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ABSTRACT  

Polymeric materials have revealed their great potentials in micro- and nano- fluidic 

devices for biosensing. Their advantages include low cost, various physicochemical properties, 

well-developed fabrication, and surface modification protocols comparing with traditional 

materials such as silicon or glass. Surface modification consists an essential step in fabrication of 

polymer-based biosensors. A proper characterization is required to justify the effectiveness of 

modifications on polymer surface.  

For nanofluidic devices, special phenomena such as overlapped electrical double layer, 

ion rectification and electroosmosis flow can dominate the behavior of single molcules. The 

concept of surface charge density plays a key role in nanofluidic devices due to its effects on 

electrophoresis and electroosmosis in the nanostructures. For example, a polymeric materials 

with low surface charge density is preferred for DNA translocation. Thus, the measurement 

technique of surface charge density is promising to select a proper material for nanofluidic 

sensor and assess the performance of polymer after surface modification. 

This work presents zeta potential measurements on PMMA, a common thermoplastic 

polymer, which is treated by UV/Ozone irradiation, O2 plasma, covalent crosslinking of 3-(3-

dimethylaminopropyl) carbodiimide/N-hydroxysuccinimide (EDC/NHS). And determine the 

optimal surface activation protocol via monitoring zeta potentials for different treatment 

conditions. Finally, lambda-Exonuclease (𝜆-Exo) will be anchored on the EDC/NHS 

functionalized PMMA surfaces and the effectiveness of binding biomolecule will be studied. 

 

  



Chapter 1. Introduction 

1.1. General background 

Nanofluidic devices, applying fluid flow with at least one dimension below 100nm, are 

one of the research interests for decades. The nanometric dimension provides several unique 

features, including high surface-to-volume ratio, entropic barriers, comparable surface charge, 

ion-current rectification, length scale of important biomolecules like DNA strands.[1–3] Those 

features give access to explore novel scientific phenomena and inspire a wide range of 

applications in physical, chemical, and biological fields. With advances in nanofabrication 

technologies, various well-defined nanometric geometries are designed to study nanoscale 

reaction, fluidic properties of DNA or other properties.[4] 

Nanosized pores can be used to take biomolecule detection for DNA, RNA or proteins. 

With the identical ionic current activated by translocations of charged molecules through 

nanopore, the rapid, high-resolution and real-time DNA sequencing comes true.[3, 5] Such 

development of bio detection will advance people’s understanding of genetics and open up many 

possibilities. For example, a growing recognition among health providers in decades is that the 

genetic-based, accurate and personalized treatment, named precision medicine, has the prospect 

to maximize medical outcomes and minimize cost, especially for a highly heterogeneous disease 

like cancer, where different treatment options for different people can help improve patient 

prognosis.[6] 

Polymer-based nanofluidic devices attract the interest of researchers for their advantages 

such as high optical transparency, low-cost fabrication method with good fidelity and a wide 

range of chemical properties.[7] However, polymers are inherently hydrophobic with smaller 

functional groups compared to conventional materials such as glass or silica.[8] To meet 
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requirements regarding adhesion, wettability, biocompatibility, and nonspecific adsorption, 

surface modification is essential for polymer-based nanofluidic devices.  

Moreover, surface modification techniques help nanoscale biosensors overcome the 

difficulty in controlling molecule motion. Slowing down the translocation of single molecule can 

increase the signal-to-noise ratio.[9, 10] The function of bioreactor combined with nanofluidic 

sensors via modification treatment also assist in the high-resolution identification.[11] 

The characterization method, zeta potential measurement, reflects the electrical potential 

near the surface of the polymeric substance after surface modifications. Since there are not many 

systematic works done regarding the zeta potential under the influence of surface modifications. 

In this thesis, we are going to measure zeta potential for a series of surface-treated polymers and 

reveal their electrokinetic behaviors. 
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1.2. Goals and objectives 

The goal of this thesis is to systematically study the change of zeta potentials upon 

surface functionalization protocols that have routinely been applied to modify polymer surfaces 

widely used in plastic nanofluidic biosensors.  

This work focuses on poly(methyl methacrylate) (PMMA), a thermoplastic polymer 

widely known as plexi-glass. PMMA is the plastic that has most widely used for microfluidic 

applications due to the low cost, high optical transparency, and availability of high throughput 

manufacturing methods including imprinting (hot embossing) and injection molding. The surface 

functionalization protocol that is exploited in this study is the 3-(3-dimethylaminopropyl) 

carbodiimide/N-hydroxysuccinimide (EDC/NHS) coupling chemistry modification, which 

consists of surface activation process using either O2 plasma treatment or UV/O3 treatment of 

PMMA surface followed by the sequential or concurrent binding of EDC and NHS. The 

EDC/NHS modification provides a useful linker leading to stable binding of many biological 

reagents to solid substrates[12, 13] including enzymes and fluorescent dyes.  

The objectives of this work to achieve the research goal are as follows: 

(1) To monitor zeta potentials for O2 plasma and UV/O3 treatments under different 

conditions to identify the optimal surface activation protocol on PMMA substrate.  

(2) To measure zeta potentials upon the EDC/NHS functionalization on differently 

activated PMMA substrates to determine the ideal combination of surface activation and 

EDC/NHS modification protocols. 

(3) To study the effectiveness of binding biological reagents on the EDC/NHS 

functionalized PMMA surfaces. 
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1.3. Outline of the manuscript 

There are four chapters in this thesis. The summary of each chapter is given below. 

Chapter 1 covers a preview of this thesis and the goal and objectives of this study. 

Chapter 2 shows the literature review of important phenomena in nanofluidic devices, 

measurement methods and the surface modification techniques. 

Chapter 3 describes the details of those experiments including surface treatments and 

characterization methods.  

Chapter 4 provides characterization results on surface activated PMMA after UV/O3 and 

O2 plasma treatments separately. 

Chapter 5 shows the effectiveness of the covalent bonding on PMMA. Chemical 

intermediates of EDC/NHS and fluorescein are anchored to the physically activated PMMA 

samples step by step.   

Chapter 6 reveals the zeta potential measurement results of 𝜆-Exo immobilized PMMA 

with different time conditions. 

Chapter 7 concludes the key descriptions in this research as well as an outline for future 

work. 
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Chapter 2. Literature review 

In this chapter, literature will be reviewed regarding to nanofluidic systems. First, the 

important physical concepts about electrokinetic phenomena inside nanofluidic platforms will be 

introduced, as well as their influence on transportation behaviors. Second, the understanding 

about zeta potential and surface charge density will be introduced, followed by the measurement 

methods for flat samples. Thirdly, the surface modification techniques of nanofluidic devices 

will be covered.  

2.1. Electrokinetic phenomena in nanofluidic systems 

2.1.1. Introduction to physical concepts of nanofluidic systems 

At the nanoscale, unique physical phenomena, such as surface charge, double layer 

overlap, and ion current rectification, can affect the transportation behaviors, which are ignorable 

or insignificant in microscale fluidic devices. Here some basic definitions will be introduced as 

the starting points to understand unique phenomena inside nanofluidic systems.  

The electric double layer (EDL) is an important concept for nanofluidic devices in terms 

of colloidal systems and electrode-solution interfaces. As a charged solid surface contacts with 

an aqueous solution, EDL is developed from oppositely charged ions in solution, which 

rearranged themselves and adhered to the solid-liquid interface to maintain electrical neutrality. 

Such balancing counterions in the liquid is referred to as the EDL. There are two layers in EDL. 

