adsorbate-induced deflections can be accurately described by the Stoney equation [7]. 

The changes in the film’s or the cantilever’s radius of curvature, R, and deflection, zmax, 

can be related to the differential surface stress, As, by

1 _  6 ( 1  -  v)As 
R ~ E ?  ’

z.max
3 / 2( 1 - v)A s

E t2
(2)
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where v is Poisson’s ratio, E is Young’s modulus for the substrate, t is the thickness of 

the cantilever, and I is the cantilever length. The analysis according to Equation 2 gives 

accurate predictions w'hen adsorbate-induced stresses are generated on ideally smooth 

surfaces or within coatings that are very thin compared with the cantilever.

Figure 1.3 Mechanisms of analyte-induced stresses for different surface modifications 
[1]. (a) Compressive stresses are demonstrated for chemical binding o f thiol compound 
modified gold-coated surface; (b) Swelling o f a thin film on a surface due to analyte 
absorption; (c) Interstitial forces are generated when analytes bind to a nanostructured 
surface.

In the second mode, the cantilever is modified with an analyte-permeable 

coating, such as polymer, hydrogel, etc, and the cantilever will undergo deflection due 

to the swelling o f the coating when the analyte penetrates into the coating. This 

cantilever deflection is described as analyte-induced swelling o f the coating. Figure 

1.3b demonstrates this model. In this third model, instead of a smooth, gold surface, the 

cantilever surface can be fabricated into nanostructured morphology (Figure 1.3c). 

When receptor molecules are immobilized on a nanostructured surface, the cantilever

a b c
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response can be enhanced up to 2 orders o f magnitude. In all the models, analyte 

induced deflections o f cantilevers with these phases involve mechanisms o f bulk,

surface, and intersurface interactions [ 1 ],

1.1.3 Cantilever Surface Modifications 
and Chem-/Biosensors

A cantilever based chemical or biological sensor is normally modified using 

different approaches to make one side o f the cantilever is relatively passive and the 

other side is active. This active side exhibits higher affinity to the target analyte. 

Consequently, changes in the surface stress are determined by the surface inactions, 

adsorption or absorption, between the cantilever and the target analytes on the active 

side o f the cantilever. For chemical or biological sensors that the proper surface 

modification is very important to detect analytes, therefore, most o f the research work 

has been done or is being carried is on this subject. Today, the techniques that are 

employed in the cantilever surface modification include deposition o f self-assembled 

monolayer (SAM) [8-10], polymer [11-13], sol-gel [14], hydrogel [15-18], etc.

The technique o f self-assembled monolayer by spontaneous adsorption o f 

molecules on microcantilever suface has attracted a huge interest due to their high 

sensitivity and selectivity o f analyte detection. Diverse selections o f SAMs made up 

of various bio-molecules on the substrate surface forming biological probes have 

made the micro-cantilever an excellent device for modeling interactions between 

artificial surfaces and biological systems. In Fritz and coworkers’ [8 ] pioneering 

research, synthetically thiol-modified oligonucleotides with different base sequences 

were covalently immobilized on the gold-covered active side o f the cantilevers in an
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array. One cantilever array was functionalized with a 12-mer oligonucleotide and the 

other with a 16-mer oligonucleotide in parallel under identical conditions. The 

cantilevers in each array were found to provide differential deflection, a true 

molecular recognition signal of characteristic o f an oligonucleotide despite large 

nonspecific responses of individual cantilevers. Hybridization o f complementary 

oligonucleotides in the cantilever array showed that even a single base mismatch 

between two 12-mer oligonucleotides could be clearly detectable. Similar experiments 

were conducted on protein A-immunoglobulin interactions demonstrated that the 

wide-ranging applicability o f nanomechanical transduction to recognize biomolecules 

through interactions that could reach via surface stress changes through the cantilever 

modification. Haifeng J i’ group [9] prepared a Cu2+/L-cysteine bilayer on a 

gold-coated microcantilever by immersing the cantilever into a 10"3 M solution o f 

L-cysteine in tris buffer solution and then microcantilever was immersed in a 1 O' 3 M 

CUSO4  tris buffer solution to form a self-assembled bilayer o f Cu2 +/L-cysteine on the

9+  • •gold surface o f the cantilever. This Cu /L-cysteine bilayer-coated microcantilever has 

demonstrated a high sensitivity and selectivity toward organophosphorus compounds 

in aqueous solutions. Due to the complexation o f  the phosphonyl group o f the dimethyl 

methyl phosphonate (DMMP), a Sarin nerve gas stimulant, and the Cu2+/L-cysteine 

bilayer on the microcantilever surface, the microcantilever undergoes bending upon 

exposure to the DMMP even at concentrations as low as 10" 15 M.

The cantilever can also be the modified with an analyte-permeable polymer 

coating that is much thicker than a monolayer. In this case, interactions o f the analyte
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molecules with the polymer result in the deflection o f the cantilever and the mechanism 

of the cantilever deflection is caused by analyte-induced swelling o f the polymer 

coating. The operating principle o f MCL relies on transduction o f  chemical or 

physical processes into a mechanical response. Battison and coworkers [11] prepared 

and investigated a chemical sensor based on an array o f silicon cantilevers that were 

fiinctionalized by polymer coatings. After exposure to analyte vapors, such as water, 

primary alcohols, alkanes and perfumes, analyte molecules diffuse into the cantilever 

coating and resulted in the swelling o f the polymer coating. In addition to the mass 

increase, a change o f interfacial stress between coating and cantilever took place to 

produce a bending o f the cantilevers. Cantilevers coated with both high and low 

crosslinked plasma-polymerized allylamine (PPAA) films were investigated by 

Iqarashi [19] in N 2 atmospheres at various humidity conditions. The results 

demonstrated that a dense plasma-polymerized allylamine film of high cross-linked 

and could transduce more efficient swelling o f the film to the cantilever bending than 

a low density film of low cross-linked under identical environmental conditions.

In cantilever surface modification, Sol-gel technique also found useful in 

modifying cantilever modified application as a sensing transducer. Fagan et al. [14] 

prepared a chemical sensor by modifying a micro-cantilever surface with a thin film 

of sol-gel deposition using a spin coating procedure. These sensors showed different 

responses to variations in chemical composition and concentrations o f various vapor 

phase analyte. Ethanol, a highly polar molecule, exhibits a stronger affinity for the 

polar sol-gel coating and resulted in a larger response; pentane, a non-polar
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hydrocarbon, showed very little response. The sol-gel coating has also been shown to 

function as a matrix for the immobilization o f chemically selective phases on the 

cantilever surface. Another extensive sol-gel research area to coat the cantilever 

surface is to deposit a sol-gel derived lead zirconium titanate thin film to fabricate 

piezoelectric cantilevers [15-17],

Stimuli-response o f hydrogels also affect volume in response to small changes 

in ionic strength, solvent, stress, light intensity, electric field, and magnetic fields. Such 

hydrogel behavior has led to efforts to develop chemical and biological sensors for 

species such as C r0 42' [18], Pb2+ [19], pH [20, 21], etc. In Dr. J i’s group [18], 

hydrogels containing various amounts o f tetraalkylammonium salts were used to 

modify microcantilever surface for measurementing concentration o f C r0 42' in aqueous 

solutions. These microcantilevers exhibited bending deflection upon exposure to 

solutions containing various C r0 42' concentrations, as a result o f  swelling or shrinking 

o f the hydrogels. The microcantilever deflection as a function o f the concentration o f 

Cr0 4 2 ions, was nearly linear for most concentration ranges and the lowest detection 

limitation could be as low as 10 " 1 1 M. A ultrahigh sensitive pH sensor was reported [21 ] 

based on a microcantilever structure with a lithographically-defined cross-linked 

copolymeric hydrogel consisting o f poly(methacrylic acid) (PMAA) and poly(ethylene 

glycol) (PEG) dimethacrylate. The components were patterned and polymerized 

through free-radical UV polymerization. As the pH around the cantilever was increased 

above the pK a  o f  PMAA, the polymer network expanded and resulted in a reversible
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change in surface stress causing the microcantilever to bend with a maximum 

deflection sensitivity o f 1 nm/5 x 10"5 A pH.

With various surface modification approaches, the cantilevers based on 

chemical or biosensing offer a great attraction to various fields o f industries, such as 

healthcare and environment monitoring. The high sensitivity, compactness, low cost, 

low power-consumption and versatility o f microcantilever sensors will continue to 

drive the development and application o f the surface modification technique.

1.2 Layer-bv-Layer Assembly o f Thin Films and Application 
in Microcantilever Surface Modification

1.2.1 Layer-by-Layer Technique

Improvements in fabrication or patterning thin films on surfaces o f the 

various substrates or devices has been arousing great research interests on a variety o f 

applications such as sensors [22], drug delivery [23], anticorrosive surfaces [24] and 

photonic materials [25]. Usually, these films are composed o f multiple components 

arranged in a designed order and controlled thickness. Currently, the techniques for thin 

film fabrication or patterning include spin coating [26], Langmuir-Blodgett technique 

[27], electrophoretic deposition [28], Layer-by-Layer (LbL) [29, 30]. The spin coating 

technique is frequently used for the coating o f  photoresists onto a Si0 2  surface prior to 

photolithography. By taking advantage o f a standard spin coater, this technique allows 

for the adsorption o f polyelectrolytes onto surfaces in a multilayer fashion with 

controlled thickness within a relatively short time, usually several minutes. The 

limitations o f  the spin coating technique result from following aspects. First, spin
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coating can only be carried out on the flat and symmetrical surfaces. It could not be 

applied to spin coat other various geometric surface shapes or asymmetric substrates. 

This speciality greatly limits its practical applications. Second, the thickness o f the 

deposited films usually is in the order o f micros. It is difficult for the spin coating 

method to form a thin film at nano-scale thickness. Third, special equipment is needed 

for this operation. Another classic technique for fabricating thin films with some 

control over layer ordering or orientation is the Langmuir-Blodgett technique. This 

technique allows for the transfer o f a self-assembled, specifically orientated monolayer 

o f molecules from an air-water interface to the surface o f a planar substrate. The 

deposited molecules consist o f two sections. One is the relatively short and hydrophilic 

head, which could attach with water. The other section is the long and hydrophobic 

tail, which points straightforward into the air. The operation is processed by slowly 

dipping the substrate into and out o f the solution containing the self-assembled 

molecules. While this technique has the benefit o f  depositing molecularly thin layers in 

a highly precise manner, it also has the drawbacks o f requiring special equipment, 

difficulty in depositing on large surfaces and is limited to planar surfaces as is the spin 

coating. This technique has another drawback o f not being able to deposit layers 

containing multiple components with various compositions, i.e. nanoparticle modified 

surfaces. Electrophoretic deposition is mainly employed to form single or multiple thin 

layers on different surfaces with various shapes with the aid o f an electric field. It seems 

to be a desirable technique to meet the goals we mentioned previously but, because the 

deposition components are typically micro- or nanoparticles instead o f molecules, we
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will specifically discuss this in the latter section. Because o f these film requirements, 

there are few technologies available to achieve such goals, and the technology that is 

available is typically complicated and difficult to scale to the coating o f large substrate 

surfaces made o f a variety o f materials and dimensions.

Starting in the early 1990s, Drs. Decher, Lvov and coworkers [29, 30] began 

work on a realistic method for the electrostatic self-assembly o f multilayers over 

charged substrates. Their extensive initial work gave birth to Layer-by-Layer 

assembly (LbL) and resulting in a breakthrough in thin film deposition technology. In 

their initial study, the authors constructed multilayer thin films by exposing a charged 

substrate to an aqueous solution containing different polyelectrolytes, molecules that 

were end-functionalized with charged moieties. These molecules were shown to 

adsorb to the surface in a self-assembly manner due to the electrostatic forces. Under 

the effect o f electrostatic forces, molecules adsorb to the substrate until the charge on 

the surface o f the substrate is reversed and this charge reversion blocks further 

molecule adsorption to the substrate by electrostatic repulsion. After rinsing and 

drying, the substrate is then sequentially immersed in each solution until the desired 

film thickness or composition is reached. The frequently used polyelectrolytes for the 

assembly include the polycations, poly(dimethyldiallylammonium chloride) (PDDA), 

poly(ethylenimine) (PEI), poly(allylamine chloride) (PAH) and the polyanions, 

poly(styrenesulfonate) (PSS), poly(vinysulfate) (PVS), poly(acrylic acid) (PAA). 

Figure 1.4 presents the molecular structures o f the commonly used polyelectrolytes in 

the LbL process.
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Currently, this technique o f alternately adsorbing polyelectrolytes onto 

surfaces is one o f the most common and versatile techniques for fabricating polymeric 

thin films with various compositions [31-33]. In LbL, in addition to fabricating films 

stabilized by electrostatics, thin films have also been constructed using hydrogen 

bonding [34] and ligand-receptor interactions (through coordinate covalent or covalent 

bonding, biological recognition) [35]. In order to attract the molecules in the aqueous 

solution, the substrate surface is modified to present functional groups that have 

attractive interactions with the adsorbate molecules. Thus, it is possible to use a variety 

o f interactions to assemble films. In general, as long as these attractive interactions are 

present, regardless o f the nature o f the interactions, molecules will attach to the 

substrate surface. Another requirement to achieve stable multilayer thin films is that the 

layers must have multiple attractive interactions with the substrate and the other 

components o f the film. Figure 1.5 illustrates the different interactions between the 

layers and the alternative absorption.

PEI PDDA PAH

PSS PVS PAA

Figure 1.4 Molecular structures o f the commonly used polyelectrolytes in LbL.
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Electrostatic

Ligand/Receptor

Hydrogen Bonding

c

Figure 1.5 Illustration o f  the different interactions between the layers and the 
alternative absorption, (a) electrostatic forces; (b) ligand-receptor interactions;(c) 
hydrogen bonding.

The LbL technique has many advantages over other thin film fabrication 

methods. First, it is not only applicable to scaling down to coat micro- or nano-sized 

surfaces such as microcantilevers, cotton fibers and nanowires, it is also has the ability 

to scale up the deposition to the coating o f large substrates. Second, because this is a 

solution based technique, there are no substrate limitations. Actually, in practice, any 

shape, morphology or composition can be coated as long as multiple attractive 

interactions are present in the film. Third, this technique also has the ability to control 

the layer orientation or the layer sequence (in one dimension) and composition o f the 

individual layers in the films, which is difficult to achieve using other methods.
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1.2.2 Layer-by-Layer Assembly o f Thin Films

Typically, the LbL processes mainly involve the passive adsorption o f 

macromolecules on surfaces [30], As mentioned previously, the surface can be actually 

any size, shape, morphology, or composition, although in research, the most common 

case is planar glass substrates. A general prerequisite for the adsorption o f a 

macromolecule on a surface is that the macromolecule must have multiple attractive 

interactions with the substrate surface. As mentioned above, there are a variety o f 

possible interactions that can be exploited for the deposition o f layers but this section 

will be limited to the discussion o f  polyelectrolyte adsorption to surfaces.

To begin the LbL process, the substrate surface must be properly treated to 

render it charged. This can be accomplished in a variety o f ways depending on the 

surface composition o f the substrate being used. For example, i f  a glass substrate is 

being used for deposition it can be rendered negatively charged by exposure to a strong 

oxidizing solution such as piranha solution, or positively charged by covalently 

attaching positively charged silanes to the surface. If  the surface is gold, thiol 

compounds are usually used for the interactions between the gold atoms and the sulfur 

atoms, though the nature o f  these interactions is not well understood [36-39]. 

Regardless o f the initial charge on the substrate, polyelectrolyte deposition is 

performed in the same manner. In a standard process, a charged substrate is exposed to 

an aqueous polyelectrolyte solution at the desired pH, ionic strength and concentration 

(typically on the order o f milligrams/mL), and the polyelectrolyte is allowed to adsorb 

onto the substrate surface for ~20 minutes. The 20 minute adsorption time is standard
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for the adsorption o f  relatively low molecular weight polyelectrolytes (~70, 000) but 

can be increased for the deposition o f large molecular weight polyelectrolytes and 

colloidal species [21]. This substrate is then rinsed with DI water, dried with N 2 gas, 

and exposed to an aqueous solution o f oppositely charged polyelectrolyte. After 20 

minutes this substrate is again rinsed with DI water and dried with N 2 gas and exposed 

to the original polyelectrolyte solution. This process can be repeated numerous times to 

achieve a film with the desired properties. A schematic depiction o f the deposition 

process is shown in Figure 1.6.

I

Figure 1. 6  Schematic illustration o f the LbL self- assembly process. Step 1 shows a 
positively charged substrate that adsorbed polyanion (blue) to its surface followed by 
rinsing the surface copiously with DI water and drying. Step 2 shows the polyanion 
modified surface adsorbing polycation (red) to its surface followed by rinsing with DI 
water and drying. Step 3 shows subsequent addition o f  polyanion to the polycation 
modified surface. This process can be repeated numerous times to achieve the desired 
number o f layers.

