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摘       要 

 

有效整合 top-down 與 bottom up 製程技術於前瞻跨領域「奈米生醫電子」至為關

鍵；其中如何評估局部固定化在元件無機介面上生物分子的工作性能就顯得十分重

要，這些生物分子可以是 DNA、RNA、蛋白質(特別是具有辨識與催化的酵素分子)。

在先期測試中施以掃描電壓於固定化酵素，雖然其活性調控的現象可以被清楚地觀測

到，然而卻無法量測固定化酵素動力參數的即時改變趨勢。因此，本研究團隊在執行

94 年度奈米國家型科技計畫學術卓越計畫─「生化感測與仿生調控功能的奈米結構與

生物分子混成系統之研究」時，也規劃了生物調控器的研究子題；因應評估將酵素嵌

入標準積體電路和微機電系統的平面化技術，我們著手開發了一套可靠合理的即時偵

測與分析固定化酵素動力的量測平台。 

在本研究中固定化於二氧化矽基材表面的酵素共有三株，它們分別是老鼠酚亞硫酸

基轉移酵素(E.C.2.8.2.1)、醯亞胺水解酵素(E.C.3.5.2.2)、假絲酵母菌脂肪分解酵素

(E.C.3.1.1.3)。兩項主要的貢獻與理論特徵是：(1)針對符合 Michaelis-Menten 動力學模

式的酵素催化反應並考量質量傳送效應，以系統化、標準化建立表面反應限制的模型

用以量測固定化於平面基材的酵素視動力參數值 K*m 和 V*max；(2)根據上述數學模型建

構標準流程化的實驗操作方式，並對 Michaelis-Menten 參數估算提出新的線性圖解法，

其斜率即為視參數 K*m 值，且縱座標與橫座標分別具有直觀的物理意義─縱軸表示在

兩個極端基質濃度下反應產率的差值，橫軸在低基質濃度下則近似於基質濃度；此圖

解法亦有利於數值分析求解。 

我們以流道高度 167 微米的微流體反應器為實驗平台，成功地量測了老鼠酚亞硫酸

基轉移酵素與假絲酵母菌脂肪分解酵素固定化在二氧化矽基材的及時視動力參數值 
K*m 和 V*max；同時本研究也針對固定化酵素失活與基質溶解度限制的實務問題，提出

對應的解決方法。整套量測系統將使我們有能力觀察到電訊號調控固定化酵素活性的

動力參數改變的量值，進而研究相應的調控機制。 
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Abstract 

How to efficiently combine top-down and bottom-up approaches has become essential in 
the interdisciplinary field of nano-bio-electronics. It is also important to be able to evaluate 
the performance of working bio-molecules, like DNA, RNA, proteins (especially for 
enzymes), immobilized and localized onto the surface of inorganic devices. Although a 
response of modulated activity was clearly observed via applying a voltage scan onto 
immobilized enzymes in previous pilot testing, there was no available scheme used to 
characterize the intrinsic properties of the immobilized enzymes and the corresponding effect 
of in-situ stresses for further analyzing the modulated mechanism. For developing “ An 
Artificial-Bio Hybrid Nano-System Capable of Sensing and Regulation,” a reliable and 
reasonable analysis of immobilized enzyme in situ became a crucial step to embed enzyme 
onto the planar technology of standard IC and MEMS for the bioregulator subprogram, which 
belonged to National Research Program for Nanoscience and Technology in the period 2005-
2008. 

 In this study, we have successfully immobilized three enzymes, rat-phenol-sulfotransferase 
(rat-PST, E.C. 2.8.2.1), D-hydantoinase (E.C. 3.5.2.2), and Candida rugosa lipase (CRL, E.C. 
3.1.1.3) onto the silicon dioxide surface. The main contributions and theoretical 
characteristics should be:  (1) A surface reaction limited model, based on systematic and 
standardized approach, mathematically derived from mass transfer dynamics and Michaelis-
Menten equation for measuring apparent K*m and V*max of immobilized enzyme on planar 
surface was developed. (2) A new linear plot proposed with a slope K*m, of which axes 
containing straightforward, meaningful parameter groups - the difference in reaction yield 
between two extreme substrate levels (y-axis) versus the reaction conversion fraction (x-axis), 
is simple to apply either graphically or numerically. 

The K*m and V*max of rat-PST and CRL immobilized on silicon oxide surface were 
successfully determined in situ. The issues of enzyme inactivation during activity assays and 
limit of substrate solubility were both concerned in developing measurement approach in this 
study. Based on this platform, we will be able to make quantitative analysis of electric signal 
regulation on enzyme activity, and to study its related fundamental mechanisms. 
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Chapter 1 Introduction 

1.1 Background 

Owing to the large surface to volume ratio, the conductance of a semiconductor nanowire 

(or a nanotube) is significantly affected by the surface charge. Many research groups have 

exploited in this property to develop highly sensitive biosensors. However, essentially all 

nanowire technologies reported in literatures so far are still having difficulty to efficiently 

reproduce the biosensors’ performance with nanowire FET devices. This issue limits its 

expanded purpose in research, not to mention its potential application, especially for detecting 

a complex system at bioreaction level. 

 

Figure 1. Research flowchart: Block I is the research flowchart for the project “An Artificial-

Bio Hybrid Nano-System Capable of Sensing and Regulation;” Block II shows the stage of 

research and development for “Nanowire FET Compatible with Si process;” Block III 

represents the technology development of enzyme immobilization and research of “Activity 
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Regulated by Voltage via Batch Approach;” Block IV is the progression, “How to systematic 

and standardized extract the kinetics of immobilized enzyme.”  

On the other hand, there are also still few researches on developing bioregulating systems at 

biocatalytic level directly controlled by electric signals, therefore we try to do it and further 

combine with biosensor as a bionic system. The three principal goals of this project: 1) to 

develop a highly sensitive and selective nano-biosensor, of which the scheme must be highly 

reproducible and compatible with low-cost Si process, 2) to develop a novel bioactivity 

regulator, which uses a locally-intensified electric field or oscillated electric field to induce 

the conformational change or to match the turnover frequency of enzymes immobilized on a 

silicon-based material, and therefore regulates their activities, 3) to construct a bionic system 

at bioreaction level by integrating the above-mentioned nano-biosensor and bioregulator 

developed in this project. 

In order to meet these goals, it clearly needs three subprograms, which closely support each 

other in the different researching phases. The strategies, included in these subprograms, are a) 

to develop a nanowire biosensor with novel and reliable processes, b) to integrate enzyme 

engineering and SAMs technology for biosensing and bioregulation, c) to construct a bionic 

system with a cascade of bioreactions on the nano-electronic devices, and d) to integrate and 

assemble the biosensing, bioregulating, and NEMS technologies into a multi-functioned 

bionic platform. Figure 1 is the research flowchart, which clearly shows the research strategy 

and progression. There were preliminary results published in previous studies,1-4 and Block 

IV in Figure 1 was the major research topic of this thesis.5 The executive summaries of the 

subprograms are illustrated as follows: 
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Subprogram 1: Reproducible, reliable and high-sensitivity nanowire 

devices for biosensing and bioregulating 

Development of highly sensitive nanowire (NW) devices with reproducible and reliable 

performance is essential for this project. In this subprogram, a novel approach is proposed for 

the preparation of Si nanowires and the associated device fabrication. In this approach, the Si 

NWs are formed on the sidewall of a step structure after deposition and etching steps. 

Accompanied with the patterning of source/drain regions that are formed in a self-aligned 

manner during the aforementioned etching step, the Si NWs are then employed as the channel 

portion of a field-effect transistor device. The overall process sequence is very simple and 

compatible with low-cost Si manufacturing processes and tools, while the feature size of the 

Si NWs can be well controlled. It is thus very suitable and promising for mass production of 

future bio-sensing products.  

One of the potential issues for the approach is probably the crystallinity of the Si NWs that 

could be the noise source, and contribute to the leakage current. In line with this, several re-

crystallization techniques, such as metal-induced lateral crystallization (MILC) and excimer 

laser annealing (ELA), will be employed to enlarge the grain size. With these advanced 

methods, quasi-single-crystal Si NWs are expected, which could dramatically improve the 

sensitivity of the fabricated device. In addition to modifying the material and electrical 

properties of NWs, we further propose a new concept to enhance the sensitivity of the devices. 

This is realized by a side-gate design that could modulate the Vth of poly-Si NWs to an 

appropriate value by applying a voltage to the side-gate. The channel doping step normally 

used to adjust the Vth of NW required in conventional NW device fabrication could thus be 

skipped. 

The fabricated devices will be used for biosensing purpose by examining the surface bio-

reactions on the NW and their effects on the electrical characteristics of the test samples. New 
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test structure design with a locally-intensified electric filed will also be studied for bioactivity 

regulation. By combining the biosensors and the bio-regulators, a multi-functioned bionic 

system could be constructed. 

 

 

 

Subprogram 2: Highly sensitive detection for trace specific biomolecules 

and a novel bioregulator controlled by a locally-

intensified electric field 

Based on the innovative and reliable scheme of silicon nanowire devices, developed in the 

subprogram 1, this subprogram plans to develop three key applications. The related goals are: 

(1) a highly sensitive and selective biosensor instrumental for medical diagnosis at detecting 

range to pM, (2) a revolutionary bioregulator, of which the local conformational states of 

biomolecules are changed by a locally-intensified electric field, and (3) a multi-functioned 

bionic system, at bioreaction level, for research and application by integrating the biosensor 

and the bioregulator technologies mentioned above. 

For constructing a highly sensitive biosensor, the spatially controlled monolayer-

immobilization of biomolecules on device surfaces is one of the important challenges in this 

subprogram, and it will strongly affect the sensitivity of biosensors and the commanding of 

regulators. The nano-tech group, responsible for the subprogram 3, will provide its support to 

tackle this issue. The bio-research group, in charge of this subprogram, attempts to use this 

biosensor in medical diagnosis to detect and identify the trace-but-crucial bio-molecules, like 

beta-endorphin (10~30 pM), neuropeptide Y (29.2+ 3.6 pM), and cholecystokinin (5.2+0.9 

pM), etc. 
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Figure 2 The local conformation of immobilized biomolecule, under an electric field, is 

changed from substate 1 to substate 2. (The conformational transitions among substates are 

achieved through changing the covalent bond lengths, angles, and dihedral angles.) 

 
Next, based on a similar technology to that of the biosensor, this subprogram will further 

design and construct a novel bioregulator, through which the local conformation of 

biomolecules is changed from one substate to another substate by adjusting the intensity or 

modulating the frequency of electric field. If the biomolecule belongs to a kind of enzyme, 

then its bio-activity should be regulated. Figure 2 schematically shows the operation principle 

of this bioregulator. Besides the potential value for biomedical applications, the bio-research 

group will use this bioregulator scheme as a new skill for studying (a) the allosteric 

interaction, (b) the disulfide bond formation effected by the enzyme conformation at different 

substates, and (c) the ion concentration effect of specific metal on the enzymatic catalysis. 

The locally-intensified electric field will be used to induce the conformational change of the 

first two cases, and change the local concentration surrounding the enzyme in the last case. 

Using the bioregulator scheme and by intentionally mutating some selected amino acids away 

from active site, this subprogram tries to study the phenomena of intra-molecular variations 

and the effect of local ion concentration on enzymes. 

At the third research phase, the goal of this program is to construct a multi-functioned 

bionic system, which is capable of sensitively detecting and specifically commanding a 

cascade of bioreactions. For this goal, the bio-research group will be responsible for 
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designing the related bioreactions and studying the dynamic model in this cascade of 

bioreactions. 

 

 

 

Subprogram 3: Interface study and system integration between 

nanoelectronic devices and biomolecules 

The subprogram is aimed to study the interface and system integration for the other two 

subprograms. In the interface study of bionic system, we will immobilize the 

Si(OR)3(CH2)nR’ molecules (R: CH3, C2H5; R’: -NH2, -SH, -COOH) onto the surface of 

nanowire to offer the functional groups for further versatile biomolecular reactions of sensing 

and regulation. The influencing parameters such as the assembling temperature, liquid or gas 

assembling, vacuum or atmospheric environment, surface cleanliness, and molecule structure 

will be studied in details. The effect of monolayer/multilayer, packed molecule density and 

surface clean recipe on the electrical properties of these devices for enzyme sensing and 

regulation will also be carefully evaluated. Prior to system integration, the suitable 

immobilization method will be established and standardized for the fabrication of sensor and 

regulation.  

In regard to the integration of electrical devices and fluidic channels, we will focus on 

investigating the structure fabrication, heterogeneous surface bonding, flowing system design 

and channel surface treatment. The baby system is achieved after optimization of the above 

parameters. Then, we will study the biomolecular reaction, immobilization, electrical 

detection, washing, re-immobilization, detection and so on under 37oC. The system will be 

applied to control and regulate the biomolecular reaction once the reliability of the system has 

passed the initial test. The potential barriers are (1) signal interference from micro/nano scale 
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bubbles, defect particles and memory effect, and (2) poor sensitivity from low immobilization 

efficiency, assembling molecular instability and contaminated element diffusion into the 

sensing gate. Figure 3 depicts the bionic system; a normal-regulated biochemical pathway 

regulated as shown in Figure 3(a), and a pathway of an irregular mechanism regulated by the 

bionic system as shown in Figure 3(b). In this example, the normal bio-system is able to  

recognize specific species, A, B, C, D, and α, and catalyze two reactions EA→B and EC→D. If a 

defective enzyme EC→D leads to a block of certain bio-reaction C→D, then A, B, or α could 

be accumulated to abounding level. Based on the knowledge obtained from various conditions 

leads the researchers rather clearly realize this mechanism, the bionic system would be 

designed and applied to mend the defect, a deficiency of enzyme EC→D, that may be caused by 

a mutation. As shown in Figure 3(b), the sensing device determines the species α (or A, B), 

consequentially releases an electronic signal informing the artificial bioregulator to modulate 

the activity of enzyme EC→D immobilized on the regulating device. Analogous instances 

occurring in organism are possibly achieved by the bionic system. 

 

 

Figure 3 Schematic diagram of a bionic system showing a regular mechanism as left Figure 

and a EC→D deficient irregular pathway mended by the bionic system, as shown at right. The 

dark-blue line and orange line represent electric signal and bio-molecular paths, respectively. 
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1.2 Reproducible, Reliable and High-sensitivity Nanowire 

Devices for Biosensing and Bioregulating  

1.2.1 Perspective and background 
 

Minimization of silicon electronics is being actively pursued. One-dimensional structures, 

such as nanowires (NWs), have great potential for testing and understanding fundamental 

concepts about the roles of dimensionality and size in electrical properties, and could be the 

ideal building block for nanoelectronics,6 because they can function both as devices and as the 

interconnect wires that access them. Owing to the inherent high surface-to-volume ratio 

feature, NWs can suppress short-channel effects encountered in nano-scale MOSFETs7 and 

provide high surface sensitivity for sensing devices. Many possible applications of Si NWs 

have been exploited, including nano CMOS,7, 8 memory devices,9 NW TFTs,10 and 

biosensors.11 

Preparation of Si NWs could be categorized into two types, namely, top-down and bottom-

up, described as follows: 

(I) Top-down: This approach uses advanced lithography techniques, such as deep UV,12 e-

beam13 or nanoimprint,14, 15 to generate the NW patterns, followed by an etching step to 

obtain the NW structures. These techniques are well developed and mature for mass-

production purpose. Nevertheless, very expensive equipments and cutting-edge techniques are 

required. Conventional photolithography processes (e.g., G-line and I-line steppers), though 

relatively cheap for manufacturing, are not capable of patterning NWs directly. Some special 

skills such as thermal flow, chemical shrink, and spacer patterning15 have been proposed to 

help generate the nano-scale patterns using these conventional lithography tools.  