The first region is the Stern layer where counterions experience strong electrostatic forces and 

are considered to be immobile. The second layer of ions located outside the Stern layer is called 

the diffuse layer, which is the relatively mobile layer due to a weaker electrostatic attraction. the 

shear plane is defined as the boundary separating these two layers. The concentration of ions will 

decrease gradually with distance to the surface until it reaches the bulk concentration.   
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Debye length (𝜆𝐷 = 𝜅−1) is the parameter to characterize the thickness of EDL, which is 

the distance from the charged surface where the potential has decayed to the 1/e point or 36.7% 

of the surface potential.[14] The thickness of EDL depends on salt concentrations and surface 

charge density, which is typically on the order of 1−30 nm.[15] Fig 2.1 is the schematic 

illustration of an EDL. 

 

Figure 2.1. Schematics of the ionic concentration and the potential field in an electric double 

layer. 

 

In nanofluidic systems, driving flow simply by pressure is impractical. Electric fields 

generated by electric potential or external voltages are more commonly used. There are various 

electrokinetic effects, and the four primary kinds in nanofluidic systems are: 

Electroosmosis is defined as the liquid motion relative to a stationary charged surface. 

The direction of electroosmotic flow can be different from the direction of bulk flow. 

Electrophoresis is defined as the motion of charged particles in a fluid under the 

influence of an electric field.  

Diffuser layer

Stern layer

Negative charged surface
φ
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Streaming potential is defined as an induced electrokinetic potential in a flow driven by 

external forces such as pressure through a charged surface. This concept is the opposite concept 

of electroosmosis. 

Sedimentation potential is defined as the induced electric field when charged surfaces or 

particles move with respect to stationary fluid. This phenomenon is the opposite of 

electrophoresis.  

a) 

  

b) 

 

c) 

 

d) 

 

 

Figure 2.2. Schematics of electrokinetic phenomena in a negatively charged nanochannel: (a) 

electroosmosis; (b) electrophoresis; (c) streaming potential; and (d) sedimentation potential. 

2.1.2. Theoretical development on the electrokinetic behaviors of nanofluid  

uu

V
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Since electrokinetic effects significantly impact transport through nanofluidic structures, 

developing proper theories to predict their roles is in great of interest. From 1960s, researchers 

have noticed electroosmotic flow (EOF) in a nanochannel is influenced when the electrical 

double layer extends into the channel at low salt concentrations, and result in a reduced 

velocity.[16, 17] Physical factors influence on EOF have been investigated theoretically and 

showed the potential to control EOF. Yeh et al. controlled surface-charge property as well as 

EOF by the nanofluidic field-effect transistor.[18] 

The electrophoretic mobility of charge species is proven to be dependent on particles 

mobility and the shape of the electric double layer.[19, 20] At high pH, the particle behavior may 

dominated by EOF and alter the direction of electrophoresis.[21]. 

The analytical solutions describing the sedimentation velocity and sedimentation 

potential were derived by Keh et al. in terms of charged composite spheres, charged soft spheres 

and charged porous spheres under the requirement of zero net electric current.[22–24] 

Because the generation of electric streaming current attributes to the movement of ions in 

the bulk and EDL, it was found to be reduced by double layer overlap and the approximation of 

it required corresponding correction factors.[16] Recent work provided analytical solutions to 

quantify streaming potential and electroviscous effects in nanocapillary, in which three distinct 

regimes of streaming potential were demonstrated corresponding to the influence of the EDL 

thickness that depend on conduction current.[25] Bandopadhyay et al adjust the simulations of 

streaming potentials via taking the size effects in the ion distribution profile into account, which 

give rise to the streaming potential predictions.[26, 27] 
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2.2. Zeta potential and surface charge density 

2.2.1. Introduction of zeta potential and surface charge density 

Since the behaviors of nanofluidic systems are essentially affected by electrostatic and 

electrokinetic effects, characterizations of them in proper methods become necessary to design 

effective nanofluidic device for specific applications. Zeta potential (𝜁) and surface charge 

density (𝜎) are two impactful parameters to study and model a variety of electrokinetic 

performance in the system. 

Zeta potential refers to the electrical potential at the shear plane of the electric double 

layer. It is unique for each solid-liquid interface for the reason that the zeta potential depends on 

a number of factors including the ion concentration, ion valence, pH value, surface roughness 

and temperature of the solution. Measurement of zeta potential are indirect readings obtained 

from electrokinetic experiments. 

Surface charge density is difficult to be measured during experiments. Therefore, it is 

evaluated based zeta potential. 

2.2.2 Methods to zeta potential and surface charge density measurement in slit. 

Three main techniques of zeta potential measurements base on electroosmotic flow, 

electrophoresis and streaming potential separately, where electroosmotic and streaming potential 

methods are adopted in the study of microchannel. Since electrophoresis methods are used for 

charged particles which is not related to our polymer-based nanofluidic devices, I will only 

introduce the other two methods in this section. 

In electroosmotic flow, the motion of ions is affected by EDL, and results in a plug-like 

velocity profile, where the velocity is zero at the solid-liquid interface and rises to a uniform bulk 

velocity. Since the EDL thickness is very small (around 30nm) compared a microscale channel, 
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the edge effects can be minimized and lead to a uniform velocity along the height of the channel. 

Under this condition, the average electroosmotic flow velocity is given by the classic Helmholtz-

Smoluchowski equation[28]:  

 
𝜐𝑎𝑣 =

𝜖𝑟𝜖0𝜁

𝜂
𝐸𝑧 (2.1) 

where 𝜖𝑜 is the permittivity of the vacuum, 𝜖𝑟 is the dielectric constant of water, at 25℃, 

𝜂 is the solution viscosity, 𝐸𝑧 is the electric field and 𝜁 is the zeta potential. The group of terms 

𝜖𝑟𝜖0𝜁

𝜂
 is called the electroosmotic mobility (𝜇𝑒𝑜). This equation can determine the zeta potential 

by measuring the fluid velocity in a microchannel under electroosmotic flow.  

As for streaming potential method, a pressure-driven electrolyte solution through a 

microchannel creates a potential difference, known as the streaming potential. This potential 

makes an electric force in the opposite direction of the liquid flow. For a charged flat solid 

surface which is isolated enough, the streaming current is given by[29]: 

 
𝐼𝑠𝑡𝑟 =

Δ𝑃𝜖𝑟𝜖0𝜁𝐴

𝜂𝐿
 (2.2) 

where 𝐴 is the cross-sectional area, Δ𝑃 is the pressure difference and 𝐿 is the distance of 

the channel in the direction of the liquid flow. In our experiment, the zeta potential of planar 

surface with known geometry can be calculated via equation (1.2), which requires only one 

measured parameter (
𝑑𝐼𝑠𝑡𝑟

𝑑Δ𝑃
) with reduced measurement errors[30]. Figure 2.3 shows a schematic 

representation of the solid materials with planar surfaces for the zeta potential measurement. For 

practical purposes, other streaming potential experiments are performed with different factors to 

increase the accuracy of the measurements. 
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Figure 2.3. Schematic figure of the arrangement of flat surfaces for zeta potential 

measurement.  