The LbL process developed by Decher and coworkers has increased in 

popularity since its introduction. This is a result o f  the m ethod’s simplicity and the fact 

that polyelectrolytes as well as charged nanomaterials can be deposited in a controlled 

manner. This technique has been exploited to deposit polyelectrolyte layers on
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colloidal micro/nanoparticles using passive adsorption o f polyelectrolytes [40], This 

technique is performed using the same steps as illustrated in figure 1 .6 : exposure o f the 

surface to the polyelectrolyte solution, washing the surface free o f any unbound 

polyelectrolyte and exposure o f the surface to a polyelectrolyte o f opposite charge. This 

process can also be repeated until the desired film properties are achieved. The only 

modification to the basic LbL scheme is the need to wash the colloids using several 

centrifugation/resuspension or filtration cycles to separate the unbound polyelectrolyte 

from the coated colloids. Also, there are some additional factors that must be 

considered when coating colloidal particles, such as aggregation o f the particles instead 

o f layer growth. To prevent aggregation, the particles are always added to a 

polyelectrolyte solution containing a large excess o f  polyelectrolyte. This technique has 

also been used to construct polymeric capsules by dissolving out the colloidal core 

template using chemical degradation. This technique has been used to produce a variety 

o f capsules containing multiple functional groups for applications mainly in the field o f 

encapsulation and drug delivery [40].

Another important extension o f this technique is to fabricate films for in vivo 

repair o f blood vessels [41], preparation o f polymeric nanotubes [42], nanoscale 

reactors [43] micropatteming [44], membrane synthesis [45], drug delivery [46], 

photonics [43] and bio-composite film assembly [47]. In addition to the fabrication o f 

the above materials, there is a significant amount o f research being conducted on 

fabricating colloid functionalized substrates using LbL assembly. Using this technique 

a variety o f nanoparticles such as: polystyrene [48], Au [49], Fe3C>4 [50], CdS [51], etc.
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have been incorporated into thin films. This idea o f nanoparticle incorporation into thin 

films via the LbL process is especially important to the work that will be described in

this dissertation.

1.2.3 Microcantilever Surface 
Modification via LbL

The LbL technique is able to provide a multiple thin layer on surface o f any 

subject with different components and controllable thickness at the nanoscale. In 

microcantilever based chemical or biological sensors, surface modification is a key 

process to functionalize the microcantilever to various analyte species. Taking 

advantage o f the LbL technique, Dr. J i’s group successfully developed a general 

method to modify the microcantilever surface for biological sensors [52, 53]. The basic 

idea behind this modification is to immobilize or embed a specific or highly specialized 

enzyme, which only catalyzes a series o f  specific bio-/chem- reactions, into the thin 

film through the LbL process on the cantilever surface. When the target species is 

present in the environment surrounding the modified microcantilever, the embedded 

enzyme will trigger the corresponding bio-/chem- reactions and the conformation o f the 

enzyme will be changed during the reactions. The enzyme is a kind o f protein and 

possesses its own specific structure. This structure changes when the enzyme 

functionalizes and contributes to the conformation change. This conformation change 

will generate a surface stress in the thin film and hence result in the cantilever 

deflection. This deflection or surface stress or the extent o f conformation changing will 

reflect the concentration o f the analyte species.
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The general procedures for modification o f a microcantilever surface through 

LbL are as follows. First, the gold surface o f the microcantilever is treated with thiol 

compounds to introduce surface charges on the surface o f the cantilever. Then, three or 

more multilayers, such as PEI/PSS, are paved through the LbL to provide a base for 

further processing based on the charge nature o f the surface. Lastly, three or more 

multilayer containing enzyme molecules is subsequently deposited. For PEI/PSS, each 

bilayer is about 1 - 2  nm [53] and about 8  nm for PEI/GOx [52], The total thickness of 

the assembly is about several tens o f nanometers. All o f the whole procedures are 

illustrated in Figure 1.7.

d e

Figure 1.7 General procedures for LbL assembly with immobilized enzyme on the 
microcantilever, (a) gold coated microcantilever; (b), (c) a bilayer o f mercaptoethane 
sulfonate (MES) and PEI subsequently self-assembles onto the gold surface. This 
process can be repeated several times as desired; (c), (d) a bilayer o f PEI and PSS is 
further subsequently deposited. The process can be repeated several times as needed.

In practice, the modified LbL procedure specific for microcantilever surface 

modification used in glucose measurement is as follows [53]: (A) A monolayer of
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MES was self-assembled on the gold surface o f a microcantilever by immersing the 

microcantilever in a 5 mM MES solution for 12 hours and then rinsing with EtOH 

three times followed with deionized (DI) water three times. (B) The MCL was 

immersed in a PEI solution for 10 min and then rinsed with flowing water at a flow 

rate faster than 100 mL/min for 1 min. The microcantilever was then immersed in the 

opposite polyelectrolyte for 10 min, followed with another rinse with flowing water. C) 

This cycle was repeated several times until a desired number o f multilayers was 

reached. The research results showed that the multilayer approach was a superior 

approach for microcantilever surface modifications for enzyme-based biosensor 

development. The bending mechanism investigation suggested that the conformational 

change o f the GOx enzyme and the protonation to polymers on the microcantilever 

were the main reasons for the bending response o f the GOx multilayer modified 

microcantilever.

1.3 Electrophoretic Deposition and Thin Film Formation

1.3.1 Electrophoretic Deposition 
and Its Advantages

Electrophoretic deposition (EPD) is a process in which the charged particles 

suspended in a liquid medium, such as a colloidal system or a sol solution, migrate 

under the drive of an electric field and deposit on an electrode to form a film on the 

surface o f the electrode. This technique was discovered in 1809 [54] and initially was 

mainly applied in the deposition o f ceramic particles (such as TiC>2 , AI2 O 3 , etc.) to 

provide a coating on the surface o f various substrates. Recently, this technique has
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been developed in film deposition from the latex o f polymers, nanoparticles, etc [55, 

56]. Figure 1.8 schematically illustrates this process [57],

Figure 1.8 Schematic showing electrophoretic deposition [57],

Upon application o f an external electric field to a colloidal system or a sol

solution, the constituent charged nanoparticles or nanoclusters are set in motion in 

response to the electric field, whereas the counterions diffuse in the opposite direction. 

For a given suspension system, through the adjusting the strength o f the applied 

electric field, film thickness and deposition rate can be controlled effectively in the 

process o f electrophoretic deposition. If  an electric field set up between the electrode 

and the substrate is uniform, for example, between two parallel electrodes, the film 

can be formed uniformly. Because o f these characteristics, the EPD offers rigid 

control o f film thickness, uniformity, and deposition rate and is especially attractive 

owing to its low cost equipment and starting materials. Due to the use o f an electric 

field, electrophoretic deposition is particularly suited for the formation o f uniform 

films on substrates o f complicated shape, impregnation o f porous substrates, and 

deposition on selected areas o f the substrates.
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1.3.2 Particle Surface Charge and 
Electric Double Laver

In general, suspensions can be dispersed by electrostatic, steric, or 

electrosteric stabilization mechanisms. The particles must be electrically charged to 

permit forming by electrophoretic deposition. The charge on a colloidal particle could 

originate from one or more o f the following mechanisms: ( 1 ) preferential dissolution or 

(2) deposition o f charges or charged species, (3) preferential reduction or (4) oxidation, 

and (5) adsorption o f charged species such as polymers [57], Development o f a net 

charge at the particle surface affects the distribution o f ions in the surrounding 

interfacial region, resulting in an increased concentration o f counter ions close to the 

surface. Counter ions are those o f opposite charge to that o f  the particle. Thus, an 

electrical double layer exists round each particle. Figure 1.9 schematically illustrates 

the electric double layer structure [57],

Diffuse double layer 
(Gouv Layer)

t
h — II 

Helmholtz plane

Figure 1.9 Schematic illustrating electrical double layer structure and the electric 
potential near the solid surface with both Stem and Gouy layers [57],
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In the Figure 1.9, the surface charge o f the particle is assumed to be positive. 

The liquid layer surrounding the particle consists o f two parts: an inner region, called 

Stem layer and an outer region, called diffuse layer. Within this diffuse layer is an 

imaginary boundary known as the slipping plane, within which the particle acts as a 

single entity. In the Stem layer the ions are strongly bound and the electric potential 

near to the particle surface decreases linearly. In the diffusion layer the ions are less 

firmly associated and the electric potential decreases exponentially [57]. The surface 

charge density o f particles is a function o f the pH in the aqueous medium. Anna [58] 

and Chorom [59] investigated the effect o f changing pH on the surface charge density 

o f manganese oxides and clay particles in aqueous solutions with various electrolyte 

concentrations. The results showed that the particle surface charge decreased from 

positive charge at pH 3 to negative charge at pH 10 as pH increased and the 

electrolyte alleviated this changing trend to some extent [58], It is believed that the 

electrical charge at the interface o f metal oxide/electrolyte solution is formed as a result 

o f the reactions o f acid-base hydroxyl groups and due to complexation reactions o f 

surface hydroxyl group with the background electrolyte ions [58]. Thus, when pH 

increases more protons are neutralized around the particle surface and more negative 

charge produces, resulting in the surface charge decrease. On the other hand, protons 

are given o ff if  the particle adsorbs the electrolyte ions from the solution. Thus, the 

increase o f the electrolyte concentration results in the increase o f the charge density.
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1.3.3 Parameters Effecting EPD

A suspension for EPD is a complex system since each component has a 

substantial effect on deposition efficiency. There are two principal types o f solvents 

used in the EPD: water and organic solvents (such as alcohol, etc) [54]. Organic 

solvents are frequently used as a suspension medium in the EPD since the use of 

water-based suspensions can result in gas formation on the surface o f both electrodes. 

The gases originate from the water electro-hydrolysis when the applied voltage is 

greater than the decomposing potential o f water. The produced gases repel the 

deposition o f the particles on the surface and no film could form.

The deposition rate not only depends on applied electric field as mentioned 

above, suspension concentration, zeta potential around the particles and 

electrophoretic mobility o f particles also have effect on the deposit rate [54, 60-62], 

The zeta potential is determined by several factors, such as the particle surface charge 

density, the concentration of counterions in the medium, solvent polarity and 

temperature. The zeta potential £ can be described as [63]

Q
A7tsra{\ + ka)

(3)

with

k =
f  ■>e~ I" ,

x  1 / 2

S £ ± T\  r 0 y
(4)
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where Q is the charge on the particle, a is the radius o f the particle out to the shear 

plane, s r is the relative dielectric constant o f the medium, and n, and z, are the bulk 

concentration and valence o f the z'th ion in the system, respectively.

The mobility o f a particle, /i, in a colloidal dispersion or a sol solution is 

dependent on the dielectric constant o f the liquid medium, er , the zeta potential o f the 

particle, £ , and the viscosity o f the fluid, 17. The relationship between these parameters 

can be expressed in the next equation [63]

(5)
Znr]

Another element that may be considered with respect to the deposition rate 

is the ion strength o f additives. In order to supply sufficient voltage between the 

electrodes and obtain high deposition rates, some amount of electrolyte or phosphate 

ester can be added into the system to achieve a certain potential distribution [64]. It 

was shown that uniformity and adhesion o f the deposits can be improved by the use o f 

electrolytes [65, 6 6 ].

1.4 Objectives and Organization o f the Dissertation 

The primary objective o f this dissertation is to develop a simple and feasible 

approach to prepare a thin film on the surface o f  the microcantilever to set up a platform 

for the microcantilever as chemical and biological sensors through microcantilever 

surface modification.

Chapter one is an introduction to all the basic concepts, processes and 

techniques that are used thorough this dissertation. At the same time, a collection o f
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documents are viewed concerning these basic concepts, processes and techniques. 

Chapter two is a brief introduction to the techniques o f scanning electronic microscope 

(SEM) and atomic force microscope (AFM) used in this dissertation. Chapter three 

describes the microcantilever surface modification through LbL process. The 

preparation o f the multilayer thin film containing organophorsphorus hydrolase and its 

application, as well as the effect factors in the measurement o f organic phorsphorus 

compounds, are reported and discussed in this chapter. Chapter four deals with the 

investigation on the possibility to form hydrogel films on the surface o f the 

microcantilever through micro-, nano- hydrogel particles alternate deposition based on 

the LbL process. In this chapter, the synthesis o f the micro-, nano-, hydrogel particles 

and their assembly on the silicon wafers is also discussed. Chapter five details the 

process and application o f the hydrogel film preparation on the surface o f the silicon 

wafers and microcantilevers through the electrophretic deposition from the suspension 

o f the micro-, nano- hydrogel particles. Chapter six is the final conclusions o f  the 

dissertation. Some suggestions regarding the research described in this dissertation are 

presented for future work.
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CHAPTER TWO

INSTRUMENTATIONS

2.1 A tom ic Force M icroscope

2.1.1 Basic Principle

The atom ic force m icroscope (AFM ) w as invented in 1986 by  B innig, Q uate and 

G erber [67] and is a new  m em ber o f  the fam ily o f  scanning probe m icroscope, w hich 

forms im ages o f  surfaces using a physical probe that scans the specim en. Like all other 

scanning probe m icroscopes, the AFM  em ploys a sharp probe and the surface im age is 

obtained by m echanically  m oving the probe over the surface o f  a sam ple in a raster scan 

and recording the probe-surface interaction as a function o f  position. In the case o f  the 

AFM , the probe is a tip w ith a tip radius o f  curvature on the order o f  nanom eters. The tip 

is m icrofabricated from  silicon or silicon nitride on the end o f  a m icrocantilever. Figure

2.1 shows different shapes o f  the AFM  tip that are com m only used.

Figure 2.1(A -C) Three com m on types o f  A FM  tip. (A) norm al tip (3 pm  tall); (B) 
supertip; (C) ultralever (3 pm  tall) [6 8 ]

28
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The m icrocantilever bends in response to the force betw een the tip and the sam ple 

and the cantilever bending can be sensitively detected by an optical lever technique. The 

diagram  in Figure 2.2 illustrates how  the optical lever technique works. In the diagram , 

an optical beam , usually  a laser, is cast on the back side o f  the cantilever and the position 

o f  the reflected laser beam  is m onitored by  a position-sensitive photodetector (PSPD). 

W hen the A FM  tip scans the surface o f  a sam ple, the position change o f  the tip in the z- 

direction due to the different interactions betw een the tip and the sam ple produces a 

bending o f  the m icrocantilever, resulting in  the position  change o f  the reflected beam  

from  the m irrored surface on the back side o f  the cantilever onto the PSPD . In this 

arrangem ent, a sm all deflection o f  the cantilever w ill tilt the reflected beam  and change 

the position o f  beam  on the photodetector. B y m easuring the difference signal from  the 

PSPD, changes in the bending o f  the cantilever can be m easured.

Photodiode

r

Sample Surface j jL  Cantilever & Tip

PZT Scanner

Figure 2.2 B lock diagram  o f  the atom ic force m icroscope [69].
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Since the bending  o f  the m icrocantilever observes H ook’s Law, the interaction force 

betw een the tip and the sam ple can be found. D epending on the situation, forces that are 

m easured in the A FM  include m echanical contact force, Van der W aals forces, capillary  

forces, chem ical bonding, electrostatic forces, and m agnetic forces etc. [69]. The 

m ovem ent o f  the tip o r sam ple is carried out by  a tube scanner m ade from  piezo-electric 

ceram ics that can precisely  control the position (also see PZT scanner in Figure 2.2). The 

scanner is capable o f  sub-angstrom  resolution in x-, y- and z-directions. The z-axis is 

conventionally perpendicular to the sam ple [70], I f  the tip w ere scanned at a constant 

height, there w ould b e  a risk  that the tip w ould collide w ith the surface, causing dam age. 

H ence, in m ost cases a feedback m echanism  is em ployed to adjust the tip-to-sam ple 

distance to m aintain a constant force betw een the tip and the sam ple (also see F igure 2.2)

[69],

2.1.2 Im aging M odes

The AFM  can im age several interactions sim ultaneously depending on  the 

application. The m anner o f  using these interactions to obtain an im age is generally  called 

a m ode [71]. Generally, the A FM  im aging m odes fall into tw o categories: static m odes or 

contact m odes and a variety  o f  dynam ic m odes.

Contact m ode is the m ost com m on m ethod o f  operation o f  the AFM . In this m ode o f  

operation, the static tip and sam ple rem ain in close contact, as the scanning proceeds, and 

tip deflection is used as a feedback signal. Because the m easurem ent o f  a static signal is 

easily affected by  noise and therm al drift that results from  the friction betw een the tip  and 

the sam ple surface w hen the scanning rate is relatively  slow, low  stiffness cantilevers are 

used to im prove the deflection signal [69], One o f  the o ther draw backs o f  rem aining in
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contact w ith  the sam ple is that there exist large lateral forces on the sam ple as the tip is 

"dragged" over the specim en [70]. On the other hand, the attractive forces betw een the tip 

and the sam ple surface can be very strong w hen the tip is brought into proxim ity  o f  a 

sam ple surface, resulting in dam aging the tip. Thus, static m ode A FM  is only em ployed 

in contact w hen the overall force betw een the tip and the sam ple surface is repulsive. In 

contact m ode, the force betw een the tip and the surface is kept constant during scanning 

by  m aintaining a constant deflection [69],

In the dynam ic m ode, tapping m ode is the next m ost com m on m ode used in AFM . 