(II) Bottom-up: This approach typically utilizes deposition methods to prepare the NWs, 

and synthesize the NWs on a substrate. Afterwards, these NWs were harvested and dispersed 

into a solution. Depositing the harvested NWs onto another oxidized substrate and making 
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electrical contacts to the NWs, will complete the device structure. Many deposition methods 

have been developed nowadays which include laser ablation catalyst growth,16 chemical 

deposition catalyst growth17 and oxide-assisted catalyst-free method.18 The first two methods 

are carried out with metal nanocluster catalyst as the energetically favored sites for absorption 

of gas-phase reactants, and then the cluster supersaturates and grows a wire-like structure of 

the materials. The process is based on vapor-liquid-solid (VLS) mechanism. Nanometer-

diameter catalyst clusters define the size of wires produced by VLS growth, in which bulk 

quantities of single crystalline NWs can be obtained. The approach can also be applied to 

prepare NWs of other materials in addition to Si, such as III-V compounds and II-VI 

compounds.19 However, metal contamination is a potential concern in this approach. Oxide-

assisted catalyst-free method is conducted without metal nanocluster catalyst, and thus is free 

from metal contamination. Nevertheless, there could be plenty of defects in the wires, and 

hence it is not applicable to electronic devices. In addition, these aforementioned methods 

usually suffer from the poor control of structural parameters such as NW’s diameter, length, 

and orientation.  

Methods used to assemble and align the NWs prepared by “bottom-up” approach include 

electric-field-directed assembly,20 microfluidic channel21 and Langmuir-Blodgett (LB) 

technique.11 Electric field method is via interaction between electric field of two parallel 

electrodes and polarity of NWs, and therefore directs the wires. Although electric fields 

enable more control over assembly, this method is limited by electrostatic interference 

between nearby electrodes as separations below micrometer level and requirement of 

extensive lithography to fabricate the electrodes. Fluidic channel method is to align wires by 

flowing NWs suspension inside a PDMS mold, and could obtain layer-by-layer assembly of 

multiple crossed NW arrays. However, the size of fluidic channels may limit alignment of 

NWs. LB method could assemble a large-area anisotropic NWs by compression process, but 
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it is restricted to preparation of one monolayer. Overall, for practical applications, more 

refinement is needed to improve the reproducibility and controllability of the above methods. 

In a brief, most of the proposed schemes for device fabrication based on “bottom-up” 

nanostructures are plagued by complex integration that lacks reproducible transfer and 

positioning of NWs and reliable ohmic contacts. Moreover, the control of doping 

concentrations in self-assembled semiconducting NWs remains a challenge, and it’s difficult 

for high-density integration. On the other hand, the top-down approaches usually require 

expensive lithography apparatus and materials that dramatically increase the fabrication cost. 

To circumvent these shortcomings, we propose to develop a new method for preparation and 

fabrication of Si NWs devices in this subprogram. 

 

 

 

1.2.2 Specific aims and research approaches 
 

We propose a new approach that could potentially resolve the shortcomings mentioned 

above. Our approach, albeit based on “top-down” approach, involves only mature and low-

cost process skills. Since it could be easily realized using state-of-the-art IC processing, this 

new scheme is thus very suitable and promising for future practical manufacturing. 

The main process steps and the structure of the proposed poly-Si NWs are shown in Figure 

4 and 5. The fabrication flow is briefly described as follows: First two dielectric layers 

(dielectric 1 and dielectric 2) were deposited on a Si substrate, followed by lithographic and 

etching steps performed on dielectric 2 to form a step structure on the surface. An a-Si layer 

was then deposited by a low-pressure (LP) CVD system. After the Si layer deposition, 

source/drain (S/D) implant was performed with low implant-energy (Figure 4 (a)), so that 

most implanted dopants are located near the top surface of the Si layer. S/D photoresist 

patterns were then formed on the substrate using g-line or an I-line stepper (Figure 5 (a)). A 



 

- 11 -

reactive plasma etch step was subsequently used to remove the Si layer. The sidewall Si NW 

channels were formed in this step in a self-aligned manner (Figure 4 (b) and Figure 5 (b)). 

Note that the implanted dopants in places other than S/D regions will be removed during the 

etch step because of the very shallow projected range just mentioned. After this step, an 

annealing step was performed to active the S/D dopants and to transform the a-Si layer into 

poly-Si. 

 

 

Figure 4 Cross-sectional views (along the A-B direction in Figure 4 (a)) of the device 

structure after S/D implant (a) and NW etching (b) 

 

 

Figure 5 (a) Top-view layout, and (b)stereo-view of the fabricated poly-SiNW FETs 

 
Advantages of this approach include: (1) feature size of NWs is related to the thickness of 

deposited film and could be well controlled; (2) NWs can be positioned accurately; (3) 

formation of NW channel, source and drain simultaneously, (4) no metal contamination 

concerns; (5) S/D to channel contacts are reliable through the use of implant process; (6) both 

p- and n-channel devices are easily fabricated, and thus CMOS integration is easy to achieve. 
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One of the potential issues for the proposed approach is probably the structural defects 

contained in the channel layer of the device which could be the noise source and contribute to 

the leakage current. Two strategies are adopted to cope with the issue:    

(I) Promotion of the crystallinity of the NWs 

Many studies have shown that metal-induced lateral crystallization (MILC)22, 23 and 

excimer laser annealing (ELA)24 can dramatically improve crystallinity of the Si layer and 

enlarge grain size to about one micrometer. MILC employs metal as precursor to lead 

amorphous Si to re-crystallize at lower temperatures because of lower energy barrier of 

recrystallization resulting from the reaction between metal and Si. Excimer laser can provide 

sufficient energy for amorphous Si to recrystallize, and hence the recrystallization could 

proceed at a lower temperature. In this subprogram both methods will be investigated to 

develop a practical recrystallization skill for improving the crystallinity of the NWs. 

(II) Structure modification 

In addition to the structure mentioned in Figure 4 and 5, (denoted as “Type I” in Figure 6), 

two alternative types of devices will also be studied in this subprogram, as shown in Figure 6 

(denoted as “Type II” and “Type III”). All these types use the substrate as the bottom control 

gate during operation. The modified Type II scheme possesses an additional “side-gate” 

which could be used to set the Vth to an appropriate value for sensing. With this design, the 

channel doping step for Vth adjustment could be skipped. In addition, the side-gate bias could 

also potentially screen part of the channel defects and improve the device sensing 

performance. Type III is to increase the NW sensing surface area by removing the dielectric 2. 

The sensitivity is consequently raised due to higher NW surface to volume ratio. 

In addition to the completion of high-sensitivity biosensor devices, our research team plans 

to further exploit the proposed SiNW fabrication method by designing a locally-intensified 

electrical field to analyze the relationship between biological molecular activity and its 

structure. The schematic is as illustrated in Figure 7. In the loading window area, the upperπ-
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shaped poly-Si electrode (light blue color) and the lower  SiNW electrode (green color) with 

immobilized biological molecules will form a locally-intensified electrical field, with the 

electric field being intensified on the narrow SiNW. 

 

 

Figure 6 Three types of poly-SiNW FETs for biosensing 

 
By utilizing the electric field to induce the conformational change of the enzyme already 

immobilized on the SiNW, we can further quantitatively regulate its bioactivity to obtain the 

information regarding field-regulated enzyme activity. In this way, we can establish a 

theoretical model and provide a microscopic view regarding the sequence mutation on the 

conformation and activity of enzyme. This scheme can open a brand new frontier in the 

research of bio-protein engineering. 

Overall, a novel technique for fabrication of SiNWs and FETs that is superior to 

conventional “top-down” and “bottom-up” methods is proposed. Table 1 highlights the major 

advantages of the proposed scheme. This technique is manufacturable and economic, and is 

capable of providing a reliable high-performance poly-SiNW FET not only for biosensors but 

also for investigating nano-scale semiconductor physics. It is also compatible with the low-

temperature poly-Si (LTPS) technologies, and could be integrated on low-cost and flexible 

substrates (such as glass or plastic), making the fabrication of system-on-panel (SOP) for 

biologic sensing and regulating purpose possible. In short, we believe our proposed technique 
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of SiNWs fabrication indeed represents a breakthrough development, and will be crucial for 

supplying cheap and credible biosensing chips. 

 

 

Figure 7 The bioregulator device layout designed to establish a locally-intensified electric 

field. It shows both the π–shaped poly-Si electrode (light blue) and the poly-SiNW (bright 

green) with the immobilized enzymes – sulfotransferases. 

 

Table 1 Comparison of SiNWs formation among top-down,12, 13, 15 bottom-up 10, 16, 17, 20, 21and 

our approach.23, 25-28 
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1.3 Highly Sensitive Detection for Trace Specific Biomolecules 

and a Novel Bioregulator Controlled by a Locally-intensified 

Electric Field 

1.3.1 Perspective and background  

Bioelectronics, a novel interdisciplinary research field, involves the integration of 

biomolecules with electronic transducers, such as electrochemical (EC) and field-effect 

transistors (FET).  The application of biomolecules, such as enzymes, antigen-antibodies, or 

DNA, on the electronic transducers dominates the characteristics of the biomolecules-

transducer interface and enables the electronic transduction of biorecognition or biocatalytic 

events to occur on the transducer.  A couple of interesting instances include, but not limited to, 

a variety of biosensors, biofuel cells, and bionic utilities, such as electronic noses and tongues.  

Nowadays, biosensor is a relatively well-organized device that is designed and fabricated by 

assembling the biorecognition matrices with diverse transducers. 

The employment of semiconductor-based devices, such as ion-sensitive field-effect 

transistors (ISFETs) and enzyme-based field-effect transistors (ENFETs), as transduction 

elements for biocatalytic transformations and biological recognition events is a crucial and 

successful subject in bioelectronics and analysis.  Enzyme-based field-effect transistors 

(ENFETs) are based on the biocatalytic reaction, specifically between immobilized enzyme 

and substrate occurring on the functionalized gate surface of a well-prepared ISFET, altering 

the charge at the gate surface and yielding an electronic signal dependent on the substrate 

concentration.  The sensing performance of the ENFET is generally affected by the 

integration method of the enzyme and the ISFET device.  Several investigations reported in 

literatures have illustrated enzyme-immobilized in thick-film manners, including the 

immobilization of the desired enzymes in thick polymer films (e.g., polyvinylchloride, 

polyacrylamide hydrogels, or polyurethane) and membrane (e.g., Nafion or polyvinylpyridine) 
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covered crosslinked enzyme matrices on the ISFET devices.  This type of sensors, 

nevertheless, demonstrated a high diffusion resistance of the substrates through the polymer 

membranes, leading to a long response time and a moderate sensitivity.  An alternative 

configuration organizing monolayer (or multilayer) enzyme-based ISFET, therefore, was 

developed and substantially improved the response time and sensitivity. 

Apart from the modification of the biocatalytic matrices, the performance of a FET-based 

device could be enhanced by a re-construction of the FET element.  A promising approach is 

toward a reduction of gate-dimension resulting in a highly sensitive device.  Nano-

dimensioned gate materials such as nanotubes or nanowires11, 29 have been illustrated in 

recent reports; nevertheless, these studies suffer from the limitations of reproducibility, 

reliability, and stability.  The present project proposes a novel fabrication process that 

reproducibly and reliably produced a silicon nanowire and the associated FET device. 

It is well understood that the conformation of the biomolecules shall be altered by the 

surrounding physical parameters such as temperature and pH, sequentially resulting in the 

change of function or biocatalytic activity.  Previous researches have controlled and 

optimized the biocatalytic properties and functions by altering temperature, pH, concentration 

of cofactor, etc.  These regulation methods are usually executed in batch manner, difficult to 

perform precisely and locally. In contrast, a few methods handling the distribution, mobility, 

conformation, and conjunction of biomolecules by electronic and magnetic forces are 

currently being investigated and are interesting.  These methods demonstrated numbers of 

advantages over the traditional manners particularly in the ability to regulate biomolecules in 

a confined area.  Furthermore, with respect to the viewpoint of application, the electric field is 

preferable over the magnetic field, as the facilities of forming a magnetic field are relatively 

complicated that hampers the approach toward the miniaturization.  On the other hand, both 

fabrications of a miniaturized electronic contact and signal conduction across the interface 

between biomolecules and electronic transducer are quite simple and doubtlessly 
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accomplishable by the current technology.  Study associated with the regulation and 

coordination of biomolecules, their corresponding functions, and diverse properties by 

electric field is a core issue in the field of bioelectronics and is crucial. 

 

 

 

1.3.2 Specific aims and research approaches 

Many trace but important elements, of which the concentrations range from nM to pM, are 

well known to participate in the variously crucial homeostatic objectives in human beings. 

For example, neuropeptide Y (NPY; 29.2+3.6 pM) and cholecystokinin (CCK; 5.2+0.9 pM) 

are some of the important peptides which play vital biological roles in various degenerative 

disorders (Qureshi et al., 2000). Those neuropeptides are widely distribution throughout the 

brain and are believed to participate in several physiological and pathophysiological 

processes, including pain sensation, memory, neuroendocrine functions, and regulation of 

release of monoamine transmitters. 

Furthermore, the infinitesimal absence of those minor elements could lead to enormous 

effects on series of physiological reactions, so how to develop a rapid, highly sensitive, 

reliable, and low-cost detecting system is an imperative issue in the biosensor research field 

insofar.  

At first research phase of this subprogram, the goal is just to research and develop a highly 

sensitive biosensor for detecting specific trace biomolecules, especially for the continuous 

measurement of disintegrated rate of disparate drugs in serum and accurate detection of those 

microelements for the physiological disorders. We will first use avidin-biotin matching 

system to check and improve the performance of the Si nanowire device developed by the 

subprogram 1, and examine the transport function of microfluidic channel made by the 
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subprogram 3. In the initial research period, we will immobilize biotin on the Si nanowire, 

which is locally and selectively modified by a monolayer of APTES in advance. 

Besides bioelectronics, having been focusing on the study of the enzymes - 

sulfotransferases (STs) for many years, our recent research also has aimed at the vital 

relationship between sulfotransferase and neuroscience, and the intratissue distribution of 

sulfotransferases. After having mastered the spacially-immobilized and mon olayer-modified 

technologies for the previous Si nanodevices, we plan to use these technologies to detect 

those biomolecules involved in a cascade of bioreactions catalyzed by well-known 

sulfotransferases in our laboratory. This approach not only provides the advanced 

improvement and the technology spreading for the biosensor developed in this project, but 

also warms up the following research phases. 

 

Figure 8 The structure of hSULT1A1 (or hSULT1A3) shows the simulated electrostatic 

potential. The red meshes and blue ones stand for locally negative and positive charge 

distributions, respectively. 

 

To research and develop a novel bioregulator controlled by a locally-intensified electric 

field is the core subject at the second research phase. The enzymes – STs will be immobilized 

on the bioregulator device developed by the subprogram 1. The structures of STs are 
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consisting of PAPS binding site which conserved among STs and the related substrate binding 

site. The regulation of STs can be achieved by redox of flexible loop,30 metal ion effect,31 

cofactor/substrate catalysis,32 and so on. 