In the planar limiting case, as the zeta potential and ionic strength are known, the surface 

charge density can be calculated by Grahame equation[31]: 

 
𝜎𝜁 =

2𝜖𝑟𝜖0𝑘𝐵𝑇

𝑒𝜆𝐷
sinh (

𝑒𝜁

2𝑘𝐵𝑇
) (2.3) 

, where 𝑒 is the elementary charge, 𝑘𝐵 is the Boltzmann constant and 𝑇 is the room temperature. 
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2.3. polymer nanofluidic devices   

Nanopore structure is widely existed in nature, such as re alpha hemolysin, aerolysin, and 

MspA porin.  However, biological nanostructures have their limitations regarding stabilities and 

size[32, 33]. To undertake complex applications of nanofluidic systems such as biomolecule 

monitoring and chemical analyses, inorganic substrates such as silicon dioxide[34, 35], silicon 

nitride [9, 36, 37], and glass capillaries[38–40] are developed in recent years for their advantages 

in surface chemistry, optical properties and stability. The fabrication methods include focus ion 

beam, electron beam lithography, wet/dry etching, laser pulling, etc.  

Polymers are advance materials to fabricate nanofluidic devices. Compared to silicon and 

glass materials, polymers have lower material costs, a wide range of physiochemical properties 

and diverse protocols of fabrication and surface modification[7]. In general, polymers are 

categorized as elastomers and thermoplastics. Elastomers are amorphous polymers with low 

Young's moduli and high failure strain. On the other hand, thermoplastics have higher molecular 

weights and Young’s moduli. Polydimethylsiloxane (PDMS) is a common elastomeric material 

with applications in nanofluidic devices[41, 42]. While poly(methylmethacrylate) (PMMA), 

polycarbonate (PC); and cyclo-olefin-copolymer (COC) are thermoplastic examples. Because of 

the low Young’s modulus of elastomers, nanostructure collapse may occur during 

thermal/pressure operation such as assembly process. Moreover, elastomers hardly allow the 

pioneering fabrication method, nanoimprint lithography (NIL) to be applied. As figure 2.4 

shows, NIL has been demonstrated to fabricate sub-10 nm scales with the ultimate resolution and 

fidelity[43]. And thermoplastic shares such advantages of NIL about production of complex 

multi-scale structures repetitively over large areas at low-cost.  



13 

 

 
Figure 2.4. Schematic of nanoimprint lithography process.[43] 

 

Based on the previous research conducted by Daewon Kim, PMMA, among five 

common-used thermoplastics for nanofluidic biosensors, showed the lowest absolute value of 

electrokinetic surface charge density and the variance of each measurements was low. Hence, 

PMMA has higher potential in biomolecule sensing. The relatively stable measurement results 

also make it promising regarding the characterization methods in this paper. 

2.4. Surface modification on polymer-based nanofluidic devices 

Although polymers are attractive materials to form nanofluidic devices, they are innately 

hydrophobic, which means polymers is difficult to bind different materials robustly and tends to 

adsorb hydrophobic analytes. Moreover, the negligible presence of ionizable functional groups in 

polymers produce much smaller EOF compared to glass-based devices[8]. Thus, the surface of 

polymers must be modified to meet requirements regarding wettability, biocompatibility, and 

nonspecific adsorption. There are various surface modification protocols, such as plasma[44–50], 

corona[51–53], UV or UV/ozone irradiation[53–58], photografting and chemical methods of 

surface modification[59–63] etc. 
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2.4.1. Surface activation of polymers by O2 plasma treatment  

O2 plasma treatment is a common method to functionalize polymer surface, alter the 

wettability behavior, increase adhesion between different substance. 

O2 plasma treatment was conducted by reactive-ion etching (RIE) system. After placing 

the samples in the cylindrical vacuum chamber, the chamber was reached to a low pressure. O2 

enters the chamber from small inlets on the top and exits to the vacuum pump through the 

bottom of the chamber.  As the power provided to the system, the O2 plasma particles impact the 

polymer surface as well as increase surface roughness.[64]  

 
Figure 2.5. image of a passive superhydrophobic microvalve in the middle of the microchannel 

and its SEM image.[65] 

 

Sunkara et al.[59] described a room temperature bonding method of various 

thermoplastics, PMMA, PC, COC and PS to PDMS. They activated thermoplastics by oxygen 
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plasma to produce oxhydryl group followed by aminopropyltriethoxysilane (APTES) 

modification. The treated thermoplastics were then brought to plasma treated PDMS at room 

temperature for assembly. The enclosed devices showed high burst resistance and hydrolytic 

stability.  

Ellinas et al.[65] presented a nanotextured PMMA manipulated via O2 plasma etching, 

that PMMA with rough surface became superhydrophobic, which could split the liquid flow and 

were test as superhydrophobic valves (figure 2.5.) to deliver fluids in an analytical device in a 

preferred sequence. 

2.4.2. Surface activation of polymers by UV/O3 treatment  

The role of UV/O3 radiation is usually overlapped with O2 plasma treatment. UV/O3 

radiation utilized the effects of UV light (< 254 nm) to produce in situ ozone from a gas-phase 

photodissociation of molecular oxygen. The formation or decomposition of O3 with ultraviolet 

rays generates atomic oxygen O, which has strong oxidizing ability. Atomic O, along with 

ultraviolet rays, break the polymer chain by insertion of oxygen-containing functional groups. As 

a result, surface energy and oxygen levels of the polymers were increased. 

Tsao et al. demonstrated the enhancement of UV/O3 treatment on bond strength for 

PMMA and COC at low temperature. Though the initial dimensions of PMMA microchannels 

were same, the channel collapsed for the bonded PMMA without 24min UV/O3. Figure 2.6. 

compared the wall deformation of PMMA through two bonding strategies.[56]   

The carboxyl acid is the dominate specie on PMMA and COC following by UV/O3 

treatment, which increased wettability of the surface and played as desired scaffolds for 

following covalent attachment of biologics. Jackson et al. utilized UV/O3 treated COC with 

anchored antibodies for circulating tumor cell (CTC) analysis.[66] 
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Figure 2.6. SEM image of 500 mm wide, 180mm deep PMMA microchannels following (a) 

thermal bonding of 24 min UV/O3 treated PMMA substrates at 60℃, and (b) thermal bonding 

of virgin PMMA substrates at 100 ℃.[56] 

 

2.4.3. Surface functionalization via EDC/NHS treatment 

EDC/NHS coupling chemistry is commonly used to conjugate biological substances 

containing carboxylates and amines. EDC is a water-soluble zero-length crosslinker, which 

allows to form a bond without additional atoms or spacing. Since EDC is labile in the presence 

of water, the bulk chemical must be stored at −20°C.  Figure 2.7(a) is the preferred route about 

how amide bond is formed in aqueous solution. Except the desired conjugation product, a 

number of potential side products can be generated, including undesired inactive isourea that no 

longer can participate in the reaction process.  

On poly(methacrylic acid) (PMAA) grafted on silicon, Wang et al. confirmed a different 

EDC activation mechanisms related to an anhydride intermediate. This side product formed from 

a carboxylate group and a neighboring O-acylisourea ester also has reactivity with amine groups. 

Because polymers contain repeating carboxylate groups, it is possible that the anhydrides 

become the primary intermediate reactive group formed from EDC[67]. 
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(a) 

 
 

(b) 

 
Figure 2.7. conjugation reaction between carboxylic acids and amine-containing molecules in 

the presence of (a) EDC only; (b) EDC and NHS[68].  

 

Usually, EDC combining with NHS or sulfo-NHS is a universal way to improve the 

solubility and stability of the active intermediate, which ultimately reacts with the attacking 

amine[69]. As the figure 2.7(b) shows, after EDC reacts with a carboxylate group to form an O-



18 

 

acylisourea active ester, succinimidyl ester groups from the reaction of the hydroxyl group on 

NHS with the EDC active-ester complex replace the previous active intermediates. However, the 

increased efficiency obtained by the use of NHS may result in a severe precipitation during the 

reaction. In that case, eliminating NHS or sulfo-NHS can preserve the solubility of the final 

product. 