W hen operated in air o r other gases, the cantilever is externally oscillated at or close to its 

resonant frequency (often hundreds o f  kilohertz) and positioned above the surface so that 

it only taps the surface for a very small fraction o f  its oscillation period [70]. The 

advantage o f  tapping the surface is im proved lateral resolution on soft sam ples. Lateral 

forces such as drag, com m on in contact m ode, dram atically reduced as the tip scans over 

the surface due to the very  short contact tim e over the sample. W hen im aging poorly 

adsorbed sam ples on a substrate or soft sam ples, tapping m ode m ay  be  a far better choice 

than contact m ode for im aging [70],

2.1.3 A FM  Resolution

Since A FM  im aging is a three dim ensional im aging technique, the concept o f  

resolution in A FM  is different from  radiation or light based m icroscopy. U sually, lateral 

resolution is used in AFM . The lateral resolution is the ability to d istinguish tw o separate 

points on an image. U sually  the w idth o f  a D N A  m olecule is loosely used as a m easure 

o f  resolution, because it has a know n diam eter o f  2.0 nm  in the B form  [72], O ne o f  the 

m ost im portant factors influencing the resolution in AFM  is the apical probe or scanning
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tip geom etry [70], There are four aspects from  w hich the scanning tip has its influence on 

the image: a) broadening, b) com pression, c) interaction forces and d) aspect ratio [73].

W hen the radius o f  curvature o f  the tip is com parable or greater than the size o f  the 

feature to be im aged, tip broadening occurs. Figure 2.3 illustrates th is phenom enon. It can 

be seen from  Figure 2.3, as the tip scans over the specim en, the sides i f  the tip m ake 

contact before the apex, and the m icroscope begins to respond to the feature. Thus, it is 

the radius o f  curvature that significantly  influences the resolving ability  o f  the AFM . 

Im ages o f  D N A  m ade b y  the sharper tip have show n dram atic im provem ents in resolution 

w idths [73],

Figure 2.3 Tip broadening arises w hen the radius o f  curvature o f  the tip is com parable or 
greater than the size o f  the feature try ing to be im aged [70].

W hen the tip is over the feature to be imaged, a com pression or pressure exists 

betw een the tip and the sam ple. A lthough the force betw een the tip  and the sam ple m ay 

only  be nN, the pressure m ay be M Pa. The studies on som e soft biological polym ers, 

such as DNA, have show n the apparent D N A  w idth to be a function o f  im aging force

[70]. The im age contrast in  A FM  is produced by  the difference o f  the interaction forces 

betw een the tip and sample. How ever, som e changes m ay be resulted from  a change in
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force interaction and these changes m ay be perceived as being topographical. Forces due 

to the chem ical nature o f  the tip are probably m ost im portant here, and selection o f  a 

particular tip for its m aterial can be im portant. The aspect ratio o f  a particular tip is 

crucial w hen im aging steep sloped features. E lectron beam  deposited tips have been  used 

to im age steep-w alled features far m ore faithfully than can be achieved w ith  the com m on 

pyram idal tips. This effect has been shown very  clearly  in experim ents on the degradation 

o f  starch granules by  enzym es in the AFM  [70]. Figure 2.4 illustrates this problem .

Figure 2.4 A spect ratio o f  a particular tip is crucial w hen im aging steep sloped features 
[70].

2 .1.4 AFM  Characteristics

As a m icroscopic technique for im aging and m easuring surface m orphology, A FM  

has following characteristics [69].

1) AFM  provides a true three-dim ensional surface profile  o f  a sample.

2) M ost A FM  m odes can w ork in am bient air, liquid and vacuum .

3) Sam ples view ed by  AFM  do not require any special treatm ents.

4) AFM  resolution in x-, y- direction is 2-10nm  and in z-direction is 0.05nm .

5) The m axim um  AFM  im age size is 150x 150x1 pm 3.
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2.2 Scanning E lectron M icroscope

2.2.1 B rie f H istory

The scanning electron m icroscope (SEM ) is a m icroscope that uses electrons, 

instead o f  light, to illum inate and create a three-dim ensional im age o f  a specim en with 

very  h igh resolution. In 1935, M. K noll along w ith other pioneers w orking in  G erm any in 

the field o f  electron optics firstly described the concept o f  the SEM . In 1942, the first 

SEM  used to exam ine the surface o f  a solid specim en was described by  Zw orykin and 

colleagues, w orking in the R C A  Laboratories in  the U nited States. In 1948, Dennis 

M cM ullan and C. W. O atley in Cam bridge U niversity  further developed the instrum ent 

and built their first SEM  [74], The SEM  now  has becom e one o f  the m ost w idely  utilized 

instrum ents for m aterials characterization.

2.2.2 Basic Principle

In the SEM , the im age is form ed and presented by a very  fine electron beam  

consisting o f  large am ount o f  electrons. The electrons are em itted from  a tungsten or 

lanthanum  hexaboride (LaB6) cathode [75], or electron gun, at h igh tem peratures w here 

therm al vibrational energy overcom es the electrostatic forces that hold electrons to the 

surface. The electrons are then accelerated tow ards an anode. The electron beam , w hich 

typically  has an energy ranging from  a few hundred eV to 100 k eV is focused by one or 

tw o electrom agnetic condenser lenses into a beam  w ith a very fine focal spot diam eter o f  

0.4 nm  to 5 nm  [75], The beam  passes through pairs o f  scanning coils o r pairs o f  

deflector plates in the electron optical colum n, typically  in the objective lens, which 

deflect the beam  horizontally and vertically  so that it scans in a raster fashion over a
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rectangular area o f  the sam ple surface [75]. Figure 2.5 is a schem atic diagram  that shows 

the m ain SEM  com ponents and illustrates how  a SEM  works.

Figure 2.5 Schem atic diagram  illustrates how  a scanning electron m icroscope w orks [76].

W hen the electron beam  hits the sam ple w ith in  a very small area, the prim ary 

electrons from  the electron beam  collide w ith the electrons in the sample. Several things 

m ay happen to these prim ary electrons at any given m om ent. T hey m ay be elastically  

reflected from  the specim en, w ith no loss o f  energy. They m ay be absorbed by  the 

specim en and give rise to secondary electrons o f  very  low energy, together w ith  X- rays.

Electron
Beam

Electron Gun

Magnetic 
 Lens

Scanning
Coils

Backscattered
Election

Detector
^ S e c o n d a ry

^  A r l n r

Specimen
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They m ay be absorbed and give rise to the em ission o f  visible light. A nd they m ay give 

rise to electric currents w ithin the specim en. All these effects can be used to produce an 

im age [77]. Figure 2.6 schem atically  illustrates the electron-specim en interaction.

Incident Beam

X-rays 
Through Thickness 

Composition Information

Auger Electrons 
Surface Sensitive 

Compositional Information

Primary Backscattered Electrons 
Atomic Number and Topographical Information

Catho doluminescence 
Electrical Information

Secondary Electrons 
Topographical Information

w ,. 'K.
Specimen Current 
Electrical Information

Figure 2.6 Schem atic D iagram  shows the electron-specim en interaction [76],

The m ost com m on im aging m ode m onitors low energy (<50 eV) secondary

electrons. D ue to their low energy, these electrons originate w ith in  a few  nanom eters

from  the surface. The electrons are detected by  a secondary electron detector (also see 

Figure 2.5), which is a type o f  a scintillator-photom ultiplier device, and the resulting 

signal is rendered into a tw o-dim ensional intensity distribution that can be view ed and

saved as a digital image. The brightness o f  the signal depends on the num ber o f

secondary electrons reaching the detector [75],
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2.2.3 Energy D ispersive X -ray 
Spectroscopy

Energy dispersive X -ray spectroscopy (ED S) analysis is an additional function o f  

m odem  SEM  w hen it is fitted X -ray analysis equipm ent. A s the electron beam  o f  the 

SEM  is scanned across the sam ple surface, it causes X -rays o f  characteristic w avelengths 

and energies to be em itted from  the spot w here the beam  strikes the specim en. The energy 

o f  each X -ray photon  is characteristic o f  the elem ent w hich produced it. The ED S 

m icroanalysis system  collects the X-rays, sorts and plots them  by  energy, and 

autom atically identifies and labels the elem ents responsible for the peaks in  this energy 

distribution [78], The EDS data are typically com pared w ith either know n or com puter

generated standards to produce a full quantitative analysis show ing the sam ple 

com position. ED S identifies the elem ental com position o f  m aterials im aged in the SEM  

for all elem ents w ith an atom ic num ber greater than boron. M ost elem ents are detected at 

concentrations o f  order 0.1%  [78].

2.2.4 Sam ple Preparation

As the SEM  im age inform ation is produced by  the interaction o f  the p rim ary  electon 

beam  and the specim en, a charge w ill tend to  accum ulate on the surface o f  the sam ple 

trying to be im aged at high voltages, i f  the sam ple is nonconductive or sem iconductive. 

The accum ulated electrons on the sam ple surface w ill greatly increase the in tensity  o f  the 

secondary electrons and result in the bright apparance o f  the specim en w ithout any 

structural details. Thus, it is im portant to let these excessive electrons flow  over the 

sample. This is typically  achieved by  coating sam ple surface w ith a few  nanom eters-thick 

layer o f  gold using a sputter coater [75], The gold-coated sam ple is conductive and the 

excessive electrons can discharge w ithout accum utlation on the sam ple surface. There are
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two concerns on the gold coating treatm ent. On one hand, since the secondary electrons 

originate w ithin a few nanom eters from  the sam ple surface due to their low energy, gold 

coating on the sam ple surface w ill result in the loss o f  some inform ation from  the sample. 

O n the o ther hand, it is difficult to rem ove the gold coating w ithout dam aging the sample. 

Thus, the gold coating is considered a sem i-desructive process, though som e special 

chem ical process reported recently  could rem ove the gold coating [75].

2.2.5 R esolution o f  the SEM

The resolution o f  the SEM  can be defined as the ability to distinguish betw een two 

objects. So, it is also called spatial resolution. The spatial resolution o f  the SEM  depends 

on the size o f  the electron spot, w hich in turn  depends on the m agnetic electron-optical 

system  w hich produces the scanning beam  [75]. The resolution is also lim ited by  the size 

o f  the interaction volum e, or the extent to w hich the m aterial interacts w ith the electron 

beam . The spot size and the interaction volum e both m ight be  large com pared to the 

distances betw een atoms, so the resolution o f  the SEM  is not high enough to im age 

individual atom s, as is possible in the transm ission electron m icroscope (TEM ). 

D epending on the instrum ent, the resolution can fall som ew here betw een less than 1 nm  

and 20 nm  [75],
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CHAPTER THREE

ORGANOPHOSPHORUS HYDROLASE 

MULTILAYER MODIFIED MICRO

CANTILEVERS AND ORGANO- 

PHOSPHOUS DETECTION*

3.1 Introduction

All nerve agents belong to  the fam ily o f  organophosphorus (OP) com pounds, w hich 

are am ong the m ost toxic o f  know n substances. The toxicity  o f  these com pounds arises 

from  their irreversible binding to acetylcholinesterase that is essential to nerve im pulse 

responses [79], Besides nerve gases, m any pesticides also belong to the 

organophosphorus com pound group. In an effort to feed the grow ing w orld population, 

the agriculture industry has increasingly taken the assistance o f  pesticides to increase the 

crop yield by  fending o ff  pest infestation. Their w idespread use in agriculture m ay 

contam inate drinking water.

The threats posed by  nerve gases and other OPs have m ade them  im portant targets 

for detection. A nalytical m ethods em ployed have included gas and liquid 

chrom atographic m ethods w ith a variety  o f  detection system s, e.g., m ass spectrom etry 

[80], and atom ic em ission spectroscopy [81]. How ever, m ost o f  these m ethods require
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*The discussion in this Chapter was reproduced from Biosensors and Bioelectronics 22 (2007) 2636-2642, 
coauthored by Chandana Kamati, Hongwei Du, etc., with authorization from Dr. Haifeng Ji.
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instrum entation that is not only practically  non-portable but also quite expensive and very 

com plex, w hich is not well suited to the field analysis o f  m ultiple sam ples. There are 

num erous optical and electrochem ical m ethods [82-85] used for detecting and identifying 

OP agents. M ore novel m ethods include ion m obility  spectrom etry [8 6 ], im m unoassays 

[87], fiber optic m icrosphere array [8 8 ], and surface acoustic w ave (SA W ) technology 

[89, 90], etc. M any o f  these are excellent m ethods for the purpose o f  real-tim e in-field 

analysis. H ow ever, the cost o f  m ost o f  these system s m akes them  im practical for 

placem ent in m ultiple sites. Recent advances in the field o f  m icro-electro-m echanical 

system s (M EM S) and their uses offer unique opportunities for the design o f  cost-effective 

analytical m ethods. In 1994, it was realized that m icrocantilevers (M C Ls) could be m ade 

extrem ely sensitive to chem ical and physical changes [91-93]. M C Ls can be m ass 

produced through a typical lithography process, and can be readily  integrated into a 

m icro-electro-m echanical system  (M EM S). To date, extrem ely sensitive chem ical vapor 

sensors based on M CLs have been dem onstrated using selective coatings on the 

cantilever. Exam ples include m olecular beam  [85], alcohol [94], m ercury  [95, 96], 

m ercaptans [97], relative hum idity  [95, 96], Cs+ [98], D N A  [99], antigen-antibody 

interactions [100], etc. Requirem ents such as sensitivity, sm all size, low cost, and 

sim ultaneous detection o f  m ultiple species m ake the M CL sensor approach very 

attractive.

The unique characteristic o f  M C Ls is their ability to deflect due to m olecular 

adsorption- or binding-induced change in surface tension. These b inding  processes cause 

changes in surface stress on the M CL, w hich produces the upw ard o r dow nw ard bending 

o f  the M CL. B y recording the deflection m agnitude or therm odynam ics o f  the M CL, the
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concentration o f  target biological or chem ical species can be m easured. This 

characteristic o f  M CLs qualifies them  for detecting species both  in air and solution. From  

m olecular point o f  view , the binding or adsorption result in  electrostatic repulsion [97] or 

attraction [101], steric effects [102], and interm olecular interactions [103] betw een 

m olecules on the cantilever surfaces that alter the surface stresses on the cantilever. This 

is achieved by  confining the adsorption to one side o f  the M CL. The key to M C L sensor 

developm ent is to choose appropriate coatings for identification o f  specific chem ical 

species.

selective and sensitive recognition o f  OPs. These recognition agents are generally  used to 

develop one-tim e-use, disposable sensors for environm ental characterization. These 

sensors cannot be readily  regenerated due to their strong com plexation w ith  the 

phosphonyl group. O rganophosphorus hydrolase (O PH ), on the other hand, can be used 

for continuous m onitoring o f  O Ps in the environm ent. B iosensors based on O PH  have 

been reported recently  for the detection o f  pesticides and nerve agents [83, 84, 105-107]. 

The foundation o f  these devices is the hydrolysis o f  OPs, producing tw o protons, 

catalyzed in a h ighly  specific m anner by  OPH. The total reaction can be expressed in the 

Figure 3.1.

Cu2+ com plexes and acetylcholinesterase (AChE) [104] have been used for

O O

o ^ V 0CH2CH3
OCH2CH3

tl II

0 2 N OCH2CH3

Figure 3.1 Total reaction o f  the OP hydrolysis by  the OPH.
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The reaction can be sim ply w ritten as:

OP + H 20  -  O P-acid + R -O H  (or R-SH ) (1)

For exam ple, m ethyl paraoxon can be hydrolyzed by  OPH  to diethyl phosphate 

(DEP) and p-nitrophenol (PNP) while releasing tw o protons. The reaction process can be

expressed as show n in Figure 3.2 [106], The resulting decrease in pH  has been m onitored 

and correlated to OPs concentration for constructing a potentiom etric enzym e electrode.

O ther b iosensors based for the detection o f  p-nitrophenol by  am perom etry and fiber 

optics have also been reported.

o

Eto— P  ----------- — EIO— p -----  —-  PNP + DEP (A)
X 0  • OH £ o -

s
06 t { ^  OEt

o H

ENZ-B:

°  O ’ °  — ^
II /TV + /  IIEtO— P -2-0—(\ /)—N -  EtO —P “  B ENZ » PNP -------------
i— %  r \
OEt \  U H—O OEt

ENZ-B: ENZ-B:

"irini 1 r  * o ,m *^a ^ * — N O j + D£ P

%
EtO

ENZ-B:

DEP {B)

<C)

Figure 3.2 Reaction process o f  the OP hydrolyzed by  the enzym e.
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M olecular recognition agents can be assem bled or covalently  linked to one side 

o f  the m icrocantilevers. M odification o f  the M CLs has been realized by self-assem bled 

m onolayers (SAM s) [97, 98], polym ers [94, 108, 109], so l-gels [110], and hydrogels 

[111-113], etc. Recently, w e introduced the nanoassem bled Layer-by-Layer (LBL) 

approach for M CL m odification [114]. The Layer-by-Layer technique, w hich w as 

developed in 1993 [115], allows the form ation o f  ultrathin, organized film s on any 

surface through the alternate adsorption o f  oppositely charged com ponents, such as linear 

polyions and enzym es, prim arily  via electrostatic attraction [116-119]. It is a sim ple 

m odification process w ith nanoscale control o f  the film thickness. The required 

com ponent could be positioned at a desired location in the film  w ith nanom eter precision. 