The electrostatic potentials of STs are positive around PAPS binding site and are negative 

near the surface sandwiched PAPS binding site. Figure 8 shows the structure and the 

simulated electrostatic potential distribution for STs (hSULT1A1 or hSULT1A3); the red 

meshes and blue ones stand for locally negative and positive charge distributions, respectively. 

It is apparently that STs are polar biomolecules, at least for some specific zones. The 

conformations of STs immobilized on the developed bioregulator device should be evidently 

effected under an applied electric field, so the related catalysis could be modulated. It had 

been reported that Mn2+ ion efficiently stimulates the specific activity of dopa/tyrosine 

sulfotransferase to several hundred folds.33 It is a rational inference that if we can change the 

local metal ion concentration around the immobilized enzymes, in about hundred-nanometer 

range, then we can modulate the activity. This project also plans to practice this regulating 

mechanism not by changing the overall concentration, but just the local concentration around 

the immobilized enzymes. This subprogram attempts to study and utilize these conformational 

variations, which modulate the activity of enzymes STs, to develop an artificial bioregulator 

controlled by a locally-intensified electric field. Three applicable regulating mechanisms and 

the related bioreactions are proposed and will be designed, respectively. These mechanisms 

could be classified as: (a) conformational change of polar enzymes induced by electric field, 

(b) turnover rate modulated by frequency of electric field, (c) allosteric effect due to 

conformational change enhanced by electric field, and (d) allosteric effect due to ion 

concentration variations controlled by electric field. Figure 9 schematically shows the 

operation mechanisms of the proposed bioregulator in this project, and Table 2 briefly 

illustrates the corresponding operation conditions to the different mechanisms. 
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Figure 9 Three applicable regulating mechanisms induced by a locally-intensified electric 

field are schematically shown. The working enzymes (the deformable green ones) on the 

bioregulator are immobilized on SiNWs (the inclined planes) in this project. The 

conformational changes of working polar enzymes under the applied electric field, are mainly 

caused by (a) only the polar issue, (b) turnover modulated by matching frequency of electric 

field, (c) the allosteric effect enhanced by the relative position change (between two cysteines; 

the formation of disulfide bond leads to an allosteric effect.), and (d) allosteric effect induced 

by the concentration change of metal ion. (light blue balls; the deeper blue one is captured by 

Asp86, and then an allosteric effect is induced.) 

 
In both of the mechanisms (a) and (c), the conformational changes are induced by locally-

intensified electric fields; while in the mechanism (c), this conformational change enhances 

an intra-molecular bond formation, which could further changes and stabilizes the 

conformation. 
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Clearly, this proposed bioregulator is operated by a locally-intensified electric field around 

the immobilized enzymes, so it could sensitively and efficiently regulate a biochemical 

reaction under a mild condition, like in vivo. Even in the mechanism (d), it just changes the 

local metal ion concentration around the immobilized working enzymes in the bioreaction 

solutions. In fact, the turbulent flow in the microfluidic channel (schematically shown as 

Figure 11) will guarantee the well-mixed and uniform concentration of overall bioreactions 

except the spot, on which the working enzymes are immobilized, focused by the locally 

intensified electric field. Besides, by site-directed mutagenesis, this bioregulator scheme will 

also provide the bioresearch group a novel skill to study the allosteric mechanisms and the 

real conformational change in bioreactions. 

 

Table 2 The comparison between the operation conditions of different regulating modes by 

the proposed regulators. 

 

 
Integrating the highly sensitive SiNW-FET biosensor and the highly efficient bioregulator, 

both developed at the first two phases respectively, to a multi-functioned bionic system is the 

goal of the third phase of this project. Subprogram 2 at this research phase will be responsible 

for designing the cascade of bioreactions and studying the dynamic bioregulation. 

The transfer of the charged sulfonate moiety to an acceptor steroid catalyzed by human 

dehydroepiandrosterone sulfotransferase (DHEAST; SULT2A1; EC 2.8.2.2) decreases the 

biological activity of the steroid. In fact, steroid sulfates resulting from this reaction are not 
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capable of binding to or activating steroid receptors. Steroid sulfonation has been recognized 

as an important means for maintaining steroid hormone levels in their metabolism. In humans, 

dehydroepiandrosterone sulfate (DHEAS) is the most prodigious steroid precursor and one of 

the major secretory products of both adult and fetal adrenals. 

 

 

Figure 10 A bionic system, which includes two biosensors and one bioregulator (shown as 

three green boxes), is set up to detect the concentration variations of testosterone and estradiol 

and to modulate the catalysis of PST. There are at least five enzymes included in this cascade 

of bioreactions; they are PST, DHEA-ST, 3b-HDS, 17b-HDS, and aromatase, respectively. 

The direction of blue line shows the commanding from the sensors, through signal processor, 
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and then to the regulator. (The signal processor deals with the weighting between signals or 

other commanding inputs.)  

 
An example of overall experimental design for bionic cascade reactions is shown as Figure 

10. First, using methylumbellifery sulfate (MUS) as sulfuryl group donor to biosynthesize the 

universal sulfuryl group donor, 3’- phosphoadenosine 5’-phosphosulfate (PAPS), the reaction 

is catalyzed by phenol sulfotransferase (PST). This step has been well-controlled and used to 

couple to another sulfotransferase for measuring its activity in our laboratory.34 Many 

different enzymes involved in this system are to maintain the bionic cascade reactions. For 

example, dehydroepiandrosterone sulfotransferase (DHEA-ST) is used to transfer the sulfuryl 

group of PAPS to dehydroepiandrosterone (DHEA). The product, DHEA sulfate (DHEAS) 

had been demonstrated to act as sex hormone precursor and neurosteroid.35 Therefore, by 

supplying the enzymes involved in both catalyzing sex steroid hormone and steroid 

biosynthesis, such as 3β-hydroxysteroid dehydrogenase (3β-HSD), 17β-hydroxysteroid 

dehydrogenase (17β-HSD), and aromatase, it will be easy to obtain testosterone (T) and 

estradiol (E2) in this system. 

There are two biosensors and one regulator involved in this case of bionic system; the 

related antibodies against T and E2 will be immobilized on SiNWs of FET biosensors, 

respectively, and PST immobilized on a SiNW of the electrically-controlled bioregulator. 

Clearly, these two biosensors are set up to detect the dynamic variations of T and E2, 

respectively, and then the system will command the catalysis of PST on the regulator after 

weighting these two signals from Sensor 1 and Sensor 2. These sensors will be developed at 

the phase 1 of this project. To our anticipation, this bionic system can provide the further 

research of dynamic bioreactions and the simulation study of biomedical engineering. In fact, 

this bionic system will be exactly a highly efficient, but mild, artificial reactor, so it has very 
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great potentiality in medical diagnosis, pharmaceutical or ferment industry, environmental 

defense and national security. 
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1.4 Interface Study and System Integration between 

Nanoelectronic Devices and Biomolecules 

1.4.1 Perspective and background  

The biggest hurdle to bio-electronics development is the biosensor technique. This is 

because any complex system requires a very sensitive sensor to characterize the status. For 

any bio-detective system, it is almost impossible to fully understand the status of the system 

by simply only obtaining 1 or 2 parameters. Instead, a few tens of determinative parameters 

are required to describe the performance of a complicated bio-system. In the past, scientists 

have developed the smell and taste sensors, while the function of these sensors is still limited. 

Mirkin’s group has developed the DNA array sensors which are based on the conductivity 

changes through the binding of oligonucleotides and gold nanoparticles. The gold 

nanoparticles are assembled within the electrodes and the silver deposition is facilitated by 

these nanoparticles bridging the gap and lead to readily measurable conductivity changes. 

Using this method, they can detect the target DNA concentration down to 500 fM. Star et al. 

have fabricated the nanoscale field effect transistor (FET) devices with carbon nanotubes 

(CNTs) as the conducting channel to detect protein binding. In order to avoid the alternation 

of physical properties of the FET due to the covalent binding of biomolecule with the CNTs, 

they propose a new technique of overcoating polyethylene imine and poly (ethylene glycol) 

onto the nanotubes. Prior to recognizing the streptavidin molecule, a biotin (molecular 

receptor) is immobilized onto the polymer’s surface. This sensor is very sensitive and the 

detection level is estimated to be of the order of 10 streptavidin molecules.  

Lieber’s group fabricated the 20nm p-type silicon nanowire electronic devices in the 

channel of 500μm by 3mm, which functions as ultrasensitive (10fM) and selective detectors 

of DNA. The surfaces of the silicon nanowire devices were modified with peptide nucleic 

acid receptors designed to recognize wild type versus in the mutation site in the cystic fibrosis 
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transmembrane receptor gene. This nanowire-based approach represents a step forward for 

direct, label-free DNA detection with extreme sensitivity and good selectivity, and could 

provide a pathway to integrated, high-throughput, multiplexed DNA detection for genetic 

screening and biothreat detection. 

The electronic device has much better sensitivity than optical method, and the application 

of electrical sensing to biomolecule will become the major role in the future. Hence, this 

interdisciplinary technology attracts much attention from academic and industry. There still 

exist a couple of problems that need to be overcome. For examples, how to set up a fluid 

channel in an electrical device? How to transport biosamples? How to immobilize the 

biomolecules onto the sensing channel? The integration of nanodevice and biomolecule 

involves the research on heterogeneous interface. The interdisciplinary cooperation shall soon 

become the main issue of bioelectronics field. 

 

 

 

1.4.2 Specific aims and research approaches 

The 20nm poly-Si NWs fabricated from the spacer of gate line from subprogram 1 is 

intended to immobilize the biomolecules offered from subprogram 2 through the linker 

molecule. This subprogram is aimed to study the interface and system integration. It is 

essential for surface chemistry to occur to clean the FET surface from the contaminants. The 

use of acid wash solution, a mixture of H2O2 and H2SO4, simultaneously removes organic and 

metal contamination from the poly-Si NWs. There are two ways to immobilize the surface 

linker molecule, i.e. monolayer and multilayer, and the spatial structure exhibits various 

effects on the conductance of FET. We predict the monolayer method has better signal 

reliability on biomolecule sensing due to the lower thickness variation of surface electrical 

double layer, but exhibits poor sensitivity. On the contrary, the multilayer structure has better 
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sensitivity, but demonstrates the poor reliability. Hence, we need to compromise the 

deposition method. Considering the sensitivity issue, the multilayered immobilization is a 

possible means to reach the single molecule detection capability with the FET.  

 

 

Figure 11 This schematically shows the set-up of a bionic system developed in this project. 

The bionic system integrates three major subsystems, they are: (1) the bio-system, which 

includes bioreactions, bio-recognized pairs for biosensors and bioregulators; (2) the nano-

electronics system, which comprises SiNW biosensor devices, SiNW bioregulator devices, 

and the control system; (3) the nano-tech system, which includes the microfluidic channel and 

the related fluid system, immobilized zones, the related packing parts, etc. 

We will utilize the liquid immersion method to assemble multilayered structure, while gas 

phase silanization under vacuum environment to achieve monolayer molecule. In order to 

specific assembly the linker, the polymeric soft mask is spin-coated, exposed and 

development to open the area of interest. Prior to lift-off the polymer by organic solvent, the 
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linker molecule is assembled onto the NWs. In the multilayer structure, the sample is 

immersed in the linker solution. Then, the sample is washed and drying. In the monolayer 

assembly, the sample is putted in a vacuum chamber. After waiting a moment, the linker is 

deposited onto the NWs through the inert gas carrier. We will study the thickness and surface 

morphology by ellipsometer and atomic force microscope. 

As we known our system should meet the purpose of sensing and regulation, Figure 11 

illustrates the schematic diagram of our model system. The covering plastic material is made 

with poly (dimethylsiloxane) (PDMS). The silicone elastomer base and curing agent are 

mixed at a ratio of 10:1, and connect the tubes for latter solution delivery. After drying the 

plastic mold at 65oC for 1 hour, the cover material and the FET device are activated with 

oxygen plasma and then bonding together. We don’t known whether the plasma damages the 

linker molecule in the proposal stage. If it happens, we will use the flow system to re-

immobilize the linker onto the NWs for sensing. Using the on-line flow system, we will study 

the biomolecular reaction, immobilization, electrical detection, washing, re-immobilization, 

detection and so on under 37oC. The system will apply to control and regulate the 

biomolecular reaction once the reliability of the system has no problem. The barriers, such as 

(1) signal interference from micro/nano scale bubbles, defect particles and memory effect, and 

(2) poor sensitivity from low immobilization efficiency, assembling molecular instability and 

contaminated element diffusion into the sensing gate, will be studied carefully. 
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1.5 Bottle-neck Technologies on Bio-interface for Bio-sensor and 

Bio-regulator on Silicon-based Material 

1.5.1 Spatially Controlled Immobilization of Biomolecules on Silicon 

Surface 

Immobilization of biomolecules on silicon-based material is the common crucial technology 

for the research and development of bio-sensor and bio-regulator. However, how to control 

the positioning, orientation, and conformation of immobilized biomolecules is the key. 

Chapter 2 will show our strategy and preliminary result of enzyme immobilization. 

 

 

 

1.5.2 An Approach to Analyzing and Modeling Immobilized Enzyme 

Kinetics 

Many biomolecules, such as membrane proteins, perform their specific biorecognition or 

biocatalytic activities while they are immobilized on the surface of cells or organelles.36, 37 

Artificial technologies also take advantage of immobilized enzymes for a variety of 

applications such as bioconversion, bioremediation, and biosensors.38-42 Methods developed 

for the analysis of the function of biomolecules that move and rotate freely in the 

homogeneous solution may not be adequate to describe the behavior of immobilized 

biomolecules. The immobilized enzyme is not distributed evenly and freely in the solution 

and may have a unique microenvironment for each enzyme molecule. For example, the 

specific orientation is important for the function of proteins.43, 44 However, free protein in 

solution can have many orientations, while the rotation for an immobilized protein is 

restricted. Unique kinetic behaviors of membrane-bound enzymes have also been reported.45, 

46 
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The leading-edge semiconductor devices47, 48 have attracted researches into the emerging 

fields of biomolecular sensors,3, 4, 49, 50 hybrid (biotic-abiotic) nanomaterials,51 lab-on-a-chip 

platform for further biomedical applications,52 enzyme-coupled biosensor,53 and novel 

enzyme-based devices.54-56 The immobilization of a variety of biomolecules including 

proteins and nucleic acids onto silicon-based material is essential for specific biorecognition 

and electronic signal manipulation required for the bio-silicon hybrid devices. How to 

characterize the reaction kinetics for immobilized enzyme on silicon-based supporting 

material has become the object of study.57-61 Kinetic properties of immobilized alkaline 

phosphatase have been determined in a microfluidic reaction with packed bed.62 The kinetics 

of immobilized horseradish peroxidase has been studied using a microfluidic packing 

reaction63 and modeling system.64 Using batch-assay method, the kinetic parameters of 

immobilized glutathione S-transferase has been determined in porous silicon.65 The kinetics 

and transport of this immobilized enzyme has also been simulated by an embedding method 

in sessile hydrogel drops.66 Fractal and jamming effects were also used to model the kinetics 

of heterogeneous enzymatic catalysis.67 The batch method used for the analysis of 

immobilized enzyme described above is similar to conventional method used for the analysis 

of free enzyme in solution. However, the apparent kinetic values determined may differ 

significantly from the intrinsic values for the factors that affect diffusion of product and 

substrate cannot be ignored in a non-homogeneous solution. Enzyme kinetics determined in a 

microfluidic system must consider mass transfer factors that may be significantly affected by 

the model system used.  