As mentioned before, EDC/NHS is used frequently to conjugate substances containing 

carboxylates and amines. Many potential medical applications were being developing with 

assistance of EDC/NHS treatment, such as CTC analysis performed on antibody anchored COC 

devices[66], DNA or RNA sequencing on enzyme immobilized PMMA[11, 70] and drug 

delivery with fibroin-based nanoparticles utilizing crosslinker EDC (EDC-FNPs).[71] 

Keleştemur et al.[69]  utilize EDC/NHS to reduce cytotoxicity of the original ZnO nanoparticles 

via covalent attachment of bovine serum albumin (BSA).  EDC/NHS also aid in modification of 

liquid permeability of nanofiltration (NF) membranes[13, 72]. 

2.5. Binding of Enzyme on polymer surfaces  

Microfabricated analytical devices have been developed for decades. Recently, a novel 

microfluidic analytical systems became attractive. Such microfluidic devices can accomplish 

biological reactions via enzyme immobilization, which is named as Immobilized Microfluidic 

Enzymatic Reactors (IMERs). The integration of an enzyme in a microchip bring several 

advantages. First, IMER can increase system automation as well as eliminate errors associated 

with manual protocols[73]; besides, it can be coupled with numerous detection techniques for 

biomedical applications such as glucose measurements[74]. IMER also enhanced reaction 

efficiency due to reduced diffusion distances, a reduction of analysis time and sample 

consumption. For example, magnetic nanoparticles or microparticles with immobilized enzyme 
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offer a manipulation method to control enzymes magnetically and generate specific organized 

structures for digesting proteins efficiently.[75, 76]  

The functions of immobilized enzymes limit the potential applications of IMER. Except 

the enzymes on in industry, such as glucose isomerase, sucrose mutase, h-galactosidase and 

penicillin acylase[77], more enzymes are studied for IMERs. By covalent attachment of 

enzymes, polymeric materials, PMMA[11, 70, 78] and COC[70], are successfully utilized to 

fabricate IMERs.  

Athapattu et al. immobilized exoribonuclease-1(XRN1) immobilized within a PMMA-

based microfluidic device. Since XRN1 cleaves ssRNA in the 5’ to 3’ direction, this IMER is 

potential in single-molecule RNA exosequencing.[11] 

 
Figure 2.8. Different digestion modes based on the decrease in the length of the single-DNA 

molecules by lambda-exonuclease at the interface of the buffer solution and the fused-silica 

prism.[79] 
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To realize DNA sequencing, lambda-exonuclease (λ-Exo) was chosen.[70] λ-Exo is an 

ATP-independent enzyme which can processively digest the 5′-ended strand of double-strand 

DNA(dsDNA) to form 5′ mononucleotides in free-solution as well as generate an intact ssDNA 

byproduct[80]. The λ-Exo digestion rates of entrapped DNA molecules in solid-state nanopores 

was previously studied by Lee et al.[81, 82] As reported, the enzyme digestion rates was strongly 

affected by the geometry, functional groups in confined nanopores. Kang et al. observed three 

digestion modes of the single-DNA molecules by λ-exonuclease at the solid-liquid interface 

(Figure 2.8): incomplete digestion at one end with a small spot remained; complete digestion 

from both ends and incomplete digestion from both ends.[79]  

Inspired by previous reports,[83, 84] immobilized λ-Exo in biosensor was studied in 

application of the sequence analysis of DNAs. The strategy is that individual nucleotide 

molecules cleaved by exonuclease enzyme could be identified in correct order through an 

appropriate detection method such as time of flight in nanochannel. Oliver-Calixte et al. initially 

immobilized λ-Exo to PMMA-based IMER via EDC/NHS coupling chemistry, which were 

shown in figure 2.9.[70] The calculated average digestion rate was 1000 ± 100 nucleotides per 

second(nt/s), and the processivity was over 40 kbp which was significantly higher than the free 

solution enzyme. Their conclusion suggested a promising application of enzyme immobilized 

lab-on-chip devices with enhanced enzymatic activity and stability.  
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Figure 2.9. (A−D) Fluorescence still images for the real-time digestion of dsDNA using λ-Exo 

covalently immobilized to a PMMA substrate configured in the IMER device. (E−H) The 

corresponding fluorescence intensity line plots taken from the still images shown in parts 

A−D. [70] 
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Chapter 3. Methods  

3.1. Materials 

The polymer used in this study is 10 mm × 20 mm poly(methyl methacrylate) (PMMA), 

which was purchased from ePlastics. Bulk EDC, NHS, APTES and BupH™ MES Buffered 

Saline Packs, which were used to prepare MES buffer were purchased from ThermFisher 

Scientific. Fluorescence dye Alexa Fluor 594 cadaverine (AF594) and Lambda-Exonuclease (λ-

Exo) were purchased from Life Technologies. Dimethyl sulfoxide (DMSO), used as the solvent 

for the diluted stock solution of AF594, was purchased from Life Technologies. While 1x PBS 

(Phosphate buffered saline) buffer was purchased from Corning Life Sciences.  

The main chemical formulas in this research are listed in the Table 3.1. 

Table 3.1. chemical formulas of PMMA, EDC, NHS and AF594 

PMMA 

 

EDC 

 

NHS 

 

APTES 
 

AF594[85] 

 
 

3.2. Surface treatment 

3.2.1. O2 plasma treatment 
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O2 plasma treatment was performed through RIE (Technics Micro-RIE 800 series). Based 

on the previous works from our group, the treatment condition to expose PMMA to O2 plasma 

was determined to be 30s, 50W. Which can obtain a well balance between high density of 

functional groups and severe damage on the surface morphology. The equipment for O2 plasma 

treatment and the vacuum chamber is shown in figure 3.1 (a). 

(a) 

 

(b) 

 
  

Figure 3.1. (a) RIE equipment and its cylindrical vacuum chamber; (b) reaction process of 

APTES bond PMMA. 

 

After 30s O2 plasma treatment, PMMA was incubate in APTES solution for 15min at 

room temperature. APTES molecules react with hydroxyl groups generated during O2 plasma 

treatment and form aminopropylsilane (APS) film on PMMA with the amino terminal ends as 

shown in figure 3.1(b). The PMMA with -NH2 terminals was measured zeta potential to offer 

additional information. 

3.2.2. UV/O3 treatment  
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In this research, UV/O3 treatment was achieved by a homemade UV/O3 radiation 

machine(254 nm,16 mW/cm2), as figure 3.2 shows. PMMA samples were set inside the chamber 

during irradiation and Al foil was used to cover the gaps of the chamber to protect people from 

leakage of O3. For the same reason, this machine must be run inside a hood with good air 

circulation. The time of treatment was measured manually. In this research, the exposure time of 

UV/O3 were 1 minute, 5 minutes and 15 minutes, respectively. 

 
Figure 3.2. Homemade UV/O3 irradiation machine with Al foil covered. 

 

3.2.3. EDC/NHS functionalization 

O2 plasma or UV/O3 treated PMMA would take EDC/NHS functionalization by 

immersing PMMA in a solution containing 200 mM EDC and 50 mM NHS in 0.1 M MES at 

room temperature. The incubation time are 15min, 30min and 1h separately. Because of the 

instability of EDC and NHS, the incubation process is performed in dark, and the EDC/NHS 

solution should be used immediately after preparation and must be stored at 4℃ without light. 

After incubation, PMMA samples were washed with DI water and dry with N2 gas gently. 