In this chapter, w e described an OPH m ultilayer m odified M CL for the detection o f  OPs. 

The principle o f  detection is based on the deflection o f  the M C L due to the change in the 

film  netw ork m esh size upon the hydrolysis o f  O Ps by  the im m obilized OPH. U nlike the 

earlier M CL-based sensors for OPs that w ere single use the O PH -based M C L are 

reusable.

3.2 Experim ental

3.2.1 M aterials

In this experim ent, com m ercially available silicon m icrocantilevers (V eeco 

Instrum ents, Santa Barbara, CA) w ere utilized. The dim ensions o f  the V -shaped silicon

M C Ls w ere 180iJm in  length, 25|Jm  in leg w idth, and 1 pm  in thickness. One side o f

these cantilevers w as covered w ith a thin film o f  chrom ium  (3 nm ) followed by  a 20-nm  

layer o f  gold, both deposited by  e-beam  evaporation. Since the gold film  does not stick
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w ell to Si0 2 , the thin chrom ium  layer was used to im prove adhesion. On the uncoated 

side o f  the com m ercial m icrocantilever is silicon w ith a 12-19 A thick naturally  grow n 

Si0 2  layer, w hich is called “native oxide” . The shape o f  the M CL used in this w ork is 

shown in Figure 3.3.

18U pm -

/ " ■  
25 pm

>■'

n

Figure 3.3 Top view  o f  M C L (Veeco Instrum ents, Santa Barbara, CA) used in this 
experiment.

W ild type OPH was expressed and provided by  U niversity  o f  California, 

Riverside. The detailed m ethod for OPH expressing w as described in the related literatures 

[83, 84], Sodium  salt o f  2-m ercaptoethane sulfonic acid (M ES), PSS (M w = 70,000, 

powder), paraoxon, parathion, and diisopropyl fluorophosphates (DFP) w ere used as

received from  S igm a-A ldrich . Polyethyleneim ine (PEI, 14%, M w = 25,000, p  =  1.043)

 2
w as a donation from  M ax Planck Institute, Germ any. A  1x10 M  M ES solution was 

prepared in ethanol. A ll other solutions w ere prepared in a 0.01M  and pH =7 phosphate 

buffer (an additional 0 .05x 10 3M  C 0 CI2  in OPH  solution).
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3.2.2 D eflection M easurem ent

The deflection experim ents w ere perform ed in a flow -through glass cell 

(D igital Instrum ents, Santa Barbara, CA) sim ilar to those used in  atom ic force 

m icroscopy (AFM ). The M C L w as im m ersed in the 0 .0 1M phosphate buffer (pH =7.0) 

solution. For continuous flow -through experim ents, the buffer solution w as initially 

circulated through the cell using a syringe pum p. A  schem atic diagram  o f  the apparatus 

used in th is study is presented in Figure 3.4 [120],

KqttiM cell

Liquid
Olrtpltt

cantilever

input

Computer

Figure 3.4 Schem atic diagram  o f  the apparatus used in  the study [120].

A  constant flow rate w as m aintained during each experim ent. Experim ental 

solutions containing different concentrations o f  paraoxon w ere injected directly  into the 

flow ing fluid stream  via a low -pressure injection port sam ple loop arrangem ent w ith a 

loop volum e o f  2.0 ml. This arrangem ent allows for continuous exposure o f  the cantilever
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to the desired solution w ithout disturbing the flow cell or changing the flow  rate. Since

the volum e o f  the glass cell, including the tubing, w as only 0.3 m l, a relatively  fast

replacem ent o f  the liquid in contact w ith the cantilever was achieved. M icrocantilever

deflection m easurem ents w ere determ ined using the optical beam  deflection m ethod. The

bending o f  the cantilever w as m easured by  m onitoring the position o f  a laser beam

reflected from  the gold-coated side o f  the cantilever onto a four-quadrant A FM

photodiode. W e define bending tow ard the gold side as “bending up” and tow ards silicon

side as “bending dow n” . In case adsorption occurs on the gold surface, the dow nw ard

bending is usually  caused by  repulsion or expansion o f  m olecules on the gold surface,

w hich is called com pressive stress; conversely, the upw ard bending is caused by

attraction or contraction o f  m olecules on the gold surface, w hich is called tensile surface

stress. The cantilever w as im m ersed in the buffer solution until a baseline w as obtained

and the voltage o f  the position-sensitive detector w as set as background corresponding to

0 nm. C antilever based detection system s are prone to drift problem s. W e observed

sim ilar drifting problem s in these experim ents. The drifting problem , how ever, was

alleviated after equilibrating the prepared cantilevers in the buffer solutions for one hour.

Typically, a good baseline (<4 nm  noise) was obtained in one to tw o hours after

equilibrating the cantilevers in the buffer solutions. In these experim ents, w e injected the

sam ple after a good baseline was obtained.

3.2.3 M icrocantilever Layer-by-Layer OPH 
Surface Im m obilization Process

The electric charge o f  a polyelectrolyte in a solution depends on the isoelectric 

point (p/) o f  the polyelectrolyte and the solvent. A t pH  7.0, the OPH  is a positively
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charged polyelectrolyte (the p / o f  OPH is 8.0) [106],

Since m icrocantilever bending is generated from adsorption induced surface 

stress from  one side o f  the m icrocantilever, the key to surface m odification technology is 

to control the form ation o f  m ultilayers on only one surface o f  the m icrocantilever by 

choosing appropriate surface m aterials. In a typical m ultilayer form ation procedure, the 

substrat is alternately dipped into a polycation and polyanion solution, and the process is 

repeated several tim es for m ultilayer form ation. W hen this procedure w as applied, 

m ultilayer nanoassem bly film form ation w as found on both sides o f  the cantilever. 

Recently, w e reported a m odified m ultilayer grow ing process [121] taking advantage o f  

hydrophobic/lipophobic properties o f  the perfluorocarbon m aterials. In this m ethod, 

(tridecafluoro-l,l,2 ,2-tetrahydroocty l)triethoxysilane (TTS) w as used to develop a thin 

perfluorocarbon m onolayer on a silicon surface using a typical silicon surface 

m odification procedure, and the polym eric m ultilayers w ere found only on the gold 

surface o f  the M CL.

The m odified LbL procedure specific for M C L surface m odification used in 

this experim ent is as follows: (A) A  m icrocantilever w as im m ersed in  P iranha solution, 

4:1 H 2 SO 4 : H 2 O 2 , for about tw o m in to rem ove any organics from  the m icrocantilever 

surface (Caution: P iranha solutions react violently  in the presence o f  m any organic 

com pounds and should be handled w ith extrem e caution). N ext, the m icrocantilever was 

rinsed copiously w ith H 2 O then copiously w ith 95%  ethanol. (B) A  m onolayer o f  M ES 

w as self-assem bled on the gold surface o f  the M CL by  im m ersing it in  a 5 m M  M ES 

aqueous solution for 12 hours, and then rinsing with deionized (DI) w ater three tim es. (C) 

The M C L w as im m ersed in a 1.5 m g/m L o f  PEI solution for 10 m in and then rinsed with
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flow ing w ater at a flow rate equal or faster than 1 m L/s for 1 m in. The M CL w as then 

im m ersed in the 3.0 m g/m L oppositely charged polyelectrolyte (PSS in these experim ents) 

for 10 m in, follow ed w ith another rinsing w ith flow ing water. (D) This cycle w as 

repeated several tim es until a desired num ber o f  m ultilayers w ere reached.

This m odified m ultilayer form ation w as applied to all the M C Ls used in these 

experim ents. In the case o f  enzym em odified M CL, the cantilever w as first coated w ith 

three bilayers o f  PEI/PSS to provide a solid base follow ed by  three bilayers o f  O PH /PSS. 

The enzym e m onolayer w as form ed by  im m ersing the M CL in an OPH enzym e solution 

(4 m g/m L o f  OPH) for 10 m in followed by  rinsing in  flow ing D I water. The process w as 

continued until three b ilayers o f  O PH/PSS w ere form ed on top o f  the PEI/PSS base. Each 

PEI/PSS bilayer w as about 1-2  nm  in thickness [98], A lthough the O PH /PSS b ilayer 

thickness was not determ ined, based on the dim ension o f  the OPH  it is expected that the 

thickness w as approxim ately 8  nm. Thus, w e assum e the thickness o f  the (O PH /PSS ) 3  

layer was approxim ately 25 nm.

3.3 Results and D iscussion

3.3.1 Relationship betw een D eflection 
A m plitudes and the C oncentrations 
o f  Paraoxon

Figure 3.5 (A -C) show s the bending response o f  an OPH m ultilayer m odified 

M C L to various concentrations o f  paraoxon. The M C L deflection w as fully reversib le 

and increased as the concentrations o f  paraoxon increased. The detection lim it w as 

approxim ately 10 7  M. This is an order o f  m agnitude better than the O PH -based 

potentiom etric and optical biosensors that also m easured the pH  m odulation [122],
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Figure 3.5(A ) D ynam ics o f  bending am plitude for a freshly-m ade (PSS/O PH ) 3  m odified 
M CL (solid line) and a (PSS/O PH ) 3 m ultilayer m odified M CL (dashed line) after storing 
in a dry state in  the refrigerator at 4°C for 2 m onths upon exposed to 10"3M  paraoxon in 
0.01 M  phosphate buffer (the injection point is indicated w ith arrows).
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Figure 3.5(B) D ynam ics o f  bending am plitude for a freshly-m ade (PSS/O PH ) 3 m odified 
M CL (solid line) and a (PSS/O PH ) 3 m ultilayer m odified M CL (dashed line) after storing 
in a dry state in the refrigerator at 4°C for 2 m onths upon exposed to  10"5M  paraoxon in 
0.01 M  phosphate buffer (the injection point is indicated with arrows).
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Figure 3.5(C) D ynam ics o f  bending am plitude for a freshly-m ade (PSS/O PH ) 3  m odified 
M CL (solid line) and a (PSS/O PH ) 3 m ultilayer m odified M CL (dashed line) after storing 
in a dry state in  the refrigerator at 4°C for 2 m onths upon exposed to 10‘7M  paraoxon in 
0.01 M  phosphate buffer (the injection point is indicated w ith arrows).

3.3.2 D eflection Profiles o f  M icrocantilevers 
upon exposure to paraoxon

Figure 3.6 show s the m axim um  deflection was a function o f  the paraoxon

concentration and had a w ide dynam ic range. A s show n in the insert o f  Figure 2.6, repeat

exposure o f  a M C L to a l ( f 3 M  solution o f  paraoxon caused sim ilar deflection amplitudes.

The standard error for the three m easurem ents w as w ithin 5%, thus dem onstrating good

 o
sam ple-to-sam ple reproducibility. Exposure o f  a 10 M  solution o f  paraoxon to five 

different M C Ls prepared under the sam e conditions also caused sim ilar deflection 

am plitudes and the standard error w as w ithin 15% indicating an acceptable 

M C L-to-M C L reproducibility. The M CLs bent up show ing the m ultilayer film shrunk 

upon exposure to paraoxon. Control experim ents w ere perform ed by  exposing a
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(PSS/PEI ) 6  m odified M CL to a 10 3 M solution o f  paraoxon. N o deflection o f  the 

cantilever w as observed (also shown in Figure 3.6 insert).
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Figure 3.6 Correlation betw een m axim um  bending am plitudes o f  a (PSS/O PH ) 3  m odified 
M C L and paraoxon concentration in  a 0.01 M  phosphate buffer. Insert: Three replicates 
(dashed line) o f  bending responses as a function o f  tim e for a (O PH /PSS ) 3  m ultilayer 
m odified M C L follow ing injection o f  a 10~ 3 M  paraoxon in 0.01M  phosphate buffer (the 
injection point is indicated w ith arrow s) at 4.5 m L/h flow rate. C ontrol experim ents were 
perform ed by  exposing a (PSS/PEI ) 6  m odified M C L to a 10 3 M  solution o f  paraoxon 
(solid line).

3.3.3 S tability  o f  the O PH -m odified 
M icrocantilever

The O PH -m ultilayer m odified M C Ls dem onstrated excellent stability  for m ore 

than  2 m onths w hen stored in a dry  state at 4  °C as evidenced by  sim ilar profiles and 

bending am plitude (Figure 3.5). H ow ever, the OPH activity w as lost in  less than 2 w eeks 

w hen the m ultilayer film  m odified M C L w as stored in the buffer solution at room  

tem perature.
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3.3.4 Therm odynam ic and Equilibrium  
Study o f  M ultilayer Shrinking

Recently, Thundat and cow orkers [123] and our group [114] have concluded

that the enthalpy change o f  the enzym atic reaction does not contribute to the deflection o f

the M CLs. The possible contributions to the M CL bending include pH  change and the

conform ational change o f  the enzym es. In order to interpret the m echanism  o f  the

enzym atic reaction induced stress on the M CLs at the m olecular level, w e studied the

therm odynam ics and kinetics o f  the M CL response to paraoxon catalyzed paraoxon

hydrolysis and correlated it w ith  changes in the bending response o f  the M CL. The

follow ing provides the details o f  this investigation.

3.3.4.1 OPH am ount in O PH /PSS bilayer- 
m odified m icrocantilever

The M CLs used in these experim ents w ere V -shaped Si0 2  m icrocantilevers that 

have dim ensions o f  1 8 0 p m x 38 |Jm x l|Jm  and a layer o f  2 0  nm  gold on one surface. The

M CL surface area w as 1.12x 10 2 m m 2. A ssum ing the thickness o f  the (O PH /PSS ) 3

m ultilayer film  w as approxim ately 25 nm , the volum e o f  the (O PH /PSS ) 3  film  w as 

approxim ately 2 .8 X10 13 L. Based on the m olecular w eight o f  6 8 . 8  kD a for O PH  dim er

and the reported d en sity  o f  2 6 7  n g /0 .5 8 6  cm 3 or 0 .4 5 6  |Jg/cm 3 corresp on d in g  to  6 .6 3  x

10” 12 m ol/cm 3 or 7 .43x 10-16 m ol on the M CL surface for the O PH /PSS layers [89], the

concentration o f  the OPH in the m ultilayer film w as calculated to be 2.65 x 10- 3  M.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



53

3.3.4.2 OPH Catalyzed Paraoxon Hydrolysis 
R eaction V elocity

C onsider the O PH -catalyzed reaction to follow M ichaelis M enten m odel 

represented by  the follow ing equation [89]:

, ■* , -U L  [ ° p ] k cat [enzyme][OP]
velocity (ms ) =  — 522------- ™ ™—  (2)

[OP] + K°mp [OP] + K ° p

w here Fmax is the m axim um  reaction rate (i.e. at saturation) and K ° p is the substrate 

concentration at w hich h a lf  the m axim um  velocity rate occurs. Fmax can be expressed as a 

function o f  the total enzym e concentration and the irreversible forw ard rate o f  reaction

(kca,). A dditionally, w e assum e that at equilibrium  the paraoxon concentration inside the

m ultilayer film  w as constant and w as equal to the concentration o f  paraoxon injected; this 

assum ption w as reasonable because o f  the very small film  thickness ( -2 5  nm ), the high

diffusion constant o f  paraoxon, and the fast liquid flow rate (0.4 m m /s) over the M CL 

surface. Further, based on the report by  Lee et al. [117] that the kinetic param eters o f  

OPH in m ultilayers w ere close to those in solutions, we used the values o f  kinetic

param eters for OPH in solution, Â at =  1.5*104  s_ 1  and Km = 0.12 m M  reported by

diSioudi et al. [124], Solving Equation (2) w ith the above assum ptions the 

theoretical/predicted OPH catalyzed paraoxon hydrolysis velocity  in the O PH/PSS 

bilayer o f  the M C L as a function o f  paraoxon concentration w as determ ined (Figure 3.7).
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Figure 3.7 The calculated/predicted paraoxon hydrolysis rate (y-axis on the left) 
according to equation (2) in a (PSS/O PH ) 3  film  on the m odified M C L and the resultant 
pH  (y-axis on the right) in the (O PH /PSS ) 3  m ultilayer film on the m odified M C L  as a 
function o f  paraoxon concentration.