To embed biomolecules onto the technology of standard IC (integrated circuit)68 and 

MEMS (Micro Electro Mechanical Systems), the planar surface of Si or SiO2 is frequently 

used as the substrate of immobilization. It is very important to be able to determine the 

kinetics of enzyme immobilized on these planar surfaces within the microfluidic system in 

order to evaluate the function of the whole system. So far, there is no such method reported. 
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In this paper, we were developing a novel kinetic model, based on systematized and 

standardized approach, for measuring K*m and V*max of rat phenol sulfotransferase (PST) 

immobilized on planar silicon oxide surface within a microfluidic bioreactor. Sulfonation 

catalyzed by PST in biological system is a popular and important biotransformation that 

involves in detoxication of a broad range of endobiotics and xenobotics and activation and 

deactivation of hormones and carcinogens.69-72 We first tried to derive a mathematic model 

that can be used to extract the K*m and V*max of an immobilized enzyme in a microfluidic 

system. To deal with the diffusion effect of enzyme substrate, the ratio of the reaction volume 

to the catalytic planar surface must be reduced. We built a microfluidic bioreactor with a 

much smaller channel height than the diffusion layer in semi-infinite diffusion process 

according the derived mathematic model. Finally, experiments were performed in order to 

extract the intrinsic kinetic characteristics of the immobilized enzymes. 

 

 

 

1.5.3 A Scheme to Measuring and Calculating Immobilized Enzyme 

Kinetics 

Biomolecules immobilized on membranes of cells or organelles is widespread in nature, 

and in many cases, their activities are highly regulated in response to changes of biochemical 

environment. 36, 37 While today man-made systems, such as bioconversion, bioremediation 

and biosensors, 38-42 also take advantage of immobilized enzymes based on their properties of 

specific biorecognition or biocatalytic activities. Many studies of new and emerging fields, 

which integrate biotechnology and mature semiconductor technology, like biomolecular 

sensors,3, 4, 49, 50, 73 hybrid (biotic-abiotic) nanomaterials,51 lab-on-a-chip platform for further 

biomedical applications,52 enzyme-coupled biosensor,53 and novel enzyme-based devices,54-56 

have generated considerable attention. 
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To embed a variety of biomolecules including proteins and nucleic acids onto the 

technology of standard IC (integrated circuit)68 and MEMS (Micro Electro Mechanical 

Systems) for specific biorecognition and electronic signal manipulation required for the bio-

silicon hybrid devices, the planar surface of Si or SiO2 is frequently used as the substrate of 

immobilization. For evaluating the performance in this kind of bio-embedded application, the 

kinetics of enzymes (or substrates) immobilized on these planar surfaces within a microfluidic 

system should be known and has become the object of study.57, 58, 61, 74, 75 

The immobilized enzyme is not distributed evenly and freely in the solution, so there are 

many extra constraints to the enzyme molecule: conformation, specific orientation, substrate 

diffusion, ion charge profile near the surface of supporting material, to which enzymes are 

bound.43-46  

The experimental methodology of measuring enzyme activity with homogeneous assay 

based on Michaelis–Menten equation has been developed completely during the past century 

and become standard material in whole modern textbooks of enzyme assays.76, 77 Similarly, 

we tried to establish a standard scheme for measurement and data analysis of immobilized 

enzyme assays based on the surface reaction limited model, constructed and reported in our 

previous studies.5 However, the apparent kinetic values determined may differ significantly 

due to not only different models adopted but different methods of data treatment, so the 

standardization of corresponding measurement and calculation is especially necessary to 

focus on besides establishment of model system for immobilized enzyme assay. 

So far, there is no such platform combined a complete solution, through a systematized and 

standardized consideration, to set up a standard scheme, which can be used to compare the 

performance of immobilized enzyme operated by different research groups. Using the 

covalent linkages with sulfhydryl enzymes78 and the high affinity of Gold nanoparticles 

(AuNPs) for biomolecules,79 in this paper, rat phenol sulfotransferase (PST) and Candida 

rugosa lipase (CRL) were immobilized on planar silicon oxide surface within a microfluidic 
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bioreactor, respectively, and, we were providing a novel method for kinetic measurement and 

corresponding data analysis, based on our previous kinetic model,5 for measuring K*ms and 

V*maxs. Sulfonation catalyzed by PST in biological system is a popular and important 

biotransformation that involves in detoxication of a broad range of endobiotics and 

xenobotics and activation and deactivation of hormones and carcinogens.69-72 Lipase are used 

industrially as detergent enzymes, in paper and food technology, in the preparation of 

specialty fats, and as biocatalysts for the synthesis of organic intermediates, and in various 

clinical studies and drug delivery.80 Facing these two enzymes with different immobilization 

schemes and limitations of enzyme assays, we developed a standard measuring and 

calculating procedure to extract the near intrinsic kinetic characteristics of the immobilized 

enzymes. 
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Chapter 2 Enzyme Immobilization 

2.1 Introduction 

The interdisciplinary study of biology, chemistry, and electronics becomes more and more 

important than ever before. Combining the biotechnology and semiconductor technology, 

various types of biochips and biosensors have now been developed to detect and monitor the 

specific binding of biomolecules on the solid-state substrates.81 The choice of suitable chip 

surface for the purpose of biomolecular immobilization has gradually received attraction in 

recent years. For example, (3-mercaptopropyl)trimethoxysilane linker first assembles onto the 

silicon oxide film. Through the assistant of gold nanoparticles, the deoxyribonucleic acid 

(DNA) molecule can be tethered.82 DNA molecule can also be assembled onto the platinum-

silicide surface through the linkers of (3-aminopropyl)trimethoxysilane, N-cyclohexyl-N’-[2-

(N-methylmorpholino)-ethyl]-carbodiimide-4-toluene sulfonate and imidazole.83 Genomics 

and proteomics research has elucidated many new biomarkers that exhibit the potential to 

greatly improve the correctness of disease diagnosis.84, 85  

There were three important enzymes as the studying targets in this research for the 

evaluation of immobilized enzyme kinetics; they were rat-phenol-sulfotransferase (rat-PST, 

E.C. 2.8.2.1), D-hydantoinase (or imidase, E.C. 3.5.2.2), and Candida rugosa lipase (CRL, 

E.C. 3.1.1.3). Sulfotransferase is an important enzyme in a variety of organisms and can 

specifically catalyze the transfer of the sulfuryl group (SO3). The reaction involves the 

transfer of the donor of universal sulfuryl group (3’-phosphoadenosine 5’-phosphsulfate, 

PAPS) to the variety of nucleophiles ranging from endobiotics (i.e., monoamines, phenyl 

compounds, hormones, proteins and carbohydrate) to xenobiotics.69, 70 Hence, sulfonation 

catalyzed by sulfotransferase is an important pathway in detoxification of a broad range of 

endobiotics and xenobotics. They have been implicated in the activation and deactivation of 
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hormones and carcinogens through the formation of sulfate conjugates.71 In the recent 

review,72 membrane-associated proteins have been used in several influential biological 

processes, including viral entry of cells, leukocyte adhesion, and anticoagulation. More 

generally, enzymatic transformations of cell-surface proteoglycans by sulfotransferases 

appear to trigger vital molecular-recognition and signal-transduction events. Redox 

modification of Cys residues provides a mechanism for protein regulation.86, 87 Proteins can 

be S-glutathionylated or S-nitrosylated, especially for the environment of oxidative stress. 

Oxidative stress is involved in the pathogenesis of various degenerative diseases including 

cancer.88  

Due to its broad substrate specificity, hydantoinase, a zinc enzyme, is also known as 

dihydropyrimidinase, hydantoinase, dihydropyrimidine hydrase, dihydropyrimidine 

amidohydrolase, or imidase,89-96 which catalyzes a reversible ring-opening hydrolysis of 

hydantoin/pyrimidine and their 5’-monosubstituted analogues.97 It is an industrial enzyme98 

used as a biocatalyst for the efficient production of optically pure D- or L-amino acids via the 

enantioselective hydrolysis of corresponding hydantoins.99-101 These intermediates are widely 

used for the synthesis of semisynthetic antibiotics, peptide hormones, pyrethroids, and 

pesticides.101 

Among the many enzymes used in biocatalytic processes, lipases have gained particular 

interest as catalysts in organic synthesis. The hydrolytic enzymes are relatively insensitive 

towards non-aqueous solvents, can tolerate fairly broad Ph and temperature ranges, and most 

importantly, exhibit high chemoselectivites.102, 103 Lipases have found applications ranging 

from kinetic asymmetric resolutions104-106 to polymerizations.107 

The use of “state-of-the-art semiconductor technology” for sensor technology guarantees 

the high fabrication reliability and yield. However, the assembly of biomolecules onto the 

popular films used in semiconductor is still challenged, especially for the enzyme molecule. 

Most recent literatures are focused on the glucose oxidase immobilization because the 
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diabetes disease is a major world health problem.39, 41, 84 To the best of our knowledge, the 

immobilization of PST or imidase onto the silicon-based films of semiconductor 

manufacturing and its activity has not been reported. The active enzymes on the silicon-based 

surfaces serve as the basis for the enzyme sensor. Nanoparticles are attracting substantial 

interest in the rapidly developing area of nanobiotechnology.108, 109 Gold nanoparticles 

(AuNPs), which have high affinity for biomolecules, have been used as biosensors,24 

immunoassays,110 therapeutic agents,111 and vectors for drug delivery;112 thus, the conjugation 

of AuNPs and biomolecules has become a major area of research for advancing the use of 

nanotechnology in biomedical applications.113-115  

Besides covalent linkages with sulfhydryl PST and imidase enzymes, we have also tried to 

use the high affinity of AuNPs for CRL’s immobilization. Nanoparticles are attracting 

substantial interest in the rapidly developing area of nanobiotechnology.108, 109 AuNPs, which 

have high affinity for biomolecules, have been used as biosensors,24 immunoassays,110 

therapeutic agents,111 and vectors for drug delivery;112 thus, the conjugation of AuNPs and 

biomolecules has become a major area of research for advancing the use of nanotechnology in 

biomedical applications.113-115 

In this study, we first evaluate the pattern surface often encountered in the semiconductor 

technology to assemble the fluorescent rhodamine molecule. The suitable pattern material is 

adopted for modification and functionalization to immobilize PST, imidase, CRL. 
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2.2 Experiment Procedures 

2.2.1 Pattern formation processes 

P-type Si(100) wafers (14-21 Ω-cm, MEMC, MO, USA) with 15 cm diameter were 

deposited and etched to form the structure with silicon oxide pattern on poly-Si film, and 

silicon nitride pattern on poly-Si film, respectively. They were cut into 2x2 cm2 pieces to 

serve as test samples. To prepare the silicon oxide pattern on poly-Si film, the poly-Si film 

was first deposited with silane gas (SiH4) at 60 cm3/min and 620oC. Prior to photolithography, 

the silicon oxide film was grown by wet oxidation with a gas mixture of hydrogen (8000 

cm3/min) and oxygen (5000 cm3/min) at 978oC. The mask with the pattern of interest was 

used to define the photoresist (TMER-iP3650, Tokyo Ohka Kogyo, Tokyo, Japan) pattern. A 

365nm light emitted from high pressure mercury lamp (SUV-2001CIL, USHIO, Tokyo, Japan) 

induced the photo-active reaction for the photoresist film. After the dissolution of exposure 

area with 2.38% tetramethylammonium hydroxide, the plasma was used to etch the silicon 

oxide film without passivation by photoresist pattern. The reactive-ion etch system (TE5000, 

Tokyo Electron Limited, Tokyo, Japan) was operated at 500W RF power under 0.2 Torr high 

vacuum, and the gas mixture of 20 cm3/min of CF4, 20 cm3/min of CHF3, and 400 cm3/min Ar. 

Finally, the residual photoresist was removed and cleaned by the mixing chemical of H2SO4 

and H2O2 (volume ratio = 3:1) at 120oC for 10min. The chemicals used were of higher grade 

from Merck (Darmstadt, Germany). 

Similar with the processes for the above sample of silicon oxide pattern on poly-Si film, the 

silicon nitride film was deposited with a mixture of ammonium (130 cm3/min) and 

dichlorosilane (30 cm3/min) at 780oC. The silicon nitride film with photoresist pattern 

passivation was etched by the same reactive-ion etch system. The instrument was operated at 

250W RF power under 0.8 Torr high vacuum, and the gas mixture of 50 cm3/min of CF4, 20 
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cm3/min of O2, and 1000 cm3/min Ar. After the surface cleaning, the silicon nitride pattern on 

poly-Si film was achieved. 

 

 

 

2.2.2 Chemicals, Apparatus and Procedures for Immobilization 

Prior to immobilization, the patterned sample should be carefully cleaned in the piranha 

solution, H2SO4 and H2O2 (volume ratio is 3:1), twice, each time for 30 min. The temperature 

of the solution of must be maintained above 85oC to possess the oxidative power. The clean 

effect is based on the dehydrating effect of the H2SO4, and the oxidizing effect of the H2O2.116 

If the temperature dropped, hydrogen peroxide was required to replenish. It should be noted 

that the cleaning solution was very corrosive and dangerous; we must handle it carefully. 

After pure water rinsing and drying, the patterned sample of interest was immersed in the (3-

aminopropyl)triethoxysilane (APTES) solution for 30 min in room temperature. The APTES 

(Sigma-Aldrich, MO, USA) solution was prepared by the following procedures: (1) mixing 

pure water with acetone (volume ratio is 5:1), (2) adjusting the above solvent pH to 3.5 by 1M 

HCl, and (3) preparing the 5% APTES solution by diluting with above solvent. Then, the 

patterned sample was rinsed with pure water thoroughly. The succeeding step was to bake the 

pattern sample at 120oC for 30 min. Then, the sample was immersed in the linker solution 

(2.5 % glutaraldehyde, i.e. pentane-1,5-dial) for 30 minutes in room temperature. The 2.5% 

glutaraldehyde solution was diluted with phosphate buffered saline solution (pH 7.4 PBS 

buffer, containing 120mM NaCl, 2.7mM KCl, and 10mM phosphate buffer, Sigma-Aldrich) 

from 25% glutaraldehyde (in water, Sigma-Aldrich). Then, the pattern sample was rinsed with 

PBS. Finally, the patterned sample was immersed in the rhodamine B amine (C28H31N3O3, 

Sigma-Aldrich) solution for 16 h at room temperature. The powder of rhodamine B amine 

was first weighted and then dissolved in the dimethylformamide (DMF, Sigma-Aldrich). 
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Then, it was diluted by 0.1 M carbonate buffer (pH 9.6) to reach the concentration of 0.1 mM 

rhodamine B amine solution. The rhodamine B amine is a light-sensitive molecule. Hence, the 

solution should be prepared freshly and the vessel should be covered with aluminum foil. 

Prior to observing these pattern samples by fluorescent microscope (BX51, OLYMPUS, PA, 

USA), all the samples were cleaned sequentially by 0.1 M carbonate buffer, pure water, and 

drying. 