3.2.4. Binding of fluorescent dye on PMMA surface 

In this research, AF594 was selectively immobilized onto UV/O3 treated PMMA surfaces 

using EDC/NHS coupling chemistry. To be specific, PMMA was covered by a photomask 
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during UV/O3 treatment, which was consisted by silicon substance and patterned Cr surface. 

There were two kinds of pattern on the photomask, strips and dots, as shown in figure 3.3.  

              (a) 

 

(b) 

 
              (c) 

 

(d) 

 
Figure 3.3. (a) picture of the photomask; (b) the drawing file of the photomask; (c, d) two 

patterns observed under ordinary microscope. 

 

After UV/O3 irradiation, PMMA was incubated in EDC/NHS solution for 30 minutes 

then washed with DI water. After gently drying the sample surface by gas, PMMA was 

immersed by the solution containing 0.05mM AF594 in MES and incubated in dark at room 

temperature for 1 hour. Then PMMA was washed with DI water and dried thoroughly before 

observation under fluorescence microscope. 
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3.2.5. Binding of lambda-exonuclease on PMMA surface 

The enzyme anchored onto PMMA was chosen to be Lambda-Exonuclease (λ-Exo).  In 

this experiment, λ-Exo was introduced onto the PMMA surfaces after 1-minute UV/O3 and 30-

minute EDC/NHS activation. The samples covered by the solution containing λ-Exo were 

incubated for 2 h at room temperature. Then devices were washed with 1x PBS to remove 

unbound enzyme or other chemicals and subsequently stored at 4°C until use. The concentration 

of λ-Exo solution is 0.2 U/𝜇𝑙, 0.4 U/𝜇𝑙 and 0.8 U/𝜇𝑙 separately. 

Before immobilization treatment of λ-Exo onto PMMA, the storage buffer of the enzyme 

must be exchanged with 1x PBS. Because the storage buffer the enzyme was supplied in 

contained 25 mM Tris-HCl, which will interfere with the covalent attachment due to a primary 

amine group in Tris. The buffer exchange process was completed via 0.5ml Zeba Spin Desalting 

Columns, 7K MWCO (Pierce Biotechnology), and the detailed steps were described in the 

instruction.  

The whole procedure of this experiment is shown in figure 3.4. 

 
Figure 3.4. the scheme of the experimental processes. 
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3.3. Characterization 

3.3.1. Zeta potential measurements  

The zeta potential measurement of PMMA samples was performed by SurPASS 3 (Anton 

Paar). To calculate the zeta potential of flat substrates, two pieces of samples with the area in 

proximity of 10𝑚𝑚 × 20𝑚𝑚 were mounted on parallel stages in the measurement cell of 

SurPASS 3 (figure 3.6(b)). After fixing the measurement cell on the system, the gap between two 

samples was manually adjusted to 100𝜇𝑚 during rinsing steps.  

(a) 

 

(b) 

 
Figure3.5. (a) the picture of SurPASS 3 from Anton Paar; (b) the measurement cell of 

SurPASS 3 with PMMA mounted. 

 

As a flow of aqueous electrolyte solution, which was 0.001M KCl solution, was supplied 

through the gap between two samples in a controlled pressure system, the values of the streaming 

potential and streaming current were automatically measured by SurPASS 3 and the zeta 

potential of materials surface was calculated based on the equation: 

 
𝐼𝑠𝑡𝑟 =

Δ𝑃𝜖𝑟𝜖0𝜁𝐴

𝜂𝐿
 (3.1) 

The zeta potential measurements were performed on at least three groups of PMMA with 

a same condition to obtain an average value. The electrokinetic surface charge density of the 
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sample was converted from the average value of the zeta potential based on the Grahame 

equation: 

 
𝜎𝜁 =

2𝜖𝑟𝜖0𝑘𝐵𝑇

𝑒𝜆𝐷
sinh (

𝑒𝜁

2𝑘𝐵𝑇
) (3.2) 

 

3.3.2. Water contact angle measurements 

Surface roughness and surface energy has strong effects on the wettability of surface; 

therefore, water contact angle measurements were performed as additional proofs to reveal the 

influence of surface treatments. The water contact angle of PMMA with the deposited droplet of 

5 µL distilled water was pictured and roughly measured by ImageJ software.  

3.3.3. Fluorescence microscopy 

In order to check the effectiveness of EDC/NHS treatment, PMMA samples were 

observed by fluorescence microscope (Olympus IX70) and fluorescence imaging was performed 

by a CCD camera (Photon Max, Princeton Instruments). The observation was conducted in the 

dark to reduce the interfere of environmental lights on fluorescence signals.  

Except PMMA substances with selectively labelling, control samples were also prepared 

and observed to exclude non-specific fluorescent signals. The control samples were UV/O3 and 

EDC/NHS activated PMMA with totally same conditions and without any AF594 treatment.  

Both experimental samples and control samples were observed under the microscope 

with the same camera settings.  
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Chapter 4. Zeta potential of PMMA after surface activation 

4.1. Introduction 

Nanofluidic is impacted significantly by several unique phenomena: electric double layer, 

ion-current rectification, surface charge and entropic barriers. Thus, designing a nanofluidic 

device must take the electrokinetic forces of materials into consideration. Polymeric materials 

are attractive alternatives for commercial silicon or glass in nanofabrication.  

Due to the natural hydrophobicity and less reactive functional groups on polymers,[8]  

utilizing polymer in nanofluidic devices requires proper surface activation techniques. UV/O3 

and plasma treatment are common methods to functionalize polymer surface, alter the wettability 

behavior, and increase adhesion between different substance. And the evaluation of the 

effectiveness of surface modification methods is an essential step.  

Because zeta potential reflects the electrical potential at the shear plane of the electric 

double layer of a material, the measurement of zeta potential can be a characterization method to 

estimate the surface charge and help in optimizing the fabrication route of polymeric nanofluidic 

systems.  

In this chapter, the thermoplastic, PMMA was activated by UV/O3 and O2 plasma 

treatments separately, and was measured its zeta potential value. The results will indicate the 

consequences of surface functionalization. 

4.2. Zeta potential of PMMA upon O2 plasma treatment   

O2 plasma are common techniques to modify polymer surface. The zeta potential 

measurement results with 0.001M KCl concentrations and electrokinetic surface charge density 

of PMMA as a function of pH value were provided in figure 4.1. Three plots explicate the 
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difference of zeta potentials among untreated PMMA, O2 treated PMMA and APTES anchored 

PMMA at a pH range of 2.5-10. 

(a) 

 

(b) 

 
Figure 4.1. Plots of (a) zeta potential measurements of PMMA; (b) surface charge density of 

PMMA. Black line represents the value of untreated PMMA, green line represents the value of 

PMMA after 30s O2 plasma treatment and orange line represents PMMA taken 30s O2 plasma 

treatment followed by 15min 3-APTES incubation. 

 

The overall trend of three lines is decreasing with increased pH value for all three 

conditions. This phenomena can be explained by deprotonation. At low pH, hydrophilic sites on 

PMMA surface tends to adsorb protons due to the high proton concentration, which leads to a 

relatively less negative electrokinetic surface charge density. On the contrary, the surface is more 

negative charged at high pH.  

Initially, the zeta potential of PMMA at pH 10 is -75mV and end at -17mV at pH 2.5. 