3.3.4.3 pH  versus Paraoxon 
Concentration Profile

The OPH catalyzed hydrolysis o f  paraoxon produces p-nitrophenol (PN P) and

<3,0-diethyl phosphoric acid (DEP), that are responsible in  low ering the pH  inside the

m ultilayer film  and changing the structure o f  the m ultilayer film. The form ation rate o f  O,

O-diethyl phosphoric acid or p-nitrophenol on the M C L surface can be expressed as

dP d 2P
—  = V ~  D p (3)
dt p d t 2
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where P  is the concentration o f  products, Dp the diffusion constant o f  phosphoric acid or 

p-nitrophenol in the (O PH /PSS ) 3  m ultilayer film, and V  is the reaction rate described 

above. A t steady state, dP!d t=  0, therefore

two orders o f  m agnitude sm aller than in w ater [125, 126]. For instance, the diffusion

10 6  cm 2/s in  w ater [108], N o diffusion constant o f  0 ,0 -d ie th y l phosphoric acid and

p-nitrophenol in the O PH/PSS m ultilayer film  has been reported, how ever, these 

constants can be estim ated using the S tokes-E instein  equation [127]:

A ccording to this equation, sim ilar m olecular w eight com pounds, such as 

ascorbic acid (MA =  176 g/mol), 0 ,0 d ie th y l phosphoric acid (M> = 1 5 4  g/m ol), and

nitrophenol (A7N = 139 g/m ol), w ill have a sim ilar diffusion constant. U sing  equation (5),

the diffusion constant o f  0 ,0 -d ie th y l phosphoric acid (0>) and 4-nitrophenol ( 0 U  w ere

calculated to be  5 .14x 10~8 and 5.05x 10~8 cm 2 /s, respectively. Solving equation (4) gave 

the concentration o f  diethyl phosphoric acid and 4-nitrophenol in the m ultilayer film  on

(4)

 o 2
The diffusivity o f  organic com pounds through the m ultilayers (10 cm  /s) is generally

constants for ascorbic acid (0 a )  in a m ultilayer film  is 4 .7X10 8  cm 2/s com pared to 5 .8X

(5)
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the M CL surface at equilibrium  as a function o f  the paraoxon concentration injected. The 

p /(a  o f  diethyl phosphoric acid and 4-nitrophenol are 2.0 and 7.0, respectively. The

concentration o f  protons (in the form o f  pH ) versus the concentration o f  paraoxon 

injected w as then calculated and is show n in Figure 3.7.

3.3.4.4 Effect o f  pH  on C antilever Bending

In order to determ ine the effect o f  pH  on M CL bending, (O PH /PSS ) 3  m ultilayer 

m odified M CLs w ere exposed to different pH  0.01 M  phosphate buffer. A s shown in

Figure 3.8, changing the M C L environm ent pH  from  7 to 4 produced ~30 nm  deflection

only. This deflection is m uch less than the am plitude o f  the M C L bending upon exposure 

to paraoxon (Figure 3.6), suggesting that pH  change w as not the only contribution to 

M C L bending.

1e-7 1e-6 18-5 1e-4

Concentration of [H ] in the film at equlibrium

Figure 3.8 M axim um  bending responses for a (O PH /PSS ) 3  m odified M CL after injection 
o f  a 0.01 M  phosphate buffer w ith  different [H+] (pH) at 4.5 m L/h flow  rate. The M C L 
was pre-equilibrated in a 0 .0 1M buffer solution w ith pH 7.0.
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3.3.5 Conform ational Change o f  the 
OPH Enzym e

OPH is a dim eric bacterial protein w ith a m olecular w eight o f  approxim ately 70 

kDa. The corresponding dim ensions o f  the dim er are 90AX56AX40A [ 1 1 0 ]. Since the

OPs in these experim ents were electrically neutral, the possible bending m echanism  

based on the absorption induced electrostatic repulsion or attraction betw een O Ps and 

O Ps w ith O PH  or PSS can be ruled out. Steric effects and in term olecular interactions 

betw een OPs w ere too w eak to contribute to the surface induced stress changes on the 

cantilevers because o f  the long-distance betw een two OPH-bound OPs. Recently, the 

conform ational changes o f  OPH in m ultilayer film  upon exposure to paraoxon have been 

investigated b y  Leblanc and cow orkers [106, 129-133], U sing circular dichrom ism  (CD) 

m easurem ents, it w as determ ined that in the presence o f  paraoxon the /3-strand o f  OPH 

increased from  3.37%  to 17.33%. This w as attributed to the binding o f  paraoxon w ith 

OPH. B ased on the above results, it is m ore likely that the conform ational change o f  OPH 

upon binding o f  paraoxon and the subsequent interactions betw een O PH s and O PH  w ith 

PSS plays a m ajor ro le in  the m ultilayer film  volum e change and the consequent bending 

response o f  the M CLs.

3.3.6 R esponse to O ther OPs

It is know n that w ild-type OPH  has h igher selectivity tow ards paraoxon than

other Ops, such as parathion and DFP. For instance, the kc.JK M value o f  O PH  for D FP is

four-orders o f  m agnitude low er than that for paraoxon [124], M C L s’ responses to 

parathion and D FP w ere m easured and the results show ed the expected sm aller am plitude
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and slow er bending rate response o f  the O PH -m ultilayer m odified M C Ls (Figure 3.9) 

than that o f  paraoxon.

It w as also noticed that after the parathion or DFP w ere fluxed out from the 

fluid cell, the M C L kept bending up for the next 400 s before bending back. One possible 

explanation o f  this phenom enon is a relatively slow er post-binding conform ational 

change o f  the OPH, supporting the proposed OPH conform ational change o f  induced 

m echanism  for M CL bending. It is possible to obtain the b inding constants o f  these O Ps 

w ith OPH using M CL bending dynam ics. These phenom ena m erit further investigation in 

the future.
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Figure 3.9 Bending responses as a function o f  tim e for a (O PH /PSS ) 3  m odified M CL 
upon exposure to 1CT3 M  paraoxon, parathion, and DFP at 40 m L /h flow  rate. A t this 
flow rate, the OPs flux through the fluid cell in 3 min. The M C L m ay not reach it 
m axim um  bending in this tim e scale.
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3.4 Conclusions

OPH w as im m obilized on the M C L  surface using Layer-by-Layer 

nano-assem bly technology for OPs detection. The detection lim it for paraoxon was 

approxim ately 10~ 7 M. This is an order o f  m agnitude better than the O PH -based 

potentiom etric and optical biosensors that m easured the pH m odulation. The m ultilayer 

m odified M C Ls responded to paraoxon, parathion, and DFP at different bending 

am plitude and bending rate. The bending m echanism  investigation suggests that the 

conform ational change o f  the OPH m ay be the prim ary contributor o f  the M C L bending. 

The results also suggest that research in m olecular b iology to increase the first b inding 

constant o f  the O P to OPH  could be a new  strategy to im prove the sensitivity  o f  enzym e 

based biosensors. This strategy w ould m ake it possib le to develop a sensor w ith  both  high 

sensitivity and continuous m onitoring o f  target m olecules.
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CHAPTER FOUR

MICRO/NANO HYDROGEL PARTICLE 

ASSEMBLY ON THE SURFACE OF 

SILICON AND MICRO

CANTILEVER VIA LbL

4.1 Introduction

M icrocantilevers have proven to be an outstanding platform  for chem ical and 

biological sensors [134]. One unique characteristic o f  m icrocantilevers is their ability  to 

undergo bending due to a m olecular or binding-induced change in  the surface tension. 

This is achieved by  confining the adsorption o r b inding to  one side o f  the cantilever 

surface [135]. The key to m icrocantilever sensor developm ent is to choose appropriate 

coatings for the identification o f  chem ically or biologically  specific species. A  good 

coating candidate is stim uli-response hydrogels, w hich change their volum e in  response 

to small changes in the environm ent. How ever, as w e know  from  the C hapter one, the 

direct synthesis o f  hydrogel film  on the surface o f  the m icrocantilever through radical 

polym erization is troublesom e and not practical. A nother m ethod is to im m erse the 

cantilever in the m ixture o f  the m onom ers and directly coat the hydrogel film  on the 

m icrocantilever w hen the polym erization takes place. This m ethod lacks reproducibility  

since the m icrocantilever has to be carefully assem bled to create a gap w ith in  a

60
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m icrometer. O n the other hand, as w e know, the Layer-by-Layer assem bly (LbL) 

developed by  G. D echer is one o f  the m ost prospective new  m ethods o f  thin film 

deposition. In this process, oppositely charged polym ers or polyelectrolytes are often 

used to form  a th in  layer through alternative adsorption o f  the oppositely  charged 

polyelectrolytes v ia electrostatic forces betw een them  [136-138], Recently, this technique 

has also been  successfully applied to thin film  assem bly consisting o f  nanoparticles and 

various o ther inorganic m aterials [139-144]. The LbL assem bly o f  nanoparticles can be 

described as the sequential adsorption o f  nanoparticles on oppositely  charged layers o f  

polyelectrolytes. The facile form ation and stability o f  the nanoparticle LbL film s could be 

attributed to the com bination o f  both electrostatic and van der W aals attractive forces 

[145,146]. This process is not only sim ple and universal bu t also could produce high 

quality coatings w ith uniform  distribution o f  nanoparticles in  a film  thickness and 

com position controllable m anner. A nother im portant advantage is that the LbL prevents 

phase segregation betw een the nanoparticles and the polym er m atrix, w hich  often occurs 

for other m ethods [147-149] and is detrim ental for m any applications.

Based on the above understanding, the research in this chapter is aim ed at 

developing intelligent hydrogel m icro-, nano-particle coated m icrocantilevers that are 

expected to be used as chem ical and biological sensors. First, surface charged m icro-, 

nano- hydrogel particles are synthesized through precipitation polym erization. Then, 

selectively m odify  the surface o f  the m icrocantilever and form  a th in  layer o f  hydrogel 

film  on the surface o f  the m icrocantilever via LbL assem bly o f  the m icro-, nano

hydrogel particles.
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4.2 Experim ental

4.2.1 M aterials

All the reagents were purchased from  Sigma-Aldrich unless otherwise specified. The 

stabilizers in the acrylamide (AAm ) and m ethacrylic acid (M Ac) were rem oved by passing 

them  through a glass colum n filled w ith inhibitor remover. M ethylene bisacrylam ide 

(M BAAm), azobisisobutyronitrile (AIBN) and anhydrous alcohol were used as received. 

Am inopropyltrim ethoxysilane (APTM S) was stored and dispensed in a dry box. 11- 

M ercaptoundecanoic acid (M UA), 2-M ercaptoethanesulfonic acid (M ES) were used as 

received. Polyethylenim ine (PEI, M w = 25,000) and polystyrenesulfonate (PSS, M w = 

70,000) were donated by  M ax Planck Institute, Germany. A  lw t%  APTM S was prepared 

in anhydrous toluene. 1 x 10' 5  M  M U A  and M ES were prepared in alcohol. 1.5 m g/m l PEI 

and 3.0 m g/m l PSS were prepared in 18 MQ deionized water. The suspensions o f  hydrogen 

m icro-, nano- particles and polystyrene m icroparticles (537 nm , 0.05%  NaA zide, Seradyn 

Particle Technology) used for the LbL were aqueous. Sulfuric acid and 30%  hydrogen 

peroxide w ere used to m ake Piranha cleaning solutions. The silicon w afer slides used in 

this research were cut from new  w afers w ith a dimension o f  about 10><20 m m  . The 

m icrocantilevers used in this research w ere fabricated from our laboratory, and all the 

m icrocantilevers were coated w ith 5 nm  C r and 100 nm  gold using sputter depositoin.

4.2.2 Silicon W afer Slides and 
M icrocantilever Preparation

A PTM S (am inopropyltrim ethoxysilane) functionalized silicon w afer slides w ere 

used as positively charged substrates for alternate layer deposition. Prior to 

functionalization, the w afer substrates w ere first w iped clean o f  any dust using a soft
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paper wipe. Follow ing this step the substrates w ere im m ersed in Piranha solution (4:1 

98%  H 2 S 0 4: 30%  H 2 0 2) for 2 hours to rem ove any organics from  the substrate surface 

(Caution: P iranha solutions react v iolently  in the presence o f  m any organic com pounds 

and should be handled w ith  extrem e caution). N ext, the substrates w ere rinsed copiously  

w ith H20  and then rinsed copiously w ith 95%  ethanol. Follow ing this rinsing procedure 

the substrates were im m ersed in the 1% APTM S absolute ethanol solution for 2 hours. 

A fter 2 hours the substrates w ere rem oved from  the APTM S solution and again rinsed 

copiously w ith 95%  ethanol. These substrates w ere stored in  95%  ethanol for no longer 

than 5 days prior to use. P rior to alternate layer deposition, these substrates w ere rinsed 

w ith  H 20  and dried under a stream  o f  nitrogen gas.

M icrocantilevers w ere functionalized w ith M U A  (11-M ercaptoundecanoic acid) or 

M ES (2-M ercaptoethanesulfonic acid) to provide the gold surface w ith a m onolayer o f  

negatively charged m olecules. M icrocantilevers w ere im m ersed in the P iranha solution 

for ju st 2 m inutes and then w ere rinsed copiously w ith H 20  follow ed by  copious 95%  

ethanol. Follow ing this rinsing procedure the m icrocantilevers w ere then im m ersed in 

l x l O ' 5 M  M U A  or M ES alcohol solution overnight. These cantilevers w ere stored in 95%  

ethanol for no longer than 5 days prior to use. P rior to  alternate layer deposition, these 

m icrocantilevers w ere rinsed w ith  H 20  and dried under a stream  o f  nitrogen gas.

4.2.3 Synthesis o f  M icro-, Nano-
Hydrogel Particles

The m icro-, nano- hydrogel particles em ployed in this research, poly(acrylam ide- 

m ethacrylic acid-m ethylene bisacrylam ide), P(A A m -M ac-M BA A m ) m icro-particles, 

w ere synthesized by  precip itation  polym erization from  acrylam ide (AAm ), m ethacrylic 

acid (M A c) and m ethylene bisacrylam ide (M BAA m ) in ethanol according to reference
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[176]. Specifically, 3.20 g AA m , 0.484g M A c, and 0.6784g M BA A m  w ere dissolved in 

60.0 m L ethanol in a 100 m L dry round-bottom  flask. The solution w as degassed w ith  N 2 , 

and then heated to 60 °C for 1 hour. U nder stirring, a degassed solution o f  0.026 g 

azobisisobutyronitrile (AIBN) in 5.0 m L alcohol was added into the m ixture. The solution 

was stirred at 60 °C for 22 hours. The resultant w as a m ilky suspension. The m ixture 

suspension was dialyzed against alcohol over one w eek w ith the alcohol changed tw ice 

every day. The suspension was then refined by  centrifugation and stored at 4 °C in the 

refrigerator in  the m edium  o f  95%  alcohol. The sam ple was diluted w ith deionized w ater 

and additionally treated by  ultrasonic for 30 m inutes. The sam ple w as then used as the 

source o f  the m icro-, nano- hydrogel particles in the LbL assembly. The nano- hydrogel 

particles w ere prepared from  the sam ple via ultrasonic treatm ent as follows. A fter 

ultrasonic, the sam ple w as stored over night and the decanted supernatant w as used as the 

source o f  nano- hydrogel particles.

4.2.4 C haracterization o f  the M icro-,
N ano- H ydrogel Particles

An optical m icroscope equipped w ith a digital cam era (N ikon, Japan), an atom ic 

force m icroscope (AFM ) and scanning electronic m icroscope (SEM ) w ere em ployed to 

characterize the size and m orphology o f  the as-synthesized m icro-, nano- hydrogel 

particles. The sam ple was naturally  deposited on the surface o f  the silicon w afer slides 

and dried w ith a nitrogen stream.
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4.2.5 A lternate Laver D eposition on Si 
W afer Slides and M icrocantilevers 
via LbL

For the assem bly o f  m icro-, nano- hydrogel particles on the silicon w afer slides and 

m icrocantilevers, poly(A A m -M A c-M BA A m ), m icro-, nano- gels w ere used as the 

polyanion. Polystyrene m icroparticles w ere also used as the polyanion in the assem bly on 

the m icrocantilevers. Since each hydrogel particle has a high num ber o f  negative charges, 

surface charge reversal should be possible, although the m echanism  o f  the charge 

reversal w ill be different from  the traditional linear polyelectrolyte system s. PEI w as used 

as the polycation and has a w ell-know n deposition behavior. A lternate layer deposition 

w as perform ed on A PTM S functionalized silicon w afer slides and M U A  or M ES 

functionalized m icrocantilevers follow ing the standard protocol introduced by  D echer 

and co-w orkers, as discussed in  section two, Chapter one. Before the deposition, three 

bilayers o f  (PSS/PEI ) 2  or (PEI/PSS ) 2  w ere set up to provide the w afer slides or 

m icrocantilevers w ith a precursor layer for further deposition. For m icrocantilevers, after 

three bilayers w ere com pleted an additional PEI layer was added to change the surface 

charge positively for m icro-, nano- hydrogel particle deposition. The tim e interval w as 20 

m inutes and the substrates w ere dried w ith a nitrogen stream  for the next assem bly. The 

w hole deposition process on the w afer slides is schem atically illustrated in the Figure 4.1.

4.2.6 H ydrogel Film  Characterization

A n optical m icroscope equipped w ith a digital cam era (N ikon, Japan) was used to 

check the surface o f  the substrates and record the m orphology o f  the deposited film s 

during the w hole m icro-, nano- hydrogel particle LbL assem bly. The AFM  and SEM  

w ere em ployed to characterize the m orphology and thickness o f  the hydrogel films.
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Figure 4.1 Idealized schem atic for the alternate layer deposition schem e follow ed in  this 
study, (a) m icro-, nano- hydrogel particle attachm ent to an APTM S functionalized w afer 
substrate; (b) addition o f  PEI; (c) subsequent addition o f  m icrogel results in  their 
attachm ent to the PEI layer. The three precursor bilayers are not shown in th is schem e.