The home-made apparatus in Figure 12(a) was designed and used to evaluate the enzyme 

activity on the sample surface of interest. Figure 12(b) and (c) show the pilot platform of bio-

regulator, a batch-type reactor regulated by electric field. The Teflon ring tightly contacted 

with the substrate and sealed with the silicon resin glue. Prior to conducting the enzyme 

immobilization, we needed to test the reliability of the home-made apparatus to avoid leakage 

problem. The clean and APTES immobilization methods for enzyme immobilization were 

conducted in the home-made apparatus with the same procedures as rhodamine mentioned 

above. We prepared the linker solution by dissolving sulfosuccinimidyl 4-(N-

maleimidomethyl)-cyclohezane-1-carboxylate (sulfo-SMCC, Sigma-Aldrich) into the 50mM 

sodium borate buffer (Sigma-Aldrich). To immobilize the sulfo-SMCC, the 0.5 mM sulfo-

SMCC solution was dipped into the apparatus in Figure 12 for 1 h at room temperature. Then, 

the enzyme solution (200 μg/mL rat-phenol-sulfotransferase, rat-PST, EC.2.8.2.1) was also 

put into the vessel for 1 h at 4oC. Finally, the enzyme-immobilized sample was immersed by 

the 50 mM 2-mercaptoethanol solution (the solution was prepared in the 50mM sodium 

phosphate buffer) for 30 min at 4oC both to block the maleimide group of unreactive sulfo-

SMCC and to keep immobilized sulfotransferase in reduced state. (The reduced 

sulfotransferase is in its active form.) The sample was repeatedly immersed by fresh 50mM 

sodium phosphate buffer for three times to wash away the residual 2-mercaptoethanol 

solution. Observation of the activity of the enzyme was a direct method to know whether the 

enzyme was successfully immobilized or not. The reaction solution was prepared by adding 
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the 1mM 4-nitrophenyl sulfate, 50μM 2-naphthol, and 2μM 3’-phosphoadenosine 5’-

phosphate (PAP) into the solvent of 100 mM 1,3-

bis[tris(hydroxymethyl)methylamino]propane buffer at pH 7. Then, we added the above 

solution into the home-made apparatus. At the reaction time of interest, the liquid was 

siphoned out from the home-made apparatus to an UV-Vis spectrophotometer (Hitachi UV-

Vis-3300, Tokyo, Japan) for characterization. We analyzed the absorbance of 4-nitrophenol 

(the catalytic product of 4-nitrophenyl sulfate) at 400 nm wavelength to determine the activity 

of sulfotransferase. 

 

Figure 12 (a) Schematic diagram of the home-made apparatus for immobilization of 

sulfotransferase onto the silicon dioxide surface; (b) schematic diagram for the pilot apparatus 

of bio-reactor regulated by electric field; (c) real setup of test platform for bio-reactor 

regulated by electric field. 
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2.3 Results and Discussion 

2.3.1 Immobilization of Fluorescent Material onto Various Pattern 

Substrates 

 

Figure 13 The immobilization steps for rhodamine B amine onto silicon oxide surface. 

 

Rhodamine and its derivatives are popular fluorescent materials for labeling all types of 

biomolecules. The integration of the rhodamine derivatives onto the semiconductor-based 

pattern structures is very important for developing the biosensors. In Figure 13, the successful 

immobilization of rhodamine B amine onto silicon oxide surface requires three mail steps. In 

first step, the ethoxysilane group (CH3CH2O-Si) in APTES reacts with the surface silanol 

group (Si-OH) on silicon dioxide film. The elimination of ethanol to form the Si-O-Si link, 

leaving a primary amine group on the surface. Glutaraldehyde in second step is subsequently 
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used to react with the surface amine group, yielding an imine linkage (C=N) with one end 

aldehyde group in glutaraldehyde. At last, the other end aldehyde group reacts with the amine 

group in rhodamine. The elimination of water helps to immobilize the fluorescent molecule. 

Two types of pattern structures (silicon oxide on poly-Si, and silicon nitride on poly-Si) are 

used to evaluate the immobilization capability for the rhodamine B amine.   The successful 

immobilization can be evaluated from the red fluorescent rhodamine molecule. The pattern 

sample in Figure 14(a) has finished the whole procedures mentioned in Figure 13. We find 

only the red color emitted from the silicon oxide pattern, while no color in poly-Si region. 

This observation clearly suggests the rhodamine molecule can only be immobilized in silicon 

oxide pattern, but not in poly-Si. This result is beneficial for future biosensor construction by 

means of semiconductor process. As to the same pattern but skip the APTES and 

glutaraldehyde procedures in Figure 13, no image contrast can be seen from Figure 14(b). 

This observation suggests the rhodamine molecule has not yet assembled onto the sample 

surface. The amine group of rhodamine molecule can not react either with the silicon oxide or 

the poly-Si film. 

The other structure of silicon nitride pattern on the poly-Si film is also studied. Figure 14(c) 

demonstrates the sample with the entire processes in Figure 13. Except for the contamination 

area, no colour can be seen from this Figure. This result means the silicon nitride and poly-Si 

can not immobilize the rhodamine molecule. This finding is attributed to no surface active 

group appeared for silicon nitride and poly-Si. Therefore, there has no reaction for the surface 

with the linker molecules (such as APTES or glutaraldehyde). Together with the observation 

in Figure 14(a) and 14(b), only the silicon oxide film, pre-assembled linker, can immobilize 

rhodamine molecule. 
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Figure 14 (a) The sample has previously assembled linkers of APTES and glutaraldehyde. 

The red region of fluorescent image represents the rhodamine molecule has immobilized onto 

the silicon oxide surface, and the black region represents no rhodamine molecule has 

immobilized onto the poly-Si surface. (b) The sample omits the linker processes of APTES 

and glutaraldehyde. The rhodamine molecule can be immobilized onto the silicon oxide and 

poly-Si surface without the aid of linkers. (c) The sample has previously tried to assemble 

linkers of APTES and glutaraldehyde. The black color means the rhodamin molecule can not 

immobilize onto silicon nitride and poly-Si surface, irrespective of linkers. 
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2.3.2  Enzyme Immobilization and Its Activity 

 

Figure 15 Schematic diagramof the immobilization of PST (or imidase)  onto silicon oxide 

surface. 

It is obvious that the surface of silicon nitride and poly-Si have no active group for 

immobilization. The bio-important enzyme, i.e. PST, can be only assembled onto the silicon 

dioxide film. The reaction having three main steps is illustrated in Figure 15. The first step for 

APTES immobilization is the same with Figure 13. In second step, we substitute the linker 

from glutaraldehyde to sulfo-SMCC. The sulfo-SMCC reacts with the terminal amine group 

in Figure 15 to form the stable amide bond, and with the release of sulfo-N-

hydroxysuccinimide (sulfo-NHS) group. At third step, the sulfuryl group of enzyme (PST) 

reacts with the terminal maleimide group on the surface. One of the carbons adjacent to the 

double bond undergoes nucleophilic attack by the thiolate anion to generate the addition 

product. Hence, the PST is successfully immobilized onto the surface of silicon oxide film. 

Prior to testing the activity of surface enzyme, the region without enzyme immobilization, but 
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still has terminal maleimide group, is deactivated by the 2-mercaptoethanol (step 4 in Figure 

15). 

 

 

Figure 16 The couple reactions in the home-made apparatus are catalyzed by phenol 

sulfotransferase. 

The analysis of surface enzyme (PST) activity is very complex. Figure 16 illustrates the 

three simultaneous chemical reactions appeared in the home-made apparatus. The sulfate 

group in the 4-nitrophenyl sulfate is transferred into the PAP molecule under the catalysis by 

the PST enzyme, yielding the products of 4-nitrophenol and 3’-phosphoadenosine 5’-

phosphatesulfate (PAPS). The molar ratio of PAP to 4-nitrophenyl sulfate is 500. As a result, 

the reaction by enzyme will terminate soon. However, the coexisted 2-naphthol can be 

catalyzed to form the 2-naphthyl sulfate. This reaction can recover the PAP from PAPS, and 

continue the sulfuryl group transformation between 4-nitrophenyl sulphate and 4-nitrophenol. 

Once the enzyme is still active, the concentration of 4-nitrophenol is gradually accumulation. 

Therefore, the absorbance at 400nm wavelength also gradually increases. This reaction design, 
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together with the home-made apparatus, provides an easy characterization way by using UV-

Vis spectrophotometer to evaluate the enzyme activity after surface immobilization. 

 

Figure 17 The absorbance of 4-nitrophenol; (a) time course contrast of the standard process 

of PST immobilization to the blocking control; (b) time course with two termination  periods 

caused by removing reaction mixture from catalytic surface, (c) at various enzyme reaction 

times for the control sample (sulfotransferase in solution) and the enzyme target sample 

(sulfotransferase immobilized onto the silicon oxide surface). 
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Based on the standard assay for PST immobilized on patterned SiO2/Si substrate, the 

concentration of pNP increased with time course of reaction, shown as Figure 17. Figure 17(a) 

shows the little increment of pNP concentration for enzyme-blocked control (keep all 

immobilization procedures as Figure 15, but exchange step-3 and step-4; so the maleimide on 

SMCC was blocked by the thiol on 2-mercaptoethanol through Michael addition reaction) 

was saturated under 0.002 mM. The insufficient reaction time of blocking step should be the 

cause of a small leakage control. In order to confirm the PST was immobilized tightly onto 

the patterned SiO2/Si substrate, we withdrew the reaction mixture from catalytic surface to a 

cuvette, when reaction had proceeded 30 min; then incubated in a cuvette for more 30 min, in 

this period, two times of detection followed at accumulation time 45 min and 60 min 

respectively. No increment of pNP concentration was found, that was no pNP was produced if 

the reaction mixture was removed from catalytic surface. Reload the previous reaction 

mixture to catalytic surface at accumulation time 60 min; the reaction immediately started 

again. At accumulation time 90 min, we withdrew the reaction mixture, and the reaction 

terminated again, shown as Figure 17(b). 

The immobilization of enzyme onto the substrate surface can promote the controllability for 

the future enzyme sensor. However, the immobilization confines the enzyme geometry and 

the enzyme may be denatured reversibly or irreversibly after a couple of times. To elucidate 

the activity of the surface immobilized enzyme, we need to compare the activity of enzyme 

either from the surface phase or in the solution phase. There exist various degrees of freedom 

for the enzyme on the surface or in the solution. Figure 17(c) shows the PST activity under 

two different experiments. The control experiment is conducted in the home-made apparatus, 

but the sample surface without immobilization. We add the mixture solution of 1 mM 4-

nitrophenyl sulfate, 50 μM 2-naphthol, and 2 μM PAP into the apparatus. Then, 50 mg/L PST 

is spiked into the apparatus to induce the catalytic reaction. The absorbance of 4-nitrophenol 
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in the control sample gradually increases with the reaction time. No saturation effect is 

observed during the time period of 1.4x104 sec. The time course trend of enzyme reaction 

meets the enzyme kinetics in the solution. On the contrary, the surface immobilized enzyme 

exhibits a quite different tendency. The time course trend of surface-immobilized enzyme 

exhibits the same behavior with the control sample for the duration within 4.8x103 sec, but 

gradually loss the activity thereafter. 

 

 

Figure 18 The surface diffusion model for the catalytic reaction of sulfotransferase. 

 
There arises a question- why the surface immobilized enzymes loss their activity than 

suspended enzyme in solution after 4.8x103 sec? The surface diffusion model (in Figure 18) 

based on the Stern-Gouy-Chapman prediction117, 118 can be used to explain this finding for the 

enzyme immobilized surface. The PST enzyme and its counter ions are located in the first 

layer. The second layer contains both the positive and negative charged ions, and forms the 

formal charge gradient for these ions form the interface (i.e. shear plane). The other ions are 

randomly dispersed in the bulk layer. For example, the initial formal charge in the first layer 

is mainly from the molecules of 4-nitrophenol sulphate, PAP and 2-naphthol. The total charge 

in the first layer should be kept constant, irrespective of reaction time. Once the 2-naphthyl 
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sulphate in the second layer or bulk layer diffuses into the first layer, the enzyme will catalyze 

the reaction and produce the 4-nitrophenol. As previous mention in Figure 16, the PAP also 

diffuses near the surface enzyme, and reacts to produce PAPS. Similarly, 2-naphthol also 

needs to diffuse into the first layer to recover the PAPS into PAP. After a couple of reaction 

times, the 2-naphthyl sulphate and 4-nitrophenol increases to a relatively high concentration. 

The diffusion rate of reactant from the second or bulk layer into the first layer will be 

restricted. Hence, the reaction rate will decrease, and saturate finally. On the contrary, the 

behavior of enzyme in the control sample is different with the case of surface immobilized 

enzyme. The boundary for the solution enzyme and the reagents is not significant due to the 

homogeneous mixing in the solution type. Hence, the saturation effect during the time period 

of 1.4x104 sec can not be seen for the solution enzyme (control sample) in Figure 17(c). 

To prove the above viewpoint, we siphon the solution from the home-made apparatus at 

time of interest to observe the absorbance of 4-nitrophenol. With the help of surface-

immobilized enzyme, the 4-nitrophenol concentration increases from 9.0x102 sec duration to 

1.8x103 sec duration. The solution is then drawn from the vessel after 1.8x103 sec. 

Interestingly, the absorbance remains constant at 2.7x103 sec and 3.6x103 sec due to the 

separation of solution with the surface immobilized enzyme. The solution refills back into the 

home-made apparatus. The surface-immobilized enzyme again catalyzes the reaction, and the 

absorbance of 4-nitrophenol is increases at 4.5x103 sec and 5.4x103 sec. The solution is again 

drawn from the vessel after 5.4x103 sec. Similarly, the absorbance is unchangeable at 6.3x103 

sec and 7.2x103 sec. We put the solution again into the enzyme-immobilized vessel, and the 

absorbance is increase. This observation confirms that the PST enzyme can be immobilized 

onto smooth surface, and the enzyme activity can be efficiently controlled. This idea is 

beneficial for the future design of advanced enzyme regulators. The bio-reaction can be 

conducted only at the enzyme-immobilized silicon oxide region, while terminated at the 

enzyme-free silicon nitride or poly-Si region. 
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2.3.3  Stability of Immobilized Enzymes 

Enzymes are biocatalysts that accelerate many biochemical reactions. Immobilizing 

enzymes to supporting materials can make enzymes reusable and greatly affect their 

stability.43 Any strain onto the enzyme during immobilization process, like higher temperature 

or extreme pH, is likely to enhance the inactivation of the enzymes. Though examining the 

stability of immobilized enzymes has been deeply concerned in traditional biochemical 

engineering,119 that study of enzymes immobilized onto silicon-based supporting material is 

still a new and potential field in near future applications.54 For developing stable research 

platform or analytic devices in analytic and medical application, the reliability of bio-

purposed devices and the stability of immobilized enzymes are both crucial. In fact, there are 

common methods and similar concepts in analyzing the failure or inactivation of them. A 

generally accepted definition of reliability is the probability that an item will perform a 

required function under stated conditions for a stated period of time.120 Similar to this 

definition, table 3 illustrates the analog but specific items to themselves; this allows us to 

reasonably use the mathematical model of reliability, widely used in engineering field, to 

analyze and characterize the inactivation data of immobilized enzymes. A more advanced 

consideration, mathematical model of reliability will still be the key how to evaluate the 

reliability of future artificial-bio hybrid devices or systems, though the stability of 

immobilized enzyme in majority of literature was represented by raw-data plotting of 

normalized activity versus time. The Weibull model is based on the extreme value 

distribution that applies when many small defect sites compete with each other to be the 

causes the earliest time of failure. Proteins are the most abundant macromolecules present in 

membranes, cytosol, organelles, and chromosomes of living cells. There are also many micro-

scale mechanisms, which may affect the shape or conformation of loop, motif, domain, active 

side of protein, and compete with each other, to cause denaturation of a protein. Based on this 
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concern, using the Weibull distribution function to analyze enzyme stability is described as 

follows:   

Assume that an enzyme is operating at t = 0, right after immobilization process, the activity 

of all immobilized enzymes are equal, and the activity rate is proportional to the number of 

active enzymes. Let there be N immobilized enzymes in a population; assume that at time t it 

is observed Ni(t) of the enzymes have been inactivated and that Na(t) = N – Ni(t) enzymes are 

still active. The ratio Na/N is defined as the stability of enzyme, which equals to normalized 

activity of enzyme (the ratio of survived activity to original activity of enzyme). Ni/N is the 

instability of enzyme, and can be termed by the cumulative function I(t) with the following 

properties 

⎪
⎩

⎪
⎨

⎧

∞→→
≤≤≤≤

<=

ttI
tttItI

ttI

                      1)( 
'0            )'()(0 

0                       0)( 
       (1) 

 

Table 3 Analog between the reliability of bio-purposed device and the stability of 

immobilized enzyme. 
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The stability function S(t) is the probability that the enzyme will survive to time t without 

deactivation. The function is related to I(t) and is given by 

)(1)( tItS −=           (2) 

The probability density function i(t) is defined by the derivative of I(t) with respect to time. 