After 30s O2 plasma treatment, the zeta potential is decreased 10-20mV over all the pH. The 

decrease in the zeta potential after O2 plasma treatment can be explained by the relationships 

between zeta potential and the surface properties. O2 plasma treatment introduces functional 

groups containing oxygen into polymer surface. For PMMA, the dominate functional group is 

carboxylic acid, -COOH, which leads to more negatively charged surface.[46] 

pH (in 0.001M KCl)

0 2 4 6 8 10 12

Z
e
ta

 p
o

te
n

ti
a
l 

[m
V

]

-100

-80

-60

-40

-20

0

20

40

60

pristine PMMA
PMMA_O2 plasma (30s)
PMMA_APTES

pH (in 0.001M KCl)

0 2 4 6 8 10 12

S
u

rf
a

c
e

 C
h

a
rg

e
 D

e
n

s
it

y
 [

m
C

/m
2
]

-15

-10

-5

0

5

10

pristine PMMA
PMMA_O2 plasma (30s)
PMMA_APTES



31 

 

Another finding about O2 plasma treated PMMA is that the slope of zeta potential vs. pH 

curve changes with different pH. At pH < 7, the decrease of zeta potential was steeper than that 

at pH > 7. This phenomenon should attribute to the dissociation of carboxyl groups: 

 𝐶𝑂𝑂𝐻 ⇋ 𝐶𝑂𝑂− + 𝐻+ (4.1) 

At low pH, many carboxyl groups remained in uncharged, and when pH increased, the ionized 

state −𝐶𝑂𝑂− increased, resulting in the negative increase in the zeta potential.   

It is obvious that the zeta potential of APTES treated PMMA is highest. And the 

difference is more significant at lower pH value. This plot confirms the generation of carboxyl 

on PMMA after O2 plasma treatment by clarifying the existence of -NH2. As mentioned in Ch 

3.2.1, APTES molecules react with hydroxyl groups via condensation reaction and form APS 

film on PMMA with the amino groups in contact with the electrolyte solution. And the reason 

behind the increased zeta potential is the ionization of the amino: 

 𝑁𝐻3
+ ⇋ 𝑁𝐻2 + 𝐻+ (4.2) 

Therefore, APTES treated PMMA shows most positive surface charge and the highest IEP 

among three samples. 

4.3. Zeta potential of PMMA upon UV/O3 treatment  

Figure 4.2 (a) is the zeta potential of PMMA exposed to UV/O3 treated for 1 minutes, 5 

minutes and 15 minutes respectively. Since carboxylic acid functional groups also dominate on 

the PMMA surface after UV/O3 irradiation, there is supposed to be a similar trend in the plots of 

UV/O3 treated PMMA comparing with the zeta potential of O2 treated PMMA. However, though 

1min UV/O3 treated PMMA (PMMA_1min UVO) looks similar to O2 plasma treated PMMA, 

other two plots of zeta potentials of PMMA with longer treatment time have distinct trends.  
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As shown in figure 4.2 (a), the value of PMMA after 5min UV/O3 treatment 

(PMMA_5min UVO) is close to that of pristine PMMA at pH 10, and then it keeps decreasing at 

pH 7-9 until it reaches to the lowest point at pH 6.5. For PMMA after 15min UV/O3 treatment 

(PMMA_15min UVO), its absolute value of zeta potential is even lower than pristine PMMA in 

the pH range of 6-10. 

(a) 

 

(b) 

 

(c) 

 
Figure 4.2. Plots of PMMA after UV/O3 treatment: (a) zeta potentials of PMMA and (b) 

surface charge density as a function of pH value with the comparison of untreated PMMA. 

UV/O3 treatment time are 1min, 5min and 15min, represented in pink, blue and red 

respectively; (c) zeta potential of PMMA as a function of UV/O3 treatment time. Green line 

represents the zeta potential measured at pH 6, blue for pH 8 and red for pH 10 respectively.  

 

Figure 4.2 (c) presents the zeta potential of PMMA as a function of UV/O3 treatment time 

at pH 6, 8 and 10. The three pH values were selected because they are suitable for biological 

applications. More specifically, solution in pH 6 is mild to maintain activities and stabilities of 

many proteins, whilst pH 8 and pH 10 are applied in our group for biomolecules translocation 

inside nanofluidic devices. 

It can be concluded that with increasing exposure time of UV/O3 treatment, PMMA takes 

a dramatic decrease in the negative electrokinetic surface charge. This apparent decrease can be 

partially explained by the negative influence of long-time exposure on−COOH density. Along 

with the generation of carboxylic acid on the surface, the radical reactions occurs, and reactions 

as −CO2 release, scission of the polymer chain, and etching of the surface can degrade the 
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−COOH group and lead to a lower surface charge density[46]. However, for PMMA_15min 

UVO, its lowest absolute value of zeta potential may suggest a significant degradation of surface 

functional groups. 

The zeta potential values and electrokinetic surface charge densities of PMMA with 

different modifications are summarized in Table 4.1. 

Table 4.1. Zeta potential and electrokinetic surface charge density of PMMA at pH 6.0, 8.0 

and 10.0. 

PMMA pH 6.0 pH 8.0 pH 10.0 

Pristine 
𝜁 [𝑚𝑉] −48.51 ± 2.47 −64.74 ± 1.51 −72.09 ± 0.46 

𝜎 [𝑚𝐶/𝑚2] −4.39 ± 0.29 −6.62 ± 0.22 −7.92 ± 0.08 

30 s O2 plasma 
𝜁 [𝑚𝑉] −74.46 ± 2.24 −94.49 ± 2.17 −94.92 ± 2.29 

𝜎 [𝑚𝐶/𝑚2] −8.37 ± 0.43 −13.13 ± 0.65 −13.32 ± 0.64 

1 min UV/O3 
𝜁 [𝑚𝑉] −66.06 ± 4.93 −107.36 ± 0.65 −112.58 ± 1.27 

𝜎 [𝑚𝐶/𝑚2] −6.89 ± 0.81 −17.39 ± 0.23 −19.47 ± 0.51 

5 min UV/O3 
𝜁 [𝑚𝑉] −76.74 ± 3.00 −76.14 ± 2.64 −71.03 ± 0.84 

𝜎 [𝑚𝐶/𝑚2] −8.82 ± 0.31 −8.70 ± 0.53 −7.72 ± 0.14 

15 min UV/O3 
𝜁 [𝑚𝑉] −74.46 ± 2.24 −94.49 ± 2.27 −94.92 ± 2.29 

𝜎 [𝑚𝐶/𝑚2] −8.37 ± 0.43 −13.13 ± 0.65 −13.26 ± 0.65 

 

4.4. The effect of scan direction for UV/O3 treated PMMA 

To figure out the reason behind the abnormal low surface charge density, additional zeta 

potential measurement was conducted. The zeta potential of PMMA was usually measured 

continuously from high pH to low pH, but in this section, the measurement circle started from 

pH 6 to pH 10. Then measured the same PMMA sample in opposite direction of pH from 10-6, 

marked as second scan. Finally, PMMA was measured again from pH 6-10, called third scan. 
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The three times of measurements were performed on PMMA after 30s O2 plasma and 15min 

UV/O3 respectively. 

(a) 

 

(b) 

 
Figure 4.3. three times of zeta potential measurement on two PMMA treated by (a) 30 seconds 

O2 plasma; (b) 15 minutes UV/O3 respectively. Black. white and gray curves represent the 

first, second and third time of measurement scan separately. 

 

As figure 4.3 shows, for O2 plasma treated PMMA, the zeta potential values of three 

measurement circles are almost overlapped. The curves in figure 4.3 (a) indicate reliable 

measurement results and stable functionalized PMMA surface. On the contrary, the first scan of 

PMMA_15min UVO is completely different from other two scans. Initially, the zeta potential 

value of PMMA_15min UVO at pH 6 is -108 mV, 40mV lower than pure PMMA and 20mV 

lower than PMMA_1min UVO. The zeta potential value remains low at pH 6-7 but dramatically 

and steeply increases as the pH of electrolyte solution over 8. Finally, the zeta potential of this 

sample remains in the range of -40~-50mV no matter how pH changes. This value also agrees 

with the measurement results of PMMA_15min UVO in the last section. 