4.3.1 Synthesis o f  the M icro-. N ano- 
El vdro gel Particles

M icrogels can be prepared by  precipitation or em ulsion polym erization under 

suitable conditions. In this synthesis, acrylam ide (AAm ) is the m onomer. The m ethylene 

bisacrylam ide (M BA A m ) is the cross-linker and azobisisobutyronitrile (A IBN ) is the 

initiator. The hydrogel m icrospheres w ere prepared by  precipitation polym erization from  

acrylam ide (AAm ) and m ethylene bisacrylam ide (M BAA m ) in alcohol by  adding a 

proper m ount o f  m ethacrylic acid (M A c) w ithout using any stabilizer. U pon addition o f

4.3 Results and D iscussion
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the initiator AIBN, polym erization o f  the m onom ers in the solution occurs by  solution 

polym erization. The polym er phase separates from the continuous phase by  the 

precipitation o f  the insoluble polym er particles (prim ary particles). The poly(m ethacrylic 

acid) in  the prim ary particles acts as a stabilizer due to its am phiphilic property. The 

hydrophilic part containing the carboxylic groups orients tow ards the ethanol and the 

hydrophobic part orients tow ards the poly(acryam ide) chains in the particles. 

E lectrostatic repulsive forces contribute to the stabilization o f  the particles. 

Polym erization w ithin the prim ary particles occurs due to the absorption o f  ethanol, 

m onom er, and oligo-radicals from  the solution. Scavenge o f  the oligo-radicals prevents 

the form ation o f  the prim ary particles in the later stages. I f  a few  radicals escape and 

result in  prim ary particles, they  coalesce w ith the h ighly sw ollen and soft poly(A A m - 

M ac-M BA A m ) copolym er particles in a m onodispered suspension [150, 151]. The 

resultant is a copolym er, poly(A A m -M A c-M BA A m ). In this polym erization process, 

poly(m ethacrylic acid) (PM A c) plays the role o f  a stabilizer for particle dispersion since 

it is soluble in alcohol. O n the o ther hand, PM A c can dissociate and give out protons 

producing highly dense carboxylic groups on the surface and w ithin the hydrogel 

particles. This surface charge could provide electrostatic force betw een the hydrogel 

particles and prevent them  from  setting dow n and form ing an aggregate. Poly(A A m - 

M A c-M BA A m ) is a pH  sensitive hydrogel. Its volum e can swell or shrink in  different 

pH  m edium . The volum e change o f  the hydrogel particles are directly related to the 

dissociation and association o f  the PM Ac. Thus, the m onom er m ethacrylic acid p lays an 

im portant role for the pH  sensitive hydrogel particles. The particle size could be 

controlled to som e extent by  adjusting the m olar ratio betw een the m onom ers and
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solvent, m onom er concentration in polym erization, and the am ount o f  the initiator.

4.3.2 Characterization o f  the M icro-.
Nano- H ydrogel Particles

Figure 4.2 shows the SEM  view  o f  the as-synthesized m icro-, nano- hydrogel 

particles by  precipitation polym erization. It can be seen the hydrogel particles are an 

alm ost perfect spherical shape and have a narrow  size distribution, although som e 

irregular particles can be found, w hich m ay be due to m echanical dam age o r undesirable 

nucleation o f  the hydrogel particles. The particles w ere aggregated as seen in the SEM  

picture view  and this phenom enon should have occurred after the solvent evaporated. The 

m ajority o f  the particles had a diam eter o f  about 0.5 pm  or 500 nm  and a few  particles 

w ith m uch sm aller diam eter around 200 nm  could be found. It can be concluded that 

synthesis o f  the m icro-, nano- hydrogel particles through the precipitation polym erization 

was successful.

Figure 4.2 SEM  view  o f  the as-synthesized m icro-, nano- hydrogel particles by  
precipitation polym erization.
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Figure 4.3 shows an SEM  im age o f  the hydrogel particles that w ere derived from  the 

as-synthesized m icro-, nanoparticles through a further 30 m inute ultrasonic treatm ent. 

The average size o f  the as-treated hydrogel particles separated from  the supernatant liquid 

w as about 100 nm. It can be seen that the m orphology o f  m ost o f  the particles still 

rem ained spherical after ultrasonic treatm ent. This m ay be due to the small size o f  the 

nanoparticles and the soft character o f  the hydrogel. They try  to low er the surface energy 

to m aintain equilibrium  by  reducing the surface area. The sm allest particles are less than 

50 nm. This proved that the ultrasonic treatm ent w as an effective and sim ple approach in 

preparing the soft nanoparticles.

Figure 4.3 The SEM  im age o f  the hydrogel nanoparticles deposited on the silicon wafer. 
The w afer w as first coated w ith  three bilayers o f  (PEI/PSS) plus one PEI layer as the 
outerm ost surface and then exposed to the nanoparticle suspension in w ater for 1 hour. 
The average size o f  the hydrogel particles is approxim ately 100 nm.

On the other hand, from  the SEM  im age aggregation can be observed and this 

phenom enon results in the irregularity  and large size o f  the particles. The aggregation 

m ost likely form ed during the process o f  natural deposition and drying instead o f  in the 

suspension. It is the particle surface charge, w hich results from  the dissociating o f  the
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carboxylic groups, that keeps the particles separated from each other. The larger size 

particles w ill upset the balance betw een the electrostatic forces and particle gravity  and 

lead to the particles to settling dow n to the bottom  o f  the suspension and falling into the 

category o f  m icro- hydrogel particles.

Figure 4.4 is the A FM  im age o f  the prepared hydrogel nanoparticles deposited on 

the silicon wafer. M ost o f  the particle sizes w ere w ithin or around 100 nm . The 

aggregation w as also found in the AFM  im age w here hillock (particle size) form ation is 

bigger or consists o f  a group o f  hum ps. The A FM  results are in good agreem ent w ith  the 

SEM  results for the hydrogel particle size m easurem ent.

Figure 4.4 A FM  im age o f  the hydrogel nanoparticles deposited on the silicon wafer. The 
w afer w as first coated w ith three bilayers o f  (PEI/PSS) plus one PEI layer as the 
outerm ost surface and then exposed to the nanoparticle suspension in w ater for 1 hour.

4.3.3 M icro-, N ano- H ydrogel Particle 
A ssem bly on the Silicon W afer

Show n in Figure 4.5 (A-D) are a set o f  SEM  im ages o f  the film s after alternate layer 

deposition at room  tem perature. From  Figure 4.5 (A) it can be seen that the first layer 

deposition displays a sparse distribution o f  the m icro-, nano- hydrogel particles. Som e 

aggregation can also be observed and m ay have resulted from the original coalescence in
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the suspension instead o f  the process o f  deposition. This deposition behavior has been 

previously observed in other particle based alternate layer deposition schem es [152-154] 

and is related to Coulom bic repulsion betw een particles. This is sim ilar to the self- 

assem bly m echanism  observed for traditional polyelectrolyte layer deposition, as 

discussed in Chapter one. D espite the sparse hydrogel distribution for the first layer, the 

addition o f  m ore layers appears to produce hom ogenous films. A fter 5 alternate layer o f  

hydrogel particle deposition, Figure 4.5 (B) shows an increase in particle density  w ith 

respect to the first layer. It can be seen that there is a m oderate im provem ent in  the 

hom ogeneity  o f  the film  in Figure 4.5 (B). The increase in particle density  for the 5 layer 

film  is interesting because it shows the m icro-, nano- hydrogel particles adsorbing to the 

surface rather than building up a true m ultilayer structure in  the z-direction. This result 

m ay com e from  the possib ility  that PEI could neutralize and reverse the charge on the 

hydrogel the particles bound to the surface and therefore rem ove the repulsive interaction 

betw een particles bound to the surface and the particles in solution. This w ill allow  

hydrogel particles to access the surface and therefore bind to the free charged am ine sites 

[152]. This process w ill proceed until the surface becom es saturated w ith  hydrogel 

particles. O nce the surface is saturated w ith  hydrogel particles, buildup in  the z-direction 

can occur. H ydrogel particle layer num ber 10 (Figure 4.5 (C)) show s a  dram atic increase 

in particle density and film  hom ogeneity, though som e pinholes can be identified. This 

film  also begins to show signs o f  m ultilayer buildup. Figure 4.5 (D) shows that an 

obvious m ultilayer buildup occurred w hen the num ber o f  deposition layers reached 15. 

This m ultilayer buildup m ost likely is a result o f  surface charge saturation by  the 

hydrogel particles and, therefore, allow ing for m ultilayer buildup in the z-direction.
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Figure 4.5 (A -D ) SEM  im ages taken o f  (A) 1, (B) 5, (C) 10 and (D) 15 hydrogel particle  
alternate layer films. From  the im ages it can be seen that, as the num ber o f  the hydrogel 
particle alternate layer increases, the hydrogel particle density increases indicating a 
m ultilayer buildup m echanism .
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Figure 4.6 (A) and (B) shows the AFM  im ages o f  the 10 and 15 hydrogel particle 

alternate layer films. Since there are som e pinholes distributed in the film s, the probe o f  

the AFM  m achine can reach and detect these pinholes and record the low est position in 

the z-direction as 0 nm. The scale in the z-direction is m arked w ith the color changing 

from  darkest to brightest in the A FM  image. Thus, it is possible to estim ate the average 

thickness o f  the hydrogel film s from  their AFM  im age color scale.

A  B

Figure 4.6 (A, B) A FM  im ages o f  (A) 10 and (B) 15 hydrogel particle alternate layer 
films.

It can seen from  the Figure 4.6 (A) that the average thickness o f  the hydrogel film  is 

about 120 nm  and the highest point in the z-direction is about 300 nm  for the 10- 

altem ate-layer hydrogel particle deposition. These figures are reasonable. Since after the 

1 0  alternate layer deposition, the surface o f  the w afer is saturated w ith a layer o f  film  

consisting o f  the m icro-, nano- hydrogel particles w ith average size about 100 nm . D ue to 

som e extension o f  aggregation and m ultilayer buildup in some areas (bright spots), the 

average thickness could reach 120 nm  and the thickest point could reach 300 nm . It is
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easier to see the heavy m ultilayer buildup in Figure 4.6 (B) for the 15-alternate-layer 

deposition. The average thickness o f  this film is about 220 nm  and the highest point in 

the z-direction is about 430 nm.

4.3.4 M icro-, N ano- H ydrogel Particle
Assem bly on the M icrocantilevers

11-M ercaptoundecanoic acid (M U A) and 2-M ercaptoethanesulfonic acid (M ES) 

both have thiol groups on one end and a carboxylic or sulfonic group on the o ther side. 

They are the com m on thiol com pounds that usually  are used for gold surface 

m odification to provide a self-assem bly m onolayer (SAM ) on top o f  the gold surface 

[137], The interaction betw een the gold surface and the thiol com pounds is the strong 

chem ical adsorption betw een the sulfur atom s and the gold atom s. W hen the 

m icrocantilever is im m ersed in the diluted solution o f  M U A  or M ES, M U A  or M ES 

forms a SAM  through m olecular se lf  assem bly w ith the head (thiol group) pointing 

tow ard the gold surface and the tail (carboxylic or sulfonic group) pointing aw ay from  the 

surface. The carboxylic or sulfonic group can dissociate in aqueous solution and resu lt in 

the gold surface becom ing negatively charged. This surface m odification allow s for the 

alternate layer deposition o f  the electrolytes and m icro-, nano- hydrogel particles through 

the LbL process.

Figure 4.7 (A-F) presents the series optical im ages o f  the m icro-, nano- hydrogel 

particle deposition w ith  a different num ber o f  LbL operations on the gold and silicon 

surfaces o f  the m icrocantilevers. It can be seen that for the gold surface the hydrogel 

particle deposition behavior is the sam e as that on the silicon w afer (Figure 4.7 (A) and 

(C)). A fter 8  alternate layers o f  deposition, the m ultilayer buildup occurs (Figure 4.7 (E)) 

and this situation becam e serious w hen there are 12 alternate layers (Figure 4.7 (F)).
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E F

Figure 4.7 (A-F) O ptical im ages o f  the m icrocantilevers deposited w ith one operation o f  
m icro-, nano-, hydrogel particles on the A u surface (A) and Si surface (B), 5 operations 
on the A u surface (C) and Si surface (D), 8  and 12 operations on the A u surface (E and 
F). M ultilayer buildup is obvious after 8  and 12 alternate operations. (750x)
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Since the m ultilayer buildup prevents the further deposition o f  the hydrogel particles 

on the gold surface o f  the m icrocantilevers, a continuous and uniform  hydrogel film 

could not form  using this approach. The m ajor reason that prevents the hydrogel particle 

deposition through LbL m ay com e from  the small size o f  the m icrocantilever and the 

gold surface condition. For exam ple, due to the small size, the surface electrostatic 

distribution is uneven w ith m ore charge accum ulation on the edge. This uneven charge 

distribution m ight prevent the deposition process through electrostatic repulsion and lead 

to the loose layer form ation on the top as the deposition continues. O n the o ther hand, the 

gold surface contam ination w ill also m ake the situation becom e m ore com plex since for a 

fresh gold surface it is very easy to adsorb som e organic vapors from  the air. This 

contam ination w ill result in the failure o f  the M ES or M UA m odification at the very 

beginning.

A nother problem  in the process o f  the hydrogel deposition on the m icrocantilever 

surface is that the deposition also occurred on the silicon back  side o f  the 

m icrocantilevers, as can be seen in Figure 4.7 (B) and (C). Figure 4.8 (A, B) also 

provides the evidence o f  the hydrogel deposition on the Si side o f  the m icrocantilevers. 

This reverse deposition is detrim ental to this approach since it is expected that only  one 

side, the gold surface, w ill be coated w ith  a layer o f  hydrogel to set up a p latform  for the 

chem ical or b io logical sensors. Thus, further investigation onto this approach m ay  have 

to consider the tw o aspects m entioned above.
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Figure 4.8 (A, B) O ptical im ages o f  the Si side o f  the m icrocantilever bodies used in this 
research after 1 (A) and 5 (B) assem bly operations o f  m icro-, nano- hydrogel particle 
deposition. It is obvious that the hydrogel particles absorbed to  the Si surface. (750x)

4.3.5 Polystyrene M icroparticle A ssem bly 
on the M icrocantilevers

We repeated the LbL assem bly process on the m icrocantilever surface using 

polystyrene (PS) m icroparticles to com pare the deposition results w ith the results 

obtained from  hydrogel particle assem bly on the m icrocantilever surface. The PS 

m icroparticle could be considered “hard” sphere due to the th ick  and rigid arom atic rings 

in  its chem ical structure. PS m icroparticles used in this research are uniform  in size w ith 

a diam eter o f  0.537 pm  or 537 nm . The m icroparticles w ere previously  treated w ith 

0.05%  N aA zide and the particle surface is negatively charged. Thus, the sam e assem bly 

procedure was strictly follow ed as that used in the hydrogel particle assem bly on the 

m icrocantilever surface. Figure 4.9 (A-F) shows the series optical im ages o f  the PS 

m icroparticle deposition w ith  a different num ber o f  the LbL assem bly operations on the 

gold surfaces o f  the m icrocantilevers.
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Figure 4.9 (A -F) Optical im ages o f  the m icrocantilevers deposited w ith  (A) 2; (B) 4; (C) 
6 ; (D) 8 ; (E) 10 and (F) 12 alternate assem bly operations o f  polystyrene m icroparticles on 
the A u surfaces o f  the m icrocantilevers. M ultilayer buildup occurred after 8  alternate 
operations. (750*)
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It can be seen from  Figure 4.9 (A-F) that PS particles alm ost evenly distributed on 

the Au surface before 6  alternate assem bly operations. The m ultilayer build-up occurred 

after 8  alternate assem bly operations and there is no uniform  and continuous film  

observed after 12 alternate assem bly operations. O n the other hand, the PS particles also 

absorbed on the back o f  m icrocantilevers as show n in Figure 4.10 (A-B). Thus, the PS 

m icroparticle assem bly behavior on the m icrocantilever surfaces is alm ost the sam e as 

that we observed in  Figure 4.7 (A-F) and Figure 4.8 (A-B).