The i(t) is related to the I(t) by 
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In our scheme to measure the kinetics of immobilized enzyme, which will be examined in 

chapter 3, the quantity that is of most concern is the instantaneous inactivation rate λ(t), or the 

denature rate, given by 
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The distinctive shape of the λ(t) curve makes it the more useful measure of the stability of a 

enzyme. This “bathtub-shaped” curve can be divided into three regions, which means three 

different mechanisms of inactivation is dominant,121 as shown in Figure 20. That is there are, 

at least, three micro-scaled states in this population of immobilized enzyme; so there must be 

three different sets of apparent kinetics constants corresponding to each phase in bathtub 

curve.  
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Figure 19 The typical plots for the Weibull distribution. 

 
In the Weibull distribution function the inactivation rate varies as a power of the age of the 

enzyme. The inactivation rate is represented as 

1)( −= β

α
βλ tt          (5) 

where α is a scale parameter, and β is a shape parameter. For 0 < β < 1 the inactivation rate 

decreases with time, and the Weibull distribution may used to present the early inactivation 

period of an enzyme. For 1 < β < ∞ the inactivation rate increases with time, and the Weibull 

distribution may be used to represent the wear-out period of a enzyme. If β = 1 the 

inactivation rate is constant, and the exponential distribution is a special case of the Weibull 

distribution with β = 1. This distribution is highly adaptable, and can be used to provide a 

variety of shapes, as shown in Figure 19. 

From eq (5) we can calculated that 

)1exp(1)( β

α
ttI −−=         (6) 

When experimental data is fitted to an assumed cumulative inactivation function to 

determine the function parameters as well as the goodness of fit, appropriate plotting paper 

must be used. That is, the scales of the paper must be such that the experimental data will lie 

on a straight line if the data is well represented by assumed distribution. Such plotting paper 

is available for use with the Weibull distribution function. For the Weibull distribution 

function  
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which is linear in the form y = mx + c. Figure 22 shows an example of Weibull plotting paper. 
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Figure 20 The absorbance A400 and inactivation rate λ(t) v.s. time for sulfuryl-group transfer 

reaction of rat-phenol-sulfotransferase. The volume of this channel reactor, scheme shown in 

Figure 25, is 1.29 mL; space time is 20min; reaction assay condition at the inlet of channel is 

1 mM pNPS, 2 μM PAP, and 50 μM b-naphthol in pH 7.0 100 mM bis-trispropane buffer 

solution. 

 
To study the stability of rat-phenol-sulfotransferase immobilized onto a plane of Si-based 

support, we used couple of sulfuryl-group transfer reactions as Figure 16 and a microfluidic 

system with one-side catalytic surface as Figure 25, which will be discussed in chapter 3; 

keep the flow rate at 64.5 μL/min. Figure 20 shows the continuous data of absorbance A400 

and instantaneous inactivation rate λ(t). During the entire test period, three distinct regions 

were observed in the curve of inactivation rate; therefore, three micro-scaled inactivated 

mechanisms was involved and dominative in these three different phases. The phenomena 

may be closely related to that different covalent bonding sites exist in the population of 

immobilized rat-PST. In immobilization process, we used the five cystines (Cys66, Cys82, 

Cys232, Cys283, Cys289 shown in Figure 21) on the surface of rat-PST to proceed maleimide 

reaction with sulfo-SMCC, so there must be different orientations and conformations, 
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corresponding to these linkage sides. These must strongly affect the enzyme kinetics, 

therefore there are also different impacts on Michelis constant Km and turnover number kcat in 

the population of immobilized rat-PST. 

 

 

Figure 21 The structure of rat-phenol-sulfotransferase; five cystine locations and PAP 

binding site are clearly marked. The distances between cystines are also indicated. 

 
In order to study the effect of pH value on the stability of immobilized D-hydantoinase on 

the silicon-based surface, we analyzed the data of cumulative function of inactivation I(t) v.s. 

log(t) by the Weibull plotting paper, shown as Figure 22. In this hydrolysis catalytic reaction 

(shown as eq (8)), the phthalimide is both a substrate and a reporter, absorbance at 298 nm. 

Our preliminary results (shown in Figure 22) indicated that the trend of the inactivation rate 

was located in early failure mode or steady state mode during whole measurement procedure, 

and the stability of immobilized D-hydantoinase at pH 8 is much higher than that at pH 7. 

Table 4 shows the evident difference the values of the cumulative function (instability) at t = 

103 min are about 60% and 30% for the reaction conditions at pH 7 and pH 8, respectively. 
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(8) 

 

 
Figure 22 The Weibull plotting of inactivation distribution for hydrolysis reaction of D-

hydantoinase at 25oC. The size of this channel reactor, scheme shown in Figure 25, is L = 

72.6cm, W = 0.194cm, H = 0.0167cm; reaction assay condition at the inlet of channel is 1mM 

phthalimide, in 100mM bis-trispropane buffer solution. The dark-red curve and the green 

curve represent the experimental data at pH 7 and pH 8, respectively. 

 
 
Table 4 Based on the fitting data of Weibull plotting in Figure 22, the inactivation rate and 

the cumulative function of inactivation for hydrolysis reaction of D-hydantoinase at pH 7 and 

pH 8 are calculated, respectively. 

 



 

- 57 -

According to the slopes in Figure 22, we can calculate the scale parameter α and the shape 

parameter β of the inactivation rates in eq (5) for pH 7 and pH 8 conditions, the result shows 

as following table. 

 

 

 

2.3.4 Morphology of Immobilized Enzymes on Silicon Dioxide Surface 

Biomolecules such as proteins, on silicon-based surfaces are extreme importance in various 

applications including biosensor, bioregulator, and therapeutics. Though to measure the exact 

value of surface density for immobilized enzyme on silicon dioxide is very difficult, we still 

tried to use the atomic force microscopy (AFM) to predict the order of density in this 

experiment. In AFM, the tip is positioned on one end of a cantilever, which must be 

extremely sensitive to small force changes between the tip and the sample. The use of a 

piezocrystal to generate minute movements of either tip or surface allows for accurate 

measurement of the surface topography.  

To understand the morphological changes in the silicon dioxide surface with respect to 

immobilization process, a step by step morphological analysis was conducted. Figure 23 is the 

morphological changes in silicon dioxide during immobilization process; Figure 23 (b) shows 

only little change in morphological images of surface functionalized with chemical links 

APTES and sulfo-SMCC. After enzymes (rat-phenol-sulfotransferase and D-hydantoinase) 

linking to the surface of silicon dioxide, the roughness was evidently increased with the drop 

about height 5nm, of which value is near to the diameter of unit enzyme. It means the 

immobilized enzyme is monolayer. 
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Figure 23 AFM contact-mode topographical images at different stages of immobilization 

process; (a) silicon dioxide surfaces, (b) after APTES and Sulfo-SMCC modification, (c) 

immobilized rat-phenol-sulfotransferase, and (d) immobilized D-hydantoinase. 
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Chapter 3 A Surface Limited Model for the 
Evaluation of Immobilized Enzyme 
on Planar Surface 

 

3.1 Introduction 

Many biomolecules, such as membrane proteins, perform their specific biorecognition or 

biocatalytic activities while they are immobilized on the surface of cells or organelles.36, 37 

Artificial technologies also take advantage of immobilized enzymes for a variety of 

applications such as bioconversion, bioremediation, and biosensors.38-42 Methods developed 

for the analysis of the function of biomolecules that move and rotate freely in the 

homogeneous solution may not be adequate to describe the behavior of immobilized 

biomolecules. The immobilized enzyme is not distributed evenly and freely in the solution 

and may have a unique microenvironment for each enzyme molecule. For example, the 

specific orientation is important for the function of proteins.43, 44 However, free protein in 

solution can have many orientations, while the rotation for an immobilized protein is 

restricted. Unique kinetic behaviors of membrane-bound enzymes have also been reported.45, 

46 

The leading-edge semiconductor devices47, 48 have attracted researches into the emerging 

fields of biomolecular sensors,3, 4, 49, 50 hybrid (biotic-abiotic) nanomaterials,51 lab-on-a-chip 

platform for further biomedical applications,52 enzyme-coupled biosensor,53 and novel 

enzyme-based devices.54-56 The immobilization of a variety of biomolecules including 

proteins and nucleic acids onto silicon-based material is essential for specific biorecognition 

and electronic signal manipulation required for the bio-silicon hybrid devices. How to 

characterize the reaction kinetics for immobilized enzyme on silicon-based supporting 

material has become the object of study.57-61 Kinetic properties of immobilized alkaline 



 

- 60 -

phosphatase have been determined in a microfluidic reaction with packed bed.62 The kinetics 

of immobilized horseradish peroxidase has been studied using a microfluidic packing 

reaction63 and modeling system.64 Using batch-assay method, the kinetic parameters of 

immobilized glutathione S-transferase has been determined in porous silicon.65 The kinetics 

and transport of this immobilized enzyme has also been simulated by an embedding method 

in sessile hydrogel drops.66 Fractal and jamming effects were also used to model the kinetics 

of heterogeneous enzymatic catalysis.67 The batch method used for the analysis of 

immobilized enzyme described above is similar to conventional method used for the analysis 

of free enzyme in solution. However, the apparent kinetic values determined may differ 

significantly from the intrinsic values for the factors that affect diffusion of product and 

substrate cannot be ignored in a non-homogeneous solution. Enzyme kinetics determined in a 

microfluidic system must consider mass transfer factors that may be significantly affected by 

the model system used.  

To embed biomolecules onto the technology of standard IC (integrated circuit)68 and 

MEMS (Micro Electro Mechanical Systems), the planar surface of Si or SiO2 is frequently 

used as the substrate of immobilization. It is very important to be able to determine the 

kinetics of enzyme immobilized on these planar surfaces within the microfluidic system in 

order to evaluate the function of the whole system. So far, there is no such method reported. 

In this paper, we were developing a novel kinetic model, based on systematized and 

standardized approach, for measuring K*m and V*max of rat phenol sulfotransferase (PST) 

immobilized on planar silicon oxide surface within a microfluidic bioreactor. Sulfonation 

catalyzed by PST in biological system is a popular and important biotransformation that 

involves in detoxication of a broad range of endobiotics and xenobotics and activation and 

deactivation of hormones and carcinogens.69-72 We first tried to derive a mathematic model 

that can be used to extract the K*m and V*max of an immobilized enzyme in a microfluidic 

system. To deal with the diffusion effect of enzyme substrate, the ratio of the reaction volume 
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to the catalytic planar surface must be reduced. We built a microfluidic bioreactor with a 

much smaller channel height than the diffusion layer in semi-infinite diffusion process 

according the derived mathematic model. Finally, experiments were performed in order to 

extract the intrinsic kinetic characteristics of the immobilized enzymes. 
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3.2 Theoretical Considerations 

3.2.1 Channel Reactor with a One-sided Planar Catalytic Surface 

A model that combined a plug-flow reactor122 in surface reaction limited conditions123 was 

developed to analyze the kinetics of PST catalyzed reaction (Figure 1). A rectangular channel 

reactor with proper dimension was designed as shown in Figure 2. This reactor possesses a 

one-sided catalytic surface with scale size L >> W >> H (Figure 25(a)). We assume that the 

reaction mixtures flow through the channel at equal velocities, and the diffusion effect, as 

compared to convection in x-direction, can be neglected (Figure 25(b)). At steady state, the 

substrate concentration, determined by diffusion in z-direction, convection in x-direction, and 

consumption at catalytic surface (z = H) is given by eq (9) and the related boundary 

conditions (BCs) are given by eq (10). 

 

   

(a) (b) 

Figure 24. PST catalyzed sulfuryl group transfer reaction. (a) PAP and pNPS were used as 

substrates for rat PST. The product, pNP, that gives strong 400 nm absorption in neutral or 

alkaline solution served as the reporter molecule for the progress of the enzyme catalyzed 

reaction. (b) The structure of rat PST (PDB:1LS6). Five cystines and PAP are shown with 

their molecular structrues. The distances between near-by cystines are also indicated. 
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vx is the velocity of flow between two parallel plates. D is diffusion coefficient of substrate 

and ks (dm min-1) is rate constant of surface reaction. Substrate concentration profile of the 

rectangular reactor, [S](x,z), can be obtained by solving eq (9) coupled with eq (10) and is 

given as eq (11), 
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where eigenvalues, βn, that fit in eq (11) are given as follows: 
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Dimensionless Damkohler number (Da) in eq (12), is defined as ratio of the rate constants 

of chemical reaction to mass transfer factor, Da ≡ ks / (D/H), for this system. Da >> 1 

indicates that the system is mass transfer limited, while the system becomes surface reaction 

limited when Da << 1. In Figure 26(a), computer-generated graphs of eq (11) are shown to 

illustrate substrate concentration profiles at different Da. Average substrate concentration 

over the cross section on the outlet, ) ( ][ LxatS =τ , is equal to the outlet substrate 

concentration [S]UV detected by UV-Vis spectrophotometer; therefore 
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where space time τ is the time required to process the volume of reaction mixture in reactor. 

Let ατ be the average reaction conversion fraction at the outlet, 
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(a)       (b) 

      

(c)       (d)  

Figure 25. Bioreactor design for the determination of kinetic constants of immobilized 

enzyme. (a) Rectangular reactor with a catalytic surface on the bottom plate. The channel size 

is HWL ××  (where HWL >>>> ). vx is the velocity of flow between two parallel plates. τ 

means space time (τ = L/vx in this case). (b) The reaction flow in a rectangular bioreactor. The 

yellow arrows illustrate the material balance of substrate S in the control volume HWx ××Δ  

at x position, where Fs is molar flow rate of substrate S, (μmol min-1) and r* is surface 
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reaction rate on the catalytic surface, (μmol dm-2 min-1). [S]o and [S]τ(L,z) are the inlet and the 

outlet substrate concentrations, respectively, and their corresponding reaction fractions are αo 

(= 0, for common case) and ατ (for average  ][ τS at x = L), respectively. (c) Schematic 

diagram of the microfluidic reactor. The reactor composes a sandwich structure, the quartz 

top plate, the Si bottom plate, and the glass supporting plate. The enzyme was immobilized on 

the SiO2 surface of the Si bottom plate and the fluidic channel pattern was etched on the top 

quartz plate. (d) Photography of the bioreactor. The reaction solution was pumped into the 

channel by a programmable syringe pump and eluted to a spectrophotometer for the 

determination of the concentration of reporter molecules. 