It is natural to assume that PMMA_15min UVO is degraded in the contact with the 

alkaline solution. To be specific, the PMMA polymer is exposed to a highly oxidative 

atmosphere and irradiation by high-energy photons during UV/O3 treatment, which partly 
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oxidized the polymer chains as well as fragmented the surface groups. Some low molecular 

weight oxidized material could not vaporize easily and remained on the surface. When these 

fragments are subjected to washing during the zeta potential measurements, they could be lost by 

dissolution and lead to a decreased surface charge density. The removal of the functionalized 

surface after UV/O3 irradiation was also reported to occur in commercial multi-electrode array 

(MEA), polymers like COC, PET and PMMA,[56, 86–88] where the changes in thickness, 

surface atom and water contact angle were included. 

4.5. Water contact angle measurements 

Since the degradation of PMMA surface can impact the water contact angle. The water 

contact angle of multiple PMMA substances were roughly measured. Table 4.2 lists the surface 

pictures of pure, O2 plasma treated PMMA and PMMA_15min UVO with their corresponding 

water contact angles.  

Table 4.2. surface of PMMA substances and their water contact angle before and after 

zeta potential measurement. 

 
Pristine PMMA 

PMMA_30s O2 

plasma 
PMMA_15min UVO 

Before zeta 

potential 

measurement    
∠68° ∠44° ∠45° 

After zeta 

potential 

measurement    
∠63° ∠42° ∠70° 

 

As shown in table 4.2. the wettability of pristine PMMA is not good. After activation of 

O2 plasma or UV/O3, the water contact angle decease from 70° to 40° immediately. hydrophilic 

surface. The decrease in water contact angle agrees with other observation results for the reason 

that two activation methods increase surface energy. And the interesting result is that after zeta 
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potential measurement process, the water contact angle does not change for PMMA_30s O2 

plasma but significantly increases to 70° for PMMA_15min UVO. After contacting with 

electrolyte in the pH range of 2-10, PMMA_15min UVO not only lost the hydrophilicity but also 

lost its transparency.   

The decrease of hydrophilicity and transparency agrees with the assumption that 

fragments on PMMA_15min UVO are dissolved in solution. As a result, surface energy drops 

with the reduction of the amount of carboxyl, while the surface topography changes.[87]   

More images of PMMA surface as a function of UV/O3 irradiation time are listed in 

Table 4.3. It is obvious that for short exposure time such as 1min, the change of wettability and 

transparency is not evident. As the exposure time rises above 5min, the wettability becomes 

better. But after immersing in KCl solution during characterization, the wettability of all four 

samples is similar with the water contact angle of 70°.  

Table 4.3. surface of PMMA substances and their water contact angle before and after zeta 

potential measurement. 

Before zeta potential measurement 

 

After zeta potential measurement 
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Chapter 5. EDC/NHS Functionalization of PMMA  

5.1. Introduction 

EDC/NHS coupling chemistry is commonly used to conjugate biological substances 

containing carboxylates and amines. EDC is a zero-length crosslinker, which reacts with a 

carboxylate group to form an O-acylisourea active ester. The intermediate is then replaced by 

NHS ester groups which ultimately reacts with the amine-containing molecule. Finally, covalent 

bond between carboxylates and amines is formed without additional spacing or atom. 

Proper polymer-based nanofluidic devices is able to anchor diverse proteins via 

EDC/NHS coupling chemistry to adjust properties such as surface charge, permeability flux or 

biocompatibility.  

In this paper, EDC/NHS functionalization is also necessary to immobilized enzyme onto 

PMMA substance. The zeta potential of PMMA after EDC/NHS treatment was measured in this 

chapter to evaluate the difference in surface charge among samples with three treatment time. 

The effectiveness of EDC/NHS was also confirmed via fluorescence labelling of a amine-

containing dye. 

5.2. EDC/NHS Functionalization on O2 plasma and UV/O3 treated PMMA 

EDC/NHS coupling chemistry is used on PMMA surface after UV/O3 or O2 plasma 

treatment. The O2 plasma treatment is 30s exposure, but UV/O3 irradiation condition is 

uncertain. 1-minute UV/O3 irradiation is preferred based on the measurement results as 

mentioned in chapter 4, where PMMA_1min UVO possesses lowest surface charge density 

which may indicating largest amount of -COOH. However, other researchers prefer 15-minute 

UV/O3 irradiation for their PMMA devices.[11, 70, 89] 
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To determine the best time of UV/O3 irradiation in this experiment, EDC/NHS treatment 

was performed on PMMA after 1 minute and 15 minutes UV/O3 respectively. The comparison of 

the zeta potential of PMMA with two UV/O3 treatments before and after 15 minutes EDC/NHS 

treatment is provided in figure 5.1. 

 (a) 

 

(b)

 

 

Figure 5.1. Box plot of zeta potential of PMMA before and after 15 minutes EDC/NHS 

functionalization with 1min and 15min UV/O3 treatment at (a) pH 8; (b) at pH 10. 

 

From figure 5.1., PMMA_1min UVO tends to obtain higher density of negative surface 

charge compared with PMMA_15min UVO. The relatively larger gap of zeta potential between 

PMMA_1min UVO before and after EDC/NHS treatment suggests that it has more carboxylic 

acid on the polymer surface to react with EDC/NHS reagent, since -COOH is ionic at high pH 

while NHS or EDC intermediate is neutral. Thus, 1min UV/O3 is determined and the optimal 

EDC/NHS treatment condition is going to be decided.  

Three conditions: 15-minute, 30-minute and 1-hour incubation of EDC/NHS solution 

were executed on PMMA after 1min UV/O3 irradiation and 30s O2 plasma treatment. Figure 5.2. 

shows their values of zeta potential and surface charge densities in the pH range of 2-10 in 

0.001M KCl solution.  
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Figure 5.2. PMMA treated by three EDC/NHS treatment conditions after (a-c) 30s O2 plasma 

treatment; (d-f) 1min UV/O3 irradiation. Where (a, d) are plots of zeta potential values, (b, e) 

are plots of electrokinetic surface charge density and (c, f) are zeta potential of PMMA as a 

function of EDC/NHS treatment time. 

 

Overall, the zeta potential measured on all three kinds of EDC/NHS functionalized 

samples are similar with lower absolute value than that of PMMA after O2 plasma and UV/O3 

treatment, respectively. The increased zeta potential indicates the reduction of carboxyl, which 

agrees with the shift of isoelectric point (IEP) for O2 plasma and UV/O3 activated PMMA. IEP is 

the pH value at which samples exhibit zero zeta potential. For PMMA before EDC/NHS 

treatment, IEP is lower than 2. After EDC/NHS treatment, IEP increases to 3-4 suggesting that 

the EDC or NHS reagents were anchored to carboxylic acid groups on PMMA.  

Figure 5.2 (c) reveals the similarity of zeta potentials on O2 plasma treated PMMA with 

three EDC/NHS treatment conditions. On the other hand, UV/O3 activated PMMA shows 

divergence where 30min and 1h EDC/NHS treated PMMA have similar high zeta potentials, and 

15min EDC/NHS treated PMMA has relatively low zeta potentials. 
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For figure 5.2 (a), it is noticeable that at low pH, the difference of O2 plasma treated 

PMMA with and without EDC/NHS treatment increases evidently than its counterpart shown in 

figure 5.2 (d). This may indicate a relatively more sufficient functionalization on PMMA after O2 

plasma activation. Besides, this result may attribute to the greater hydrophilicity of PMMA with 

the improved attraction to proton. 