A B

Figure 4.10 (A, B) O ptical im ages o f  the Si side o f  the m icrocantilevers used in  this 
research after (A) 2 and (B) 12 assem bly operations o f  PS m icroparticle deposition. It is 
obvious that the PS particles absorbed to the Si surface. (750x)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



80

4.4 Conclusion

The pH  sensitive m icro-, nano- hydrogel particles were successfully  synthesized 

through precipitation polym erization and further ultrasonic treatm ent. The m icro-, nano

hydrogel particle deposition behavior on the silicon w afer and m icrocantilever through 

the LbL process was described and discussed based on the observation and 

characterization using optical m icroscope, SEM  and AFM  techniques. It w as believed 

that the electrostatic interactions betw een anionic hydrogel particles and polycationic PEI 

m ade the hydrogel particle deposition possible through the LbL process. The results 

show ed that the particle deposition could be considered a pseudo-3D  m echanism , where 

the first few  particle depositions contribute to the saturation o f  the substrate. Further 

depositions then proceed to build  up the film  in the z-direction. The sm all size o f  the 

m icrocantilever and surface com tam ination o f  the m icrocantilever m ay  be the m ain 

reasons preventing form ation o f  a good quality  hydrogel film on the gold surface using 

the LbL process.
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CHAPTER FIVE

MICRO/NANO HYDROGEL PARTICLES 

DEPOSITION ON SILICON WAFER AND 

MICROCANTILEVER VIA ELECTRO

PHORETIC DEPOSITION

5.1 Introduction

M icrocantilevers have been proven to be a cost-effective and ultrasensitive sensing 

device for chem icals and biological species in air and solutions [156]. M icrocantilevers 

undergo bending due to m olecular adsorption or absorption by  confining the adsorption and 

absorption to one side o f  the cantilever. One focus o f  the m icrocantilever sensing area is to 

develop a novel surface m odification approach to increase the m icrocantilever bending 

amplitudes and thus further im prove sensitivities. Self assem bled m onolayer (SA M ) [157], 

se lf assem bled m ultilayer [158], surface conjugation chem istry [159], and spin polym er 

coatings [160], etc. have been w idely used for m icrocantilever surface m odifications. 

Recently, m icrocantilevers m odified by  stim uli-responsive hydrogels have shown 

significant bending amplitudes com pared to other technologies [161,162].

H ydrogels have received a  great deal o f  attention because o f  their w ide range o f  

chem ical and biological applications attributing to their good b iocom patib ility  and 

volum e change property  in response to physical o r chem ical stim uli in  the environm ent,
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such as tem perature [163], pH, ionic strength [164], and other chem ical and biological 

species [165], Hydrogels have thus found wide applications in cell cultures, cell 

imm obilization, tissue engineering [166], biological and chemical sensing [167], drug 

delivery [168], intelligent coatings [169], etc.

For m icrocantilever sensing applications, the challenge is to develop adequate surface 

coating techniques to achieve gel im m obilization on the sensor platform  w ith high stability 

and reproducibility. Furthermore, an ultrathin film is required for fast response since the gel 

swelling tim e is proportional to the gel thickness [170]. A lthough hydrogel m odified 

m icrocantilevers have shown m uch enhanced m icrocantilever bending am plitudes and 

sensitivity, the direct surface m odification process, i.e. polym erization o f  the hydrogel on 

the m icrocantilever surfaces, is tedious and problem atic [161,162].

One indirect approach would be to develop hydrogel m icrospheres o r nanoparticles, 

and assem ble these particles on the m icrocantilever surface in an organized m anner by  

electrostatic attraction and other interm olecular interactions, w hich is com m only called the 

Layer-by-Layer (LbL) self-assem bly technique [171,172], However, due to the m icrosize 

o f  the m icrocantilever, our initial investigation, as described in Chapter three, showed that 

the LbL technique did not produce a continuous, reproducible ultrathin film on a 

m icrodevice, such as a m icrocantilever, although it was possible to prepare a continuous 

and relatively dense hydrogel film on the bulk silicon wafer.

In this research work, based on the invesitgation o f  the electrophoretic deposition 

(EPD) o f  the m icro-/nano- hydrogel particles on bulk silicon wafers, the technique o f  

electrophoretic deposition w as introduced to develop a process to prepare a uniform ,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



83

compact, ultrathin hydrogel film on a m icrocantilever sensor device from  the depositoin o f  

the m icro-/nano- hydrogel suspension.

As we know from the Chapter one, EPD has been extensively used for fabricating 

thin films from  suspensions o f  nano- or m icro-sized particles. The EPD technique offers 

precise control o f  film thickness, uniformity, and deposition rate. How ever, the EPD had 

only been used on hard particles, including ceramic particles [173], colloidal gold particles 

[174], and polystyrene particles [175] etc. In this research, we expand the application o f  

EPD on soft particles, such as hydrogel m icrospheres and nanoparticles.

5.2 Experim ental

5.2.1 Synthesis o f  M icro-, Nano- 
H ydrogel Particles

The m icro-, nano- hydrogel particles em ployed in this research, poly(acrylam ide- 

m ethacrylic acid-m ethylene bisacrylam ide), P(A A m -M A c-M B A A m ), m icro-particles, 

w ere synthesized by  precipitation polym erization from  acrylam ide (A A m ), m ethacrylic 

acid (M A c) and m ethylene bisacrylam ide (M BA A m ) in ethanol according to reference 

[176]. The synthesis details and discussion w ere specifically described in  C hapter three.

5.2.2 M icro-. N ano-H ydrogel Particle 
Electrophoretic D eposition

A  pair o f  parallel plate electrodes [50-nm-thick Au on 5-nm  Cr on Si (100)] with 

lateral dim ension about 15m m x5m m  served as the electrodes in the EPD. As for the 

deposition on the surfface o f  the m icrocantilevers, the m icrocantilever served as the anode 

and a 2x2  m m 2  platinum  thin plate served as the cathode. Before the depostion, all the 

electrodes, gold coated silicon w afer slides, m icrocantilevers and platinum  slides, were 

im m ersed in Piranha solution, 4:1 H 2 SO 4 : H 2 O 2 , for about two min. to rem ove any organics
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from the electrode surface (Caution: Piranha solutions react violently in the presence o f  

m any organic compounds and should be handled w ith extreme caution). Next, the 

electrodes were rinsed copiously w ith H 2 O then copiously w ith 95%  ethanol. As for the 

anode, in order to increase the adhesion betw een the hydrogel particles and the surface o f

the anode, the gold surface o f  the anodic electrodes was further treated w ith 5.0* 10~5 M 6 -

m ercapto-l-hexanol for 24 hours and then coated with three alternative layers o f  

poly(ethylenim ine) (PEI)/poly(styrenesulfonate) (PSS) through the Layer-by-Layer 

technique [171]. For silicon w afer slide deposition, the electrodes w ere placed vertically 

w ith a spacing 5m m  betw een them  and im m ersed into 20ml o f  a diluted suspension o f  

micro-/nanoparticles o f  hydrogel. For m icrocantilever deposition, the distance betw een the 

m icrocantilever and platinum  electrode w as about 2 mm. The solvent for the suspension is 

95%  ethanol and the concentration is ~0.5w t%  for nanoparticles and ~2w t%  for m icro

spheres. The deposition process was perform ed using a constant voltage m ode at room  

temperature. A fter EPD, the samples were rem oved and rinsed gently w ith distilled w ater 

three tim es, and then dried under nitrogen gas before measurem ents w ere performed.

5.2.3 M ethods for M icrocantilever Test

5.2.3.1 M aterials

In these experim ents, w e used m icrocantilevers fabricated in our laboratory [159], 

The dim ensions o f  the V -shaped Si0 2  m icrocantilevers were 200 pm  in length, 25 pm  in 

leg w idth, and 2 pm  in thickness. One side o f  the Si0 2  cantilevers w as covered w ith  3-nm  

o f  chrom ium  follow ed by  2 0 -nm  o f  gold.
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1 1 -m ercapto-l-undecanoic acid, PEI (Mw = 25,000), and PSS (M w = 70,000) w ere 

used as received from  Sigm a-Aldrich. The phosphate buffer solutions w ere 0.001 M  and 

pH  =7.0. A  series o f  solutions w ith different pH  values were prepared as follows: (A) 

prepared 100 m L 0.001 M  K3PO4, K2HPO4, KH2PO4 and H3PO4 aqueous solutions 

individually and m easured their pH  values respectively via a pH  m eter; (B) took 50 m L 

KH2PO4 solution and adjusted the pH  value to be 4.00 ±  0.02 by  addition o f  K2HPO4 or 

H3PO4 solution drop by  drop w hile the m ixture w as m onitored w ith  the pH  m eter; (C) 

followed the sam e procedure to prepare the solutions w ith other different pH  values. The 

solutions w ere stored in  plastic bottles at room  tem perature and the pH  values w ere 

m easured again before using.

5.2.3.2 D eflection M easurem ent

The deflection experim ents w ere perform ed in  a flow -through glass cell (D igital 

Instrum ents, Santa Barbara, CA) sim ilar to those used in atom ic force m icroscopy 

(AFM ). The m icrocantilever w as im m ersed in the 0.001 M  phosphate buffer (pH  7.0) 

solution. For continuous flow -through experim ents, initially the buffer solution w as 

circulated through the cell using a syringe pum p. A  schem atic diagram  o f  the apparatus 

used in this study w as the sam e as previously used in Chapter three [178], A  constant 

flow rate was m aintained during each experim ent. Experim ental solutions contain ing 

standard buffer solutions w ith different pH  values w ere injected directly into the flow ing 

fluid stream  via a low -pressure injection port sam ple loop arrangem ent w ith  a loop 

volum e o f  2.0 mL. This arrangem ent allows for continuous exposure o f  the cantilever to 

the desired solution w ithout disturbing the flow cell or changing the flow  rate. Since the 

volum e o f  the glass cell, including the tubing, was only 0.3 m l, a rela tively  fast
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replacem ent o f  the liquid in contact w ith the cantilever was achieved. M icrocantilever 

deflection m easurem ents were determ ined using the optical beam  deflection m ethod. The 

bending o f  the cantilever w as m easured by  m onitoring the position  o f  a laser beam  

reflected from  the gold-coated side o f  the cantilever onto a four-quadrant A FM  

photodiode.

5.3 Results and Discussion

5.3.1 The Hydrogel Film  Form ation from 
the Suspensions o f  M icro-/Nano- 
H vdrogel Particles on Si W afers

At first, the electrophoretic depositions were carried out in aqueous suspensions. The 

results showed that in the aqueous m edium  bubbles were observed to evolve from both o f  

the electrodes w hen the applied voltages w ere equal to or greater than 2.0 V  and there were 

no hydrogel particles deposited on the surface o f  the electrodes. The same results were 

obtained even w hen the applied voltage was less than 2 V and there w ere no obvious 

bubbles observed. Therefore, the solvent o f  the suspension w as changed to 95%  alcohol 

afterwards.

Figure 5.1 and Figure 5.2 show that the hydrogel films obtained through the EPD with 

m icro-/ nano- hydrogel particles at the applied potential o f  10 V  for 30 min. The hydrogel

particles w ith a m axim um  average size o f  3 pm  were densely deposited on the Au surface

o f  the anode, form ing a continuous film. These films are uniform  w ith the particles 

distributed evenly and the pinholes are difficult to observe even using the SEM  at a

m agnification o f  1400*.
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Figure 5.1 SEM  pocture o f  o f  the deposited film on Si w afer via the EPD from the 
suspension o f  the m icro-/nano- hydrogel particles at 10V for 30 min.

Figure 5.2 Optical m icroscopy im age o f  the deposited film  on Si w afer v ia the EPD  from 
the suspension o f  the m icro-/nano- hydrogel particles at 10V for 30 min. The

m agnification is 750*.

The average thickness o f  the film  is around 800 nm  m easured by  surface profiler. 

This value is significantly less than the average diam eter o f  the hydrogel particles 

m easured b y  the SEM . This dim ensional difference suggests that the shape o f  the 

hydrogel particles w ere changed into that o f  a plate after they  w ere deposited on the 

surface o f  the anode. A ccording the general theory o f  the EPD  [176], the negatively
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charged hydrogel particles w ere driven tow ard the anode by a pressure resulting from  the 

electric field. W hen the hydrogel particles reach the anode they  redistributed them selves 

on the surface to assem ble into a uniform  film. Since the hydrogel particle is a k ind o f  

soft m aterial, it w ill relax under the pressure o f  the electric field that is vertical to  the 

surface o f  the anode. This relaxation m ost likely results in tw o conditions. O ne is the 

change in shape o f  the particles, and the other is edge to edge fusion betw een 

neighbouring hydrogel particles. H ence, both o f  these factors contribute to the form ation 

o f  a thin and continuous film. The sam e experim ents w ere repeated at a potential o f  5 and 

8  V , bu t the film s did not form  or w ere not continuous. O n the o ther hand, w hen the 

voltage w as above 12 V, the m ultilayer began to form , especially on the periphery  o f  the 

anodic surface and the film  becam e coarser. This result not only show ed that the proper 

strength o f  the applied electric field w as essential to the form ation o f  uniform  and 

continuous thin film s o f  hydrogel, but also supports the proposed explanation for the 

form ation o f  the hydrogel film.

5.3.2 EPD Behaviour o f  the o f  N ano-
H vdrogel Particles on Si W afers

In order to investigate the deposition behavior o f  the hydrogel particles in the EPD , 

w e used nano-particles w ith an average size o f  around 1 0 0  nm  and observed the grow th 

o f  the hydrogel film s under the optical m icroscope over a series o f  electrophoretic 

deposition tim es. There are two different grow th patterns observed w hen the applied 

voltage was 2V  and 5 V  respectively. The series o f  optical m icrographs in Figure 5.3 (A- 

E) show the growth pattern o f  the deposited film s from  hydrogel nanoparticles at 

different electrophoretic deposition tim es w hen the potential w as kept at 2  V.
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Figure 5.3(A-E). Optical m icroscopy im ages o f  the hydrogelfilm s on the surface o f  silicon 
w afers via EPD from  the suspension o f  nano- hydrogel particles at 2 V  for (A) 2 min, (B) 8

m in, (C) 15 min, (D) 25 min, and (E) 35 min. The m agnifications are 750*.
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It can be seen that after 2 m in, the hydrogel particles evenly d istributed on the anode 

and som e o f  them  began to m erge together, though m ost w ere spread out as isolated 

particles. A fter 8 m in, the hydrogel particles clearly m erged together and began to 

assem ble into a tw o-dim ensional netw ork. The distance betw een the deposited particles 

increased and som e small random ly distributed isolated particles could be observed. A fter 

15 m in, the tw o-dim ensional netw ork had clearly  form ed and the coverage o f  the 

deposited film  increased. A t this stage, the small isolated particles still could be 

identified. A s the EPD proceeded, the void areas in the netw ork gradually reduced and 

after 25 m in the coverage o f  the deposited film  increased greatly. A s the 2-D  netw ork 

w as filled w ith m ore particles, a uniform  film  began to form. M any pinholes could be 

easily seen at this stage. A bout 10 m in later, the pinholes disappeared and a continuous 

uniform  hydrogel film  com pletely form ed. It is w orthw hile to m ention that the obtained 

2-D  netw ork o r the film  rem ained the sam e w ith reversal o f  potential.

W e repeated the experiment w ith the applied voltage increasing to 5 V  and held the 

other conditions constant. A  different deposition pattern was observed as shown in Figure

5.4 (A-E). As we can see, as the potential increased, the particles deposited densely at the 

beginning and no clear 2-D netw ork w as observed during the whole process. The film 

alm ost becam e continuous after 10 m in. This observation exhibits no big differences when 

com pared w ith the m icro-particles deposition at high voltage that was m entioned 

previously. W hat is interesting is the observation that the surface o f  the deposited hydrogel 

film began to grow smoothly after 15 min. As it is shown, the sm oothing process was 

nearly finished after 25 m in and w as fully com pleted after 35 m in, leaving a continuous 

and sm ooth film on the anode.
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Figure 5.4 (A-E). Optical m icroscope im ages o f  the hydrogel films on the surface o f  the 
silicon w afers via EPD from  the suspension o f  the m icro-/nano- hydrogel spheres under 5 V  
for (A) 2 min, (B) 10 m in, (C) 15 m in, (D) 25 min, and (E) 35 min. The m agnifications are 
750x.
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The thickness o f  the film is about 70 nm  as m easured by the AFM . This value is less 

than the average diam eter o f  100 nm  for the hydrogel particles. W e contribute this 

phenom enon to the relaxation o f  the soft hydrogel particles under the pressure o f  the 

electric field as m entioned previously. W e could also infer that the deposited film is a 

m onolayer.

The above two deposition patterns at different applied voltages can be brifely 

described as follows. W hen the applied voltage was 2V, a 2-dim entinal netw ork consisting 

o f  nanoparticles gradually form ed on the substrate and becam e obvious w hen the 

electrophretic tim e was 15 min. A s the EPD continued, the blank area in the 2-D netw ork 

was gradually reduced as m ore particles filled in the system. A  uniform  and continuous thin 

hydrogel film formed after 35 min. W hen the voltage w as increased to 5V, the particles 

w ere deposited directly on the substrate and no obvious 2-D netw ork was observed. The 

film  alm ost becam e continuous after 10 min. This observation is the sam e as that for m icro

particle deposition at high voltage as previously m entioned. W hat m ade this process 

different is the interesting phenom enon that the surface o f  the deposited hydrogel film 

began getting sm oother after 15 m in and this sm oothing process com pleted after 35 m in, 

leaving a uniform  and continuous hydrogel film on the substrate.