 

By coupling eqs (12) and (14), the magnitude of Da can be evaluated by numerical analysis 

method (detailed analysis and prediction of Da is given in Appendix IV) when the substrate 

conversion ατ is known. The height, H, of the channel, the space time, τ, and the substrate 

concentration at inlet of the channel, [S]o, can be set as experimental parameters in eqs (12) 

and (14). The substrate concentration at outlet of the channel, [S]UV, is a measurable value. In 

addition, liquid mass diffusivity of substrate, D, can be predicted by experimental methods 

and theoretical formula.123, 124 The diffusion coefficient, D, of most small molecules in a 

dilute solution has 10-6 cm2/s order.125  

 

 

(a) 
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(b) 

Figure 26. Simulation of reaction conditions and the derivation of kinetic constants. (a) Effect 

of Damkohler number on substrate concentration. Substrate concentrations at varied Das in a 

rectangular reactor with a catalytic surface on the bottom plate are simulated. The substrate 

concentration profiles are obtained in a steady state condition using diffusion coefficient 

smD /c 1092.3 26−×=  in a rectangular reactor with a catalytic surface at z = H (167 μm). The 

axes depict the substrate concentration [S](x,z) relative to the inlet substrate concentration [S]o, 

the distance z from the non-catalytic plate (at z = 0) to the catalytic plate (at z = H), and the 

distance x from the inlet (x = 0) to the outlet (x = L) of the channel as shown in Figure 2. 

These profiles are created at the conditions of conversion fraction, ατ = 0.5, that is, 

5.0]/[][]/[][ == oUVo SSSS τ . (i), (ii), and (iii) are produced using Da = 10, Da = 1, and Da 

= 0.1, respectively. (b) Three-dimensional graph of K*m and V*max/H surface. Eq (8) at [S]o = 

40 μM is used for the plot. Each surface represents a certain space time, τ. Different scales of 

K*m and V*max/H are shown in (i), (ii), and (iii). 

 

 

 

3.2.2 Surface Reaction Limited Model 

As shown in Figure 26(a)(iii), the substrate concentration is nearly uniform in z-direction 

under Da = 0.1 condition based on the channel reactor with a one-sided planar catalytic 
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surface as described above. In this condition, [S] becomes the function of x only and can be 

used to derive equation to extract the kinetic constant of immobilized enzyme.  

In a steady state condition (at a constant flow rate), the enzyme reaction rate on the catalytic 

surface is 
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where V*max is maximum reaction rate per unit surface area of catalyst (μmol dm-2 min-1), K*m 

is the Michaelis-Menten constant (μmol dm-3) for immobilized enzymes on the planar surface. 

Substituting eq (15) into the mass balance of substrate S gives eq (16), 
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A computer-generated plotting based on eq (16) at a certain [S]o is shown in Figure 26(b). 

The optimum value of –Km*/(Vmax*/H) and [S]o/(Vmax*/H) can be found based on certain 

parameters, including [S]o, H, and the set of experimental data between space time, τ, and 

conversion fraction, ατ. Therefore, K*m and V*max can be evaluated by regression analysis 

using eq (16). 

If reaction conversion fraction, ατ, is smaller than 1%, and [S]o is much greater than K*m, 

then eq (16) can be degenerated as follows: 
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This means that the whole immobilized enzymes (from the entrance to the outlet of reactor 

shown in Figs. 24(a) and 24(b) as green surface) are under saturating substrate conditions. 

Under this degenerated condition, eq (17) provides us the opportunity to determine the 

simultaneous value of Vmax*/H. Simultaneous determination of enzyme activity is important 

because the inactivation of immobilized enzyme is generally expected (Figure 27). 
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3.3 Experimental Section 

3.3.1 Surface Modification on Silicon Wafer 

P-type Si(100) wafers (14-21 Ω-cm, MEMC, MO, USA) with 15 cm diameter, on which 

100 nm oxide layers were grown using wet oxidation with a gas mixture of hydrogen (8000 

cm3/min) and oxygen (5000 cm3/min) at 978oC, were cut into 4×8 cm2 pieces of samples to 

serve as a supporting material for enzyme immobilization. Prior to immobilization, the piece 

of oxidized silicon wafer was carefully cleaned in the piranha solution, H2SO4 and H2O2 

(volume ratio is 3 : 1), twice, each time at above 85 oC for 30 min. It should be noted that the 

cleaning solution is very corrosive and dangerous. After rinsing with pure water and drying, 

the sample was immersed in the (3-aminopropyl)triethoxysilane (APTES, Sigma-Aldrich, 

MO, USA) solution to proceed the silanization reaction for 30 min at room temperature to 

create an amine-functional surface (Figure 15). The APTES solution was prepared by the 

following procedures: (1) mixing pure water with acetone (volume ratio is 5:1), (2) adjusting 

the pH value of the above solvent to 3.5 by 1 M HCl, and (3) preparing the 5% APTES 

solution by diluting with above solvent. Following the APTES treatment, the silicon wafer 

was rinsed with pure water thoroughly. Then, the treated silicon wafer was baked at 120 oC 

for 30 min to complete the Si-O bond formation.126 To create a maleimide group for the 

immobilization of enzyme through its sulfhydryl group, sulfosuccinimidyl 4-(N-

maleimidomethyl)-cyclohexane-1-carboxylate (sulfo-SMCC, Sigma-Aldrich) was used to link 

to the amino group of APTES on the surface of silicon wafer (Figure15). The 0.5 mM sulfo-

SMCC linker solution was prepared by dissolving sulfo-SMCC into 50 mM sodium borate 

buffer (Sigma-Aldrich), and then the linker solution was dipped onto the silanized surface of 

the sample for 1 hour at room temperature. Finally, the surface was extensively rinsed with 

water and dried with nitrogen gas. 
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3.3.2 Reactor System and Enzyme Immobilization 

The microfluidic channel of reactor shown in Figs. 24(c) and (d) composed two plates. The 

bottom plate was the silicon wafer on glass support. The silicon surface was modified with 

APTES and maleimide as described above. The top plate, made of quartz, contained a 

tortuous fluidic guide on its surface formed by etching. The fluidic channel was 72.6 cm long, 

0.194 cm width, and 167 µm depth. To avoid leakage during pumping operation, the edges 

between the two plates were sealed with glue and the two plates was tightly clamped together 

using a screwed clamp holder. The enzyme solution (200 μg/mL rat PST, EC.2.8.2.1, in 0.1 

M sodium phosphate buffer at pH 7.0) prepared according to published procedure127, 128 was 

pumped into the microfluidic system by a programmable syringe pump (KD Scientific, 

KDS260P) at space time τ = 0.5 min (equivalent to 28.2mL/hr or vx=2.4 cm/sec) and stopped 

to incubate for 15 min at room temperature. Next, 50 mM 2-mercaptoethanol solution (in 50 

mM sodium phosphate buffer at pH 7.0) was pumped into the microfluidic system and 

stopped to incubate for 8 min at room temperature. Finally, 50 mM sodium phosphate buffer 

was pumped into the microfluidic system to wash away the residual 2-mercaptoethanol 

solution. Reactions involved in the surface modification and the immobilization of rat PST 

are shown in Figure 15. 

 

 

 

3.3.3 Enzyme Assay 

Two different concentrations of 3’-phosphoadenosine 5’-phosphate (PAP), 400 μM and 2 

μM, were used to create saturating and non-saturating substrate condition, respectively, for 

the immobilized PST-catalyzed reaction. The PAP concentrations used were determined 

according to the Km of free rat PST127, 128 and eq (16) in a surface reaction limited model. The 
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reaction mixtures for immobilized rat PST contained PAP (400 μM or 2 μM) and 20 mM p-

nitrophenyl sulfate (pNPS) in 100 mM 1,3-bis[tris(hydroxymethyl)methylamino]propane 

buffer at pH 7. Injection of the reaction mixtures into the reactor was controlled by automatic 

pumping system and operated at desired flow rate to have space time, τ, at 1 min, 2 min, 4 

min or 8 min. The output solution was directed into a quartz flow cell mounted in the UV-Vis 

spectrophotometer (Hitachi UV-Vis-3300, Tokyo, Japan) for pNP detection at 400 nm (Figure 

24). 
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3.4 Results and Discussion 

3.4.1 Development of Surface Reaction Limited Model for the Derivation 

of K*m and V*max 

Computer-generated figures (Figure 26) and equations derived (eqs (16) and (17)) based on 

a rectangular bioreactor (Figure 25) demonstrated that a surface reaction limited model can be 

used to obtain kinetic constants of immobilized enzyme in an appropriate reaction condition. 

Figure 26(a) illustrates three types of reaction kinetics based on the same average conversion 

fraction ατ = 50% across the outlet area (Figure 25). Dimensionless Da, defined as ratio of the 

rate constants of chemical reaction to mass transfer factor, is used to distinguish the three 

types of reaction kinetics. The mass transfer limited condition (Da >> 1) indicates that the 

perpendicular diffusion rate is much slower than the rate of reaction on the catalytic surface 

(as shown in Figure 26(a)(i), Da = 10). The transition condition (Da ≈ 1) indicates that the 

diffusion rate is comparable to the surface reaction rate (as shown in Figure 26(a)(ii), Da = 1). 

The surface reaction limited condition (Da << 1) shown in Figure 26(a)(iii) indicates that the 

perpendicular diffusion rate is much higher than the surface reaction rate. At Da = 0.1 (Figure 

26(a)(iii)), the concentrations of substrate and products can be evenly distributed on the z (or 

H) direction (Figure 25). 

Figure 26(b) illustrates computer-generated curved surfaces under the Da << 1 condition at 

certain space times according to eq (16). One set of K*m and V*max/H can be obtained on the 

curved surface at specific substrate concentration and space time. This indicates that, 

following the regression analysis, the K*m and V*max of immobilized enzyme can be obtained 

using different flow rates (or space time) to determine the rate of substrate conversion to 

product in the bioreactor. The curve surfaces shown in Figure 26(b) were simulated at [S]o = 

40 μM with space time τ = 3, 5, 10, 20 and 30 min. Figs. 25(b)(i), 25(b)(ii) and 25(b)(iii) are 

shown with different scales of K*m and V*max/H to reveal the variation of the curve surfaces. 

In order to obtain a better K*m and V*max/H following regression analysis, it is desirable that 
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ατ (converted from space time, τ) is chosen where curve surfaces vary more drastically with 

respect to K*m and V*max/H axes shown in Figure 26(b). For example, as shown in Figure 

26(b)(iii), it would be suitable to determine the kinetic constants of an immobilized enzyme 

with K*m < 40 μM and V*max/H < 3 μM min-1 using the reaction condition of [S]o = 40 μM, τ 

= 3, 5, 10, 20 and 30 min. However, this reaction condition is inappropriate for an 

immobilized enzyme with K*m > 600 μM and V*max/H = 2~10 μM min-1 (Figure 26(b)(ii)). 

Because at this region, the variation on the curve surface is small and thus even small errors 

produced by the ατ data determination may significantly affect the values of K*m and V*max/H 

following regression analysis. In other words, after K*m and V*max/H were obtained 

experimentally, Figure 26(b) can provide us to check for the accuracy of these values and, if 

necessary, further guide us to select appropriate experiment parameters, set of space times, for 

more accurate measurement of K*m value. 

 

 

 

3.4.2 Stability and V*max/H of Immobilized Enzyme on Planar Si Surface 

The stability of enzyme is a concern for all bio-related applications when it is used as a 

catalyst. It is important that the stability and activity of the immobilized enzyme can be 

monitored or predicted during the whole reaction process. It is reasonable to assume that the 

loss of total enzyme activity is due to the inactivation of part of the protein molecules. That is, 

each enzyme molecule is either fully active or completely dead and its Km and kcat remain the 

same for each active enzyme molecule. The determination of V*max/H can be achieved easily 

using eq (17) degenerated from eq (16) under saturating substrate condition. As shown in 

Figure 27(a), V*max/Hs were obtained experimentally at several progress times after 

immobilization in a surface reaction limited condition at high substrate concentration. The 
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decrease in total activity indicated inactivation of enzyme following immobilization. Three 

sets of immobilized PST whose activities were determined at different stage following 

immobilization all followed the same deactivation pattern shown in Figure 27(a). The 

deactivation curve indicates that the activity of PST can be predicted, and the resulting 

V*max/H obtained can be normalized at any given time following its immobilization on the 

reactor surface. The decay curves (Figure 27) were used to normalized V*max/H at various 

progress times and to derive K*m at low substrate concentration (Figure 28). 
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(a)       (b) 

Figure 27. Stability of PST and its effect on Damkohler number. (a) Deactivation curve of rat 

PST under saturating substrate condition. High substrate concentration (400 μM PAP) was 

used to give the characteristic curve of rat PST determined according to eq (9). Three data 

sets, dark-green rectangles, blue triangles, and red circles, were collected at different times 

(simultaneously, one hour, and two hours) after immobilization of PST. (b) Effect of substrate 

concentration and enzymatic activity on Da. Typical Da was obtained at space time τ = 4 min. 

The curves decayed gradually due to the deactivation of enzyme. Dark green squares, blue 

triangles, and red circles were recorded independently at different times after immobilization 

of PST. The upper (open symbols) and lower lines (solid symbols) represent low (2.0 μM) 

and high (400 μM) substrate concentration conditions, respectively. 
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To assure that the required condition, Da << 1, can be satisfied in this study for the surface 

reaction limited model, the Da in low and high substrate concentration, respectively, were 

shown in Figure 27(b). Both the substrate concentration and the decay of enzyme activity 

following immobilization at various progress times significantly affected the Da. This 

observation is expected for the catalytic reaction on the planar surface is to be affected by the 

amount of active enzyme and substrate concentration. This indicates that the relative substrate 

consumption on the reaction surface was more significant than those perpendicularly from the 

reaction surface. At [S]o = 2 μM, the Da was about an order higher than that of [S]o = 40 μM. 

However, all the Da shown in Figure 27(b) are lower than 0.1. Under such condition, the 

concentration profile in z (or H) direction can be considered constant and satisfies the 

requirement for surface reaction limited model shown in Figure 26(a)(iii). 

 

 

 

3.4.3 Determination of K*m(PAP) through Regression Analysis 
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(a)       (b) 

Figure 28. The curved surfaces of K*m in the space of τ – V*max/H – ατ. (a) Computer-

generated plots of eq (8) at moderate low concentration of substrate. Each K*m curved surface 

clearly separates one another at comparable low substrate concentration. (b) K*m curved 
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surface produced by experimental data. The curved surface of K*m = 17.87±0.39 μM was 

generated through regression analysis of experimental data  at [S]o = 2 μM. 

 

As shown in Figure 28(a), a specific curved surface of a certain K*m can be obtained 

according to eq (16) by giving any set of values τ, V*max/H, and ατ. The computer-generated 

Figure 28(a) also shows that K*m can be determined through a series of τ and V*max/H values 

when [S]o and K*m values are in the same order of magnitude. Experimental data, using [S]o = 

2 μM, were obtained and fit into Eq (16) as shown in Figure 28(b). Regression analysis of the 

experimental data matched very well with curved surface of K*m(PAP) = 17.87 ± 0.39 μM. 