5.3. Binding of a fluorescein on EDC/NHS functionalized PMMA 

It has to be acknowledged that the EDC/NHS treatment did not introduce a significant 

reduction in surface charge of UV/O3 treated PMMA. The potential explanations include 

inadequate physical activation, instability of the EDC and NHS chemicals.  

To verify the effectiveness of EDC/NHS functionalization on PMMA, UV/O3 treated 

PMMA was labelled by a red-fluorescent dye, AF594, via covalent attachment. During UV/O3 

irradiation, a photomask was applied to generate patterns on PMMA via generation of carboxyl 

groups on selected area.  

 

Figure 5.3. (a, b) images of the two patterns on AF594 labelled PMMA which was activated 

selectively under fluorescence microscope; (c) fluorescence images of PMMA with UV/O3; 

(d) fluorescence images of PMMA with UV/O3 and EDC/NHS. 

Figure 5.3 (a, b) reveals the two patterns observed under the fluorescent microscope, 

implying the successful attachment of fluorescent dye to PMMA. To exclude potential non-

specific signal, control samples were prepared and observed under the same fluorescence 

microscope. Without incubation of AF594, no pattern is found as shown in figure 5.3 (c, d). 
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Which excludes the possibility that the patterns occur due to other causes such as ozone and 

adsorbed dye.  
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Chapter 6. Immobilization of Enzyme 

6.1. Introduction 

Realizing biological reactions via the integration of enzymes in nanofluidic systems 

expands the range of applications of nanofluidic devices. Immobilized enzyme on polymeric 

devices can enhance reaction efficiency and increase system automation.75 For example, lambda-

exonuclease (λ-Exo) immobilized IMER will clip DNA into nucleotides automatically. Coupled 

by an appropriate detection method, this device is capable of DNA sequencing without additional 

treatments such as DNA labeling.  

Immobilizing enzyme on PMMA has been reported,[70] but the direct data of the change 

in surface charge of PMMA after protein immobilization is limited. The binding affinities of 

proteins and carrier particles in the relation with their experimental measured value of zeta 

potential was studied by Schultz et al.[90] Similarly, in previous chapters, zeta potential 

measurement was utilized to guide an optimal condition for surface modification. Here, the λ-

Exo attached PMMA is characterized by zeta potential measurement to evaluate the efficiency of 

the immobilization method. 

6.2. Zeta potential on immobilization of 𝜆-Exo 

Based on the conclusion from chapter 4 and chapter 5, 1-minute UV/O3 and 30-minute 

EDC/NHS treatment were taken by PMMA prior to the enzyme immobilization. This condition 

is determined based on the results from previous section to maximize the activated surface 

functional groups. While O2 plasma treatment was omitted considering the more negative 

charged surface of UV/O3 treated PMMA.  

𝜆-Exo solution in three concentration, 0.2U/μl, 0.4U/μl, 0.8U/μl was used in 

immobilization step. Figure 6.1 show the zeta potential and surface charge density of three 
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groups of PMMA. Since the EDC/NHS ester will be replaced during the formation of the 

covalent bonding between -COOH on PMMA and -NH2 on 𝜆-Exo, figure 6.1 exclude the zeta 

potential of PMMA after EDC/NHS treatment.  

 

Figure 6.1. plots of PMMA incubated in 𝜆-Exo solution as a function of pH value: (a) zeta 

potential; (b) surface charge density. Where yellow line represents PMMA taken 0.2U/μl 𝜆-

Exo solution, black and green lines represent that of 0.4U/μl and 0.8 U/μl 𝜆-Exo solution, 

respectively.  

 

As figure 6.1 shows, three groups of PMMA after enzyme immobilization all have lower 

absolute value of zeta potential as well as higher IEP compared with PMMA_1min UVO, which 

confirms the reduction of carboxylic acid and implies the anchoring of 𝜆-Exo.  

There is apparent separation in zeta potential among three kinds PMMA at pH from 6 to 

10. The group taken 0.2U/μl 𝜆-Exo (PMMA_0.2U/μl 𝜆-Exo) solution had the smallest absolute 

value of zeta potential as well as minimum surface charge density, whereas group with 0.8U/μl 

𝜆-Exo solution (PMMA_0.8U/μl 𝜆-Exo) had the largest absolute value of zeta potential and 

maximum surface charge density. However, the IEP of PMMA_0.2U/μl 𝜆-Exo is smaller than 

that of PMMA_0.8U/μl 𝜆-Exo. The reverse of the position of 𝜆-Exo immobilized PMMA might 

attribute to the nature of proteins that is, surface charge of an enzyme depends on pH and 
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temperature. During measurement circle, the temperature was constant, but pH value varied. At 

high pH, 𝜆-Exo tends to be negative charged while it turns to be positive at low pH. Herein, the 

two plots may reveal that the PMMA has larger amount of enzyme anchored to when immersed 

in 𝜆-Exo solution with higher concentration. Still, because the three PMMA groups are close to 

each other, this conclusion is not very convincing.    
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Chapter 7. Conclusions and Future Work 

7.1. Conclusions  

In this research, we investigated zeta potential and electrokinetic surface charge density 

for PMMA after various surface modification methods, including UV/O3 irradiation and O2 

plasma activation, EDC/NHS functionalization and enzyme immobilization.  

Corresponding to each modification way, the absolute values of zeta potential as well as 

the surface charge density of PMMA fluctuated. The fluctuation indicated the changes of surface 

functional groups on PMMA. For UV/O3 treated PMMA, the absolute value of zeta potential was 

increased since the oxidation of surface functional groups offers ionic species, carboxylic acid. 

And for EDC/NHS treatment and the following 𝜆-Exo immobilization, the decreased absolute 

value of zeta potential suggested the bond between carboxyl and reactive EDC/NHS reagent or 

amine-containing molecules separately.  

The zeta potential measurement results reflect the electrokinetic surface charge density of 

PMMA, which shows the potential of this characterization method in directing experiment 

conditions. Considering the simple and easy-handled measurement process, zeta potential 

measurement can also be applied in other polymeric materials to maximum outcomes in an 

efficient way. 

7.2. Future work 

This research can be developed further by adding modification conditions. For example, 

the incubation time of 𝜆-Exo in three concentration can be extended to analyze the influence of 

long-time treatment of enzyme on the productivity of immobilization.  

Moreover, the limitation of zeta potential measurement is inevitable. The measurement 

result is affected not only by surface charge but also by other factors, such as surface roughness, 
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temperature, and concentration of the electrolyte solution. Moreover, the explanation behind a 

reliable zeta potential value is not isolated, the value is the consequence of surface functional 

group, wettability, interaction with air or solvent, and other factors. It is difficult to justify 

surface properties of samples, especially for those having similar results. Thus, combining with 

other characterization techniques such as atomic force microscopy (AFM), X-ray photoelectron 

spectroscopy (XPS) or Fourier-transform infrared spectroscopy (FT-IR) is essential to build a 

comprehensive understanding on how the surface modification methods affect polymers. 

 Finally, enzyme immobilization is a promising technique for nanofluidic systems. 

Through the integration of diverse enzymes with enhanced activity and stability in nanofluidic 

devices, automotive real-time analysis of biomolecule is accessible. One significant future 

direction is to develop a stable polymer-based nanofluidic chip with active bioreactor and test the 

chip with plentiful biomolecules to establish a database for practical usage. 
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