5.3.3 Explanation o f  the EPD Behaviour 
ofthe Nano- Hydrogel Particles on 
Si W afers

The observation in Figure 4.3 is partly coincident w ith B ohm er’s research [179, 180] 

on the EPD o f  m icro-sized polystyrene (PS) latex particles, w here “cluster-cluster 

aggregation” o f  the PS particles w as observed. M iyake and coworkers [179] also found a 2- 

D netw ork pattern when Pt nanoparticles were used. W hat is different is that neither the PS
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particles nor the Pt nanoparticles could m erge or fuse together. And another rem arkable 

difference is that the “cluster-cluster aggregation” broke up upon reversal o f  the potential. 

W e contribute these differences to the different nature o f  the starting m aterials. A s we 

know, a PS particle is “hard” since the PS contains a large volume o f  rigid arom atic rings 

and the Pt particle is slso hard. It is very difficult, i f  not impossible, for these “hard 

spherical particles” to fuse together without additional treatment. O n the other hand, the 

hydrogel Poly(A Am -M A c-M BA Am ) is soft for it m ainly consists o f  netw ork o f  flexible 

alkyl chains.

According to A nderson and Bohm er [179, 180], the m otion o f  particles deposited on 

an electrode by  electrophoresis is governed by  electrokinetics, electrohydrodynam ics, and 

Brownian diffusion. During the EPD, once the hydrogel particles reach the surface o f  the 

anode, two particles attract each other through electroosmotic flow and began to fuse at the 

edges o f  the particles. They will be fixed on the surface i f  one o f  them is already attached to 

the surface or has fused with other attached particles through the sam e process. I f  the 

applied potential is low (such as 2 V in our experiment), the electric field is not strong and 

hence ju st a lim ited num ber o f  particles are driven to random ly adhere to the anode under 

the applied potential. The 2-D netw ork pattern w ill form while m ost particles are m oving 

around as Brow nian diffusion and finally fuse w ith the attached particles. It is easy to 

understand that the m ore particles that reach the surface, less void area rem ains and the 

coverage increases and a deposited film is obtained. On the other hand, i f  the applied 

potential is high (such as 5 V  in our experim ent), the force is strong enough to drive m ost 

o f  the hydrogel particles to adhere to the anode directly. Therefore, the num ber o f  the 

particles that m ove around as Brownian diffusion decreases greatly. So, no clear 2-D
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network occurs in this case. However, the particle attraction resulting from the

electroosmotic flow is still present and it is this attraction that drives the deposited particles

to form a continuous and smooth film.

5.3.4 The AFM Images o f  the Hydrogel 
Film  on Si W afers

It can be seen from the AFM  im age o f  the deposited hydrogel film (Figure 5.5 A, B) 

that the surface o f  the film was sm ooth and uniform  and agreed well w ith the observation 

under the optical microscope. The thickness o f  the film was about 100 nm  as m easured by 

the AFM  (Figure 5.6), suggesting that the films could be considered as being m ade o f  a 

m onolayer o f  hydrogel particles.

Figure 5.5 (A,B). AFM  images o f  a film o f  100-nm gel particles deposited on a Si plate 
through EPD at 2 V  for 35 min. (A) 3-D im age o f  the hydrogel film; (B) Tap m ode im age 
o f  the hydrogel film.
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Figure 5.6 The roughness m easurem ent (between lowest and highest points) o f  the 
hydrogel film o f  100-nm gel particles deposited on a Si plate through EPD at 2 V for 35 
min. The average thickness o f  the gel film w as approxim ately 100 nm.

5.3.5 The H ydrogel Film s on the 
Surface o f  M icrocantilevers

The optical m icroscope im age in Figure 5.7 (A-D) are the hydrogel film coated 

m icrocantilevers (B, D ) and their corresponding hydrogel coated bodies (A, C). All the 

hydrogel films were prepared via EPD at 0.8 V  for 20 min. It can be seen from the optical 

im ages that the hydrogel films on the m icrocantilevers are continuous, dense and cover 

alm ost all o f  the cantilever surface. This indicates that it is feasible to form a hydrogel film 

on the the m icrocantilever through EPD.
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C D

Figure 5.7(A-D) The optical im ages o f  the hydrogel film coated m icrocantilevers (B,D) and 
the hydrogel film coated bodies o f  the corresponding m icrocantilevers (A, C). The 
hydrogel films w ere produced by  EPD o f  the suspension o f  hydrogel nanoparticles under 
0.8 V for 20 min. The m agnifications are 750x.

On the other hand, under the same EPD conditions, the hydrogel films on the bodies 

o f  the m icrocantilevers are smooth, uniform  and dense. The quality is the same as that o f  

hydrogel films prepared on the surface o f  the bulk silicon w afers via EPD and m uch better 

than that o f  the corresponding cantilevers. W hat is the reason that m akes the body and the 

cantilever get a different hydrogel film even though they are deposited under the same EPD
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conditions? W e contribute this difference to the small size effect o f  the cantilever. The 

body o f  the m icrocantilever is about 1.5><2.5 m m 2. It is a m acrosized structure and its EPD 

behavior is the same as that o f  a bulk silicon wafer. However, the cantilever is a m icrosized 

structure. The surface electricstatic charge could not distribute evenly over the surface. For 

example, charge density on the edge is m uch greater than for other areas. This uneven 

surface charge arrangem ent can affect, or m ore specifically can reduce the distribution o f  

the electric strength betw een the electrodes when an external potential is applied. So, the 

film on the edge o f  the cantilever could not grow at the same rate as the film does on the 

other areas o f  the cantilever. Thus, the film on the edge could not form very w ell (Figure 

5.7 D) or be thinner (Figure 5.7 B) than the film in other areas. Another aspect is that the 

hydrogel surface coated on the cantilevers is not as sm ooth as that coated on the body. This 

m ay result from possible surface contam ination o f  the cantilever even though it w as 

carefully cleaned. This contam ination, such as adsorption o f  organic m olecules, w ill block 

the electric field to som e extent and lead to an uneven drive force through the cantilever 

surface. Thus, the hydrogel film could not form evenly on the cantilever surface.

5.3.6 The Bending M earurem ent o f  the
Hydrogel Coated M icrocantilevers
in Different pH  Solutions

A m icrocantilever coated w ith a layer o f  hydrogel film through the EPD process w as 

used for sensing validation. The experimental setup and the principle o f  the cantilever 

deflection m easurem ent are the same as employed in the Chapter three [178], The hydrogel 

film coated m icrocantilever was fixed in the fluid cell with the hydrogel film  facing 

downward. The bending responses o f  the hydrogel coated cantilever w ith a change o f
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environm ental pH were detected. Figure 5.8 shows the cantilever response to various pH in 

a series o f  0.001 M phosphate buffer solutions.
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Figure 5.8 The Response o f  Hydrogel Coated M icrocantilever to the D ifferent pH 
Phosphate Buffer Solutions.

It can be seen that when the pH  value o f  the m edium  was changed from  7.0 to 4.0, the 

hydrogel coated m icrocantilever underw ent a significant bending, nearly 240 nm  bending 

upward. A fter the pH was switched back from  4.0 to 7.0, the cantilever returned to its 

original position. This process was com pletely repeated about 1 hour later, which shows 

that the result is reproducible. W hen the pH was changed from  7.0 to 5.0 and 6.0, the 

m icrocantilever produced a net bending o f  about 120 nm  and 80 nm  respectively. In other 

words, the m icrocantilever underwent less bending at pH  5.0 and 6.0 com pared with the 

bending at pH 4.0. The cantilever bending response to different pH  values was coincident
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with the observation on the cross-sectional radius change trend at different pH values by  

Yoshiyuki [158], Yoshiyuki noticed that the cross-sectional radius o f  the poly(acrylam ide- 

co-m ethacrylic acid) hydrogel particles tended to decrease at a high pH. It is obvious that 

the volum e o f  the hydrogel film coated on the m icrocantilever is smallest at pH  7.0 and 

biggest at pH  4.0, and followed by  those at pH  5.0 and 6.0. Thus, w hen the pH  was 

changed from 7.0 to 4.0 the volum e o f  the hydrogel film expanded or swelled and produced 

the greatest upward bending. W hen pH  was switched from 7.0 to 5.0 and 6.0, the hydrogel 

swelled again, but in a relatively m odest manner. This bending trend can also be further 

understood from the view  o f  the m olecular structure o f  the poly(acrylam ide-co-m ethacrylic 

acid). A ssociation/dissociation o f  poly-M A c segments in the hydrogel contributed to the 

free energy o f  hydrogel-solvent mixing. As soon as the pH  w as high enough to overcom e 

the osmotic pressure, the dissociated poly-M Ac segm ents sim ultaneously decreased the 

osmotic pressure and free energy o f  hydrogel-solvent m ixing, thereby allowing a sharp, 

large volum e transition [180]. In other words, when the hydrogel was at pH  7.0, the poly- 

M Ac was dissociated and m ost o f  the H+ m oved out o f  the netw ork o f  the hydrogel film. 

The osimotic pressure in the netw ork decreased and the the hydrogel shrunk. O n the other 

hand, at pH  4.0, m ost o f  the H+ m oved from the m edium  into the netw ork and the poly- 

M Ac was associated w ith the osm otic pressure increasing inside and the hydrogel swelled.

The expected observation and theoretical explanation on the response o f  the hydrogel 

coated m icrocantilever to different values o f  pH showed that the hydrogel film produced 

using EPD was an easy and reliable approach for the m odification o f  m icrocantilever 

sensors.
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5.4 Conclusion

A continuous, uniform  and dense thin hydrogel film can be prepared through EPD 

on bulk gold-coated silicon surfaces. Two distinct deposition patterns w ere observed 

during the EPD  process at different applied voltages and were explained in  term s o f  the 

effect o f  the electroosm otic flow. This research also dem onstrated a convenient and 

reliable approach, based on the EPD  process, to deposit a uniform  and continuous 

hydrogel thin film  on the m icrocantilever devices. The bending responses o f  the hydrogel 

coated m icrocantilever w ith a change in environm ental pH  were observed, dem onstrating 

the feasibility o f  this hydrogel film  for m icrosensor developm ent. This hydrogel film 

form ation approach m ay be used on m any other m icrodevices for various applications.
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CHAPTER SIX

FINAL CONCLUSIONS AND FUTURE WORK

6.1 Final Conclusions 

In order to set a p latform  for the m icrocantilever based chem ical and biological 

sensing, three approaches w ere investigated to m odify the surface o f  the m icrocantilever 

w ith a m ultilayer and a hydrogel thin film based on polyelectrolyte alternate m ultilayer 

assem bly, m icro-, nano-, hydrogel particle deposition through Layer-by-Layer process 

and m icro-, nano-, hydrogel particle  electrophoretic deposition techniques.

Organic electro-enzym atic polyelectrolyte organophorsphorus hydrolase (O PH ) w as 

successfully im m obilized on the surface o f  the m icrocantilever in a m ultilayer consisting 

o f  PEI and PSS. The total thickness o f  the assem bled film  w as estim ated about 25 nm. 

The results show ed that the m ultilayer coated m icrocantilever responsed to paraoxon, 

diisopropyl fluorophosphates (D FP) and parathion at different bending am plitudes and 

bending rates and had a high sensitivity and selectivity to the organic phosphorus

7 3com pound paraoxon in  aqueous solutions w ith a detection range from  10" to 10" M . The 

deflection m echanism  w as investigated based on the therm odynam ic and equilibrium  

study o f  the shrinking o f  the m ultilayer. The possib le elem ents that could contribute to 

the deflection the m ultilayer m odified m icrocantilevers w ere analyzed and discussed. The 

effect o f  the pH  decreasing on the m icrocantilever bending in the solution w as lim ited,

101
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which w as proven by  the investigation. It suggested that the conform ational change o f  the 

OPH m ight be the prim ary contributor o f  the m icrocantilever bending.

The m icro-, nano- hydrogel particles, poly(A A m -co-M A c-co-M B A A m ) consisting 

o f  m onom ers acrylam ide (AAm ), m ethacrylic acid (M A c) and m ethylenebisacrylam ide 

(M BAA m ), w ere successfully synthesized through precipitation polym erization in the 

alcohol m edium  w ith the aid o f  ultrasonic treatm ent. The m icro-, nano- hydrogel particle 

deposition behavior on the silicon w afer and m icrocantilever through the LbL process 

w as described and discussed based on the observation and characterization using optical 

m icroscope, SEM  and AFM  techniques. The electrostatic interactions betw een anionic 

hydrogel particles and polycationic PEI m ade the hydrogel particle deposition  possible 

through the LbL process. The results show ed that the particle deposition could be 

considered a pseudo-3D  m echanism , w here the first few  particle depositions contribute to 

saturation o f  the substrate. Further depositions then proceed to build the film  up in the z- 

direction. The small size (~pm ) o f  the m icrocantilever and its surface contam ination 

m ight be the m ain reasons preventing good quality hydrogel film  form ation on the gold 

surface through the LbL process.

Through the EPD, a continuous, uniform  and dense thin hydrogel film  was 

successfully prepared on bulk gold-coated silicon surfaces. Tw o distinct deposition 

patterns w ere observed during the EPD process at different applied voltages and w ere 

explained in  term s o f  the effect o f  the electroosm otic flow. This research also 

dem onstrated a convenient and reliable approach, based on the EPD process, to deposit a 

uniform  and continuous hydrogel th in  film  on the m icrocantilever devices. The bending 

responses o f  the hydrogel coated m icrocantilever w ith a change in environm ental pH
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w ere observed, dem onstrating the feasibility o f  this hydrogel film  for m icrosensor 

developm ent.

6.2 Future w ork

First, a further study could aim  to investigate and confirm  the deflection m echanism  

responsible for the bending o f  the m icrocantilever m odified w ith the m ultilayer 

containing OPH. A lthough it w as suggested that the conform ation change w as possib ly  

the m ain contributor o f  the bending o f  m ultilayer m odified m icrocantilevers and this 

suggestion w as supported by  the results o f  related research from  another group, there is 

no direct evidences to support this conclusion. Thus, further research focusing on the 

m orphology change o f  the OPH during its enzym atic activity is necessary.

Second, it w ill be m uch better i f  the process o f  the Layer-by-Layer process could be 

m onitored and characterized through fluorescence labeling techniques and surface m icro- 

FT-IR  analysis. Layer-by-Layer process has been extensively perform ing over ten years 

in  the w orld w ide and its prim ary theory has been established based on the practice. O n 

the other hand, the LbL process is usually perform ed in the m olecular level o r in nano

scale. The process is invisible and there is no phenom enon or director in the process to 

show the presenting o f  each m olecular layer after each operation. In other w ards, it is 

necessary to get proofs to  show i f  the PSS or OPH m olecular layer is present after each 

operation in the LbL process. Fluorescence labeling techniques and surface m icro- FT-ER. 

analysis m ight be helpful w ith respect to this concern. For exam ple, i f  the OPH is labeled 

w ith  fluorescence tag, it is visible under the confocal m icroscope i f  it assem bles on the 

surface o f  the substrate. Surface m icro- FT-IR  is also helpful to get the chem istry
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inform ation on the m olecules present on the surface since different m olecule has its own 

characteristic IR  spectrum . It is possible to identify  the different m olecules v ia surface 

FT-IR  i f  they  exist on the surface o f  substrates during the LbL process.

Thirdly, it is necessary to extensively carry on a thorough investigation on the 

surface physics and chem istry for com m ercial and experim ental m icrocantilevers to learn 

the m echanism s or the reasons that the surface o f  m icrocantilevers presented different 

behavior from  that o f  the bulk w afers w hen the LbL process or EPD  technique were 

applied. Since the LbL assem bly is actually  a process perform ed on the surface o f  the 

subjects, the surface characteristics o f  the target subjects are crucial to  this technique. The 

uniform ity o f  chem ical com position and physical characters plays a significant role for 

the m icrosized surface to interact w ith o ther m aterials in the m olecular level. Thus, the 

study on the surface chem istry and surface physics o f  the m icrocantilever is necessary.

Fourth, a further study could focus on im provem ent to the quality  o f  the hydrogel 

films prepared using the m icro-, nano- hydrogel particle electrophretic deposition. The 

hydrogel film s w ith high quality should be uniform , sm ooth and continuous and the 

interactions betw een the particles are strong. A  robust hidrogel film  is im portant w hen it 

is involved in m ore com plex procedures or harsh  environm ents The possib le approaches 

include a) prepare m icro-, nano- hydrogel particles w ith different com positions and b) 

im prove the EPD  process via adjusting experim ental param eters (such as, electrode 

m aterials, pulse m ode o f  the applied potential, etc.) and solvent system s.

Lastly, a feasible and effective approach should be found to characterize the 

thickness o f  the thin hydrogel films. The hydrogel film  is a kind o f  soft m aterials. O n one 

hand, it is difficult to prepare the sam ple w ithout dam aging the surface uniform ity  for the
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m easurem ent o f  the hydrogel thickness using AFM  and SEM  techniques. On the other 

hand, the traditional techniques for th in  film  thickness m easurem ent could not be used to 

characterize the thickness o f  the hydrogel films. For exam ple, the optical profilom eter is 

not applicable to the m easurem ent o f  the hydrogel film s because the reflective index o f  

the hydrogel film is not available. The stylus profilom eter is not suitable either since the 

hydrogel is soft and the stylus can easily dam age the film.
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