The original V*max/H (PST activity just after immobilization) was determined as 2.16 μM/min 

(or V*max = 3.62×103 s-1 μm2) according to Figure 27(a). The Km(PAP) and Vmax of free PST in 

a homogenous system were 4.10 ± 0.26 μM and 295 ± 3 nmol/min/mg, respectively. The 

K*m(PAP) of immobilized PST was significantly higher than that of the free enzyme. It is 

reasonable for immobilized enzyme to exhibit a higher K*m because, as compared to free 

enzyme in solution, it decreases its degree of freedom and may be difficult to maintain its 

flexible and proper conformation in a more stressful environment. Thus, the affinity of the 

substrate with enzyme may be weakening and higher substrate concentration may be needed 

to give the maximum enzyme activity as compared to that of free enzyme in solution. The 

V*max of immobilized PST was about ten folds less than that of free PST. Since PST is a 

cytosolic enzyme, it would not be surprising that its activity was found to be considerably 

lower following immobilization. Other factors may also affect PST activity such as the 

orientation of PST immobilization, the formation of monomer following immobilization and 

the change of PST environment due to PST immobilization on silicon oxide surface. All these 

possible factors may be studied one by one in the near future. Multipoint immobilization is 

possible since there are five cysteins in a rat PST (Figure 24(b)). This may lead to the 
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distortion of tertiary structure of immobilized PST and therefore to a decrease in its activity. 

Different orientations, conformations, and degree of freedom can be expected following PST 

immobilization. Therefore the kinetic parameters of immobilized PST determined in this 

research should be considered the average behavior of the enzyme in various conditions. This 

research focused on the establishment of measurement platform and model. In the near future, 

we plan to use site-directed mutagenesis to produce PST with single free cystein to clarify 

immobilizing issue and to study redox-regulating mechanism of immobilized rat PST. 
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3.5 Conclusions 

 

Scheme 1. A step-by-step consideration for the determination of K*m and V*max of an 

immobilized enzyme on planar surface using surface reaction limited model. 

 

We have developed a novel scheme for the determination of kinetic parameters of an 

immobilized enzyme on planar surface through a systematized and standardized consideration 

shown in Scheme 1. This scheme can be followed step-by-step to evaluate kinetic properties 

of immobilized enzyme in situ based on surface reaction limited experimental condition. It is 
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important because a standard scheme is necessary to compare the performance of 

immobilized enzyme operated by different research groups. In the real life application, the 

catalytic activity can be significantly increased by immobilizing enzyme on all walls 

surrounding the microfluidic channel. 
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Chapter 4 A New Approach to Measuring 
Immobilized Enzyme Kinetics Using 
Continuous-flow Assays 

 

4.1 Introduction 

Biomolecules immobilized on membranes of cells or organelles is widespread in nature, 

and in many cases, their activities are highly regulated in response to changes of biochemical 

environment. 36, 37 While today man-made systems, such as bioconversion, bioremediation 

and biosensors, 38-42, 129 also take advantage of immobilized enzymes based on their properties 

of specific biorecognition or biocatalytic activities. Many studies of new and emerging fields, 

which integrate biotechnology and mature electronic or novel electronic technology, like 

biomolecular sensors,3, 4, 49, 50, 73, 130 hybrid (biotic-abiotic) nanomaterials,51 lab-on-a-chip 

platform for further biomedical applications,52 enzyme-coupled biosensor,53, 131-133 and novel 

DNA-based or enzyme-based devices,54-56, 134, 135 have generated considerable attention. 

To embed a variety of biomolecules including proteins and nucleic acids onto the 

technology of standard IC (integrated circuit)68 and MEMS (Micro Electro Mechanical 

Systems) for specific biorecognition and electronic signal manipulation required for the bio-

silicon hybrid devices, the planar surface of Si or SiO2 is frequently used as the substrate of 

immobilization. For evaluating the performance in this kind of bio-embedded application, the 

kinetics of enzymes (or substrates) immobilized on these planar surfaces within a microfluidic 

system should be known and has become the object of study.57, 58, 61, 74, 75 

The immobilized enzyme is not distributed evenly and freely in the solution, so there are 

many extra constraints to the enzyme molecule: conformation, specific orientation, substrate 

diffusion, ion charge profile near the surface of supporting material, to which enzymes are 

bound.43-46  
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The experimental methodology of measuring enzyme activity with homogeneous assay 

based on Michaelis–Menten equation has been developed completely during the past century 

and become standard material in whole modern textbooks of enzyme assays.76, 77 Similarly, 

we tried to establish a standard scheme for measurement and data analysis of immobilized 

enzyme assays based on the surface reaction limited model, constructed in Chapter 3.5 

However, the apparent kinetic values determined may differ significantly due to not only 

different models adopted but different methods of data treatment, so the standardization of 

corresponding measurement and calculation is especially necessary to focus on besides 

establishment of model system for immobilized enzyme assay. 

So far, there is no such platform combined a complete solution, through a systematized and 

standardized consideration, to set up a standard scheme, which can be used to compare the 

performance of immobilized enzyme operated by different research groups. Using the 

covalent linkages with sulfhydryl enzymes78 and the high affinity of Gold nanoparticles 

(AuNPs) for biomolecules,79 in this paper, rat phenol sulfotransferase (PST) and Candida 

rugosa lipase (CRL) were immobilized on planar silicon oxide surface within a microfluidic 

bioreactor, respectively, and, we were providing a novel method for kinetic measurement and 

corresponding data analysis, based on our previous kinetic model,5 for measuring K*ms and 

V*maxs. Sulfonation catalyzed by PST in biological system is a popular and important 

biotransformation that involves in detoxication of a broad range of endobiotics and 

xenobotics and activation and deactivation of hormones and carcinogens.69-72 Lipase are used 

industrially as detergent enzymes, in paper and food technology, in the preparation of 

specialty fats, and as biocatalysts for the synthesis of organic intermediates, and in various 

clinical studies and drug delivery.80 Facing these two enzymes with different immobilization 

schemes and limitations of enzyme assays, we developed a standard measuring and 

calculating procedure to extract the near intrinsic kinetic characteristics of the immobilized 

enzymes. 
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4.2 Methods 

According to the model in Chapter 3,5 we have constructed  a microfluidic system, which 

combined plug flow122, 136 approximation, Michaelis-Menten equation, and surface reaction 

limited condition,123 to model the kinetics of immobilized enzyme on one-side planar surface 

as eq (18.1).  
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where space time τ is the time required to process the volume of reaction mixture in reactor, 

K*m is the Michaelis constant (μmol dm-3) for immobilized enzymes on the planar surface, 

V*max is maximum reaction rate per unit surface area of catalyst (μmol dm-2 min-1), H is the 

height of rectangular channel reactor, ατ is reaction conversion fraction, and [S]o is the 

substrate concentration at inlet of the channel. Surface reaction limited condition means that 

diffusion is fast compared to surface reaction. To meet this requirement, the ratio of the 

reaction volume to the catalytic planar surface must be reduced. We built a microfluidic 

bioreactor with a much smaller channel height than the diffusion layer in semi-infinite 

diffusion process, and the corresponding dynamic model was discussed in detail in Chapter 

3.5 By using a series of variant flow rates (or space time τs), this equation could allow us to 

precisely predict the kinetics of immobilized enzyme at different inlet concentration of 

substrate; details are as followings: 

If reaction conversion fraction, ατ, is smaller than 1%, and [S]o is much higher than K*m, 

then eq (18.1) can be degenerated as follows: 
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where the subscript H of [S]o,H refers to this saturating assay condition, the subscript 0 of 

0

*
max ><
H

V
 refers to initial approximation without regard to K*m factor. This condition means 
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that the highest available concentration of substrate is much larger than Km. If we could 

choose [S]o,H ≥ 19Km, then the error involved in the approximation of 0

*
max ><
H

V
 based on eq 

(19) would be less than 5%. Eq (19) provides us to determine 0

*
max ><
H

V
 using linear 

regression, and the discrete determined values of 0

*
max ><
H

V
 could be used to fit a decay curve 

concerning the issue of deactivation of immobilized enzyme; therefore the any simultaneous 

value of 0

*
max ><
H

V
 can be determined in experiment progress. Eq (18.1) obviously indicates 

that we should choose as low as possible the [S]o concentration, as long as the output 

concentration of reporter is not beyond the limit of detection, to increase the accuracy of K*m 

evaluation after 
H

V *
max  determined as above. Eq (18.1) can be arranged into the following eq: 
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where the subscript L of [S]o,L refers to at low concentration of substrate, the subscript 0 of  

0
* >< mK  refers to an initial approximation. With linear regression of eq (18.2), and using a 

set of space time τs and the corresponding measured data of conversion fraction ατs, we can 

derive estimated value for 0
* >< mK , the slope of eq (18.2). If the [S]o,H can be prepared to 

guarantee the saturating assay condition, then 0

*
max ><
H

V
 and 0

* >< mK  determined by  eq (19) 

and eq (18.2) respectively, will be good approximations. 

Nevertheless, the saturating substrate condition can’t always be achieved in some assays 

because of high-substrate inhibition or limit of substrate solubility. If the highest available 

concentration of substrate is larger than the level of 3Km, then accurate estimates of kinetics 

for immobilized enzymes can still be achieved. For this case, considering an iterative scheme, 
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we can re-arrange eq (18.1) as eq (18.3), and combine eq (18.3) with eq (18.2) to set up the 

following set of equations. 
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Where r = 1, 2, 3, …, and 0
* >< mK  obtained by eq (18.2) as the initial approximation for eq 

(18.3). For optimum estimations of 
H

V *
max  and *

mK , the detected values of ατ in eq (18.3) and 

eq (18.4) are based on two measurement conditions – high inlet concentration of substrate, 

[S]o,H, and low inlet concentration of substrate, [S]o,L , respectively. After successively finite 

computing, we will get repetitions of decimal places being used for r

*
max ><
H

V
 and r

* >< mK , 

and these values are then the final approximate solutions to eq (18.3) and eq (18.4), 

respectively. 

As mentioned above, this method will fail or gain a large deviation from true value of 

kinetics when the highest available concentration of substrate is far lower than saturation (i.e., 

≤ 3Km). This is similar to the limitations of Michaelis-Menten plot to estimate the kinetic 

value of homogeneous catalytic reaction.76 The strategy of measurement and calculation is 

briefly outlined as Scheme 2, and has been used to analyze the kinetics of immobilized PST- 

and CRL-catalyzed reactions, respectively. 
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Scheme 2. A systematic and standardized data analysis. Flow chart showing the scheme of 

solving eq (1.1) to determine the apparent kinetics of immobilized enzyme when i) saturating 

condition is available; ii) enough high, but not saturating, concentration of substrate is 

available; iii) the highest available concentration of substrate is still lower than 3Km. These 

conditions of choice can be also regarded as the final check for the reasonableness of 

calculating results. 
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4.3 Experimental Section 

4.3.1 Cleaning and Silanization of Silicon Wafer 

P-type Si(100) wafers (14-21 Ω-cm, MEMC, MO, USA) with 15 cm diameter, on which 100 

nm oxide layers were grown using wet oxidation with a gas mixture of hydrogen (8000 

cm3/min) and oxygen (5000 cm3/min) at 978oC, were cut into 4×8 cm2 pieces of samples to 

serve as a supporting material for enzyme immobilization. Prior to immobilization, the piece 

of oxidized silicon wafer was carefully cleaned in the SPM (sulfuric-peroxide mixture), 

H2SO4 and H2O2 (volume ratio is 3:1), twice, each time at above 85 oC for 30 min. It should 

be noted that the cleaning solution is very corrosive and dangerous. After rinsing with pure 

water and drying, the sample was immersed in the (3-aminopropyl)triethoxysilane (APTES, 

Sigma-Aldrich, MO, USA) solution to proceed the silanization reaction for 30 min at room 

temperature to create an amine-functional surface (Figure S2). The APTES solution was 

prepared by the following procedures: (1) mixing pure water with acetone (volume ratio is 

5:1), (2) adjusting the pH value of the above solvent to 3.5 by 1 M HCl, and (3) preparing the 

5% APTES solution by diluting with above solvent. Following the APTES treatment, the 

silicon wafer was rinsed with pure water thoroughly. Ultrapure water (>18 MΩ cm at 25 oC) 

was used throughout the experiments. Then, the treated silicon wafer was baked at 120 oC for 

30 min to complete the Si-O bond formation.126 

 

 

 

4.3.2 Reactor System and Enzyme Immobilization 

The fabrication of microfluidic reactor and the associated enzyme immobilization were 

described in our previous reports,5, 137 and the step by step process flow is briefly illustrated in 

Figure 29(a). For sealing step of reactor assembly implemented under near-dry condition, 
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which will significantly cause PST deactivated, the immobilization process of PST must be 

practiced after reactor assembly and directly before assay not like CRL. The reactor 

composed two plates; the bottom plate was a silicon wafer on glass support, and the top plate, 

made of quartz, contained a tortuous fluidic guide on its surface. The fluidic channel was 72.6 

cm long (L), 0.194 cm width (W), and 167 µm depth (H). 

 

 

Figure 29. Step-by-step and chemical procedures of enzyme immobilization. (a) Process flow 

showing the samples used and their preparation technique and (b) schematic diagram of the 

chemical linking method of enzymes, rat-PST and CRL, binding to the silica substrate. 

 

The two approaches to biding enzymes, PST and CRL, that we have investigated were 

coupling of thiols (cysteine residues) to maleimide groups and to gold nanoparticles (AuNPs), 

respectively, as follows:  

(a) PST immobilization: To create a maleimide group for the immobilization of enzyme 

through its sulfhydryl group, sulfosuccinimidyl 4-(N-maleimidomethyl)-cyclohexane-1-
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carboxylate (sulfo-SMCC, Sigma-Aldrich) was used to link to the amino group of APTES on 

the surface of silicon wafer (Figure 29(b)). The 0.5 mM sulfo-SMCC linker solution was 

prepared by dissolving sulfo-SMCC into 50 mM sodium borate buffer (Sigma-Aldrich), and 

then the linker solution was dipped onto the silanized surface of the sample for 1 hour at room 

temperature. Finally, the surface was extensively rinsed with water and dried with nitrogen 

gas. The enzyme solution (200 μg/mL rat PST, EC.2.8.2.1, in 0.1 M sodium phosphate buffer 

at pH 7.0) prepared according to published procedure127, 128 was pumped into the microfluidic 

system by a programmable syringe pump (KD Scientific, KDS260P) at space time τ = 0.5 min 

(equivalent to 28.2 mL/hr or vx = 2.4 cm/sec) and stopped to incubate for 15 min at room 

temperature. Next, 50 mM 2-mercaptoethanol solution (in 50 mM sodium phosphate buffer at 

pH 7.0) was pumped into the microfluidic system and stopped to incubate for 8 min at room 

temperature. Finally, 50 mM sodium phosphate buffer was pumped into the microfluidic 

system to wash away the residual 2-mercaptoethanol solution. 

(b) CRL immobilization: As a connecting bridge linking enzyme via its sulfhydryl groups 

with Si substrate via the silanized surface, the AuNPs were prepared in aqueous solution 

using a previously reported chemical reduction method.83 Aqueous solution of 10mL 1mM 

HAuCl4 (HAuCl4·3H2O, Sigma-Aldrich) and 1mL 38.8 mM trisodium citrate dehydrate 

(Showa Chemical Co., Japan) were mixed, and then heated under reflux for 15 min with 

vigorous stirring. The color of the solution gradually changed from yellow to purplish-red. 

After cooling to room temperature, colloidal AuNPs were formed in the solution, and then 

this AuNPs solution was used to rinse the silanized surface of the sample for 15 min at room 

temperature. The surface was extensively rinsed with water immediately after removing from 

AuNPs colloid suspension, and dried with nitrogen gas. 1.5 μM CRL (crystallized and 

lyophilized, EC 3.1.1.3, Sigma-Aldrich) solution prepared was dipped onto the AuNPs 

modified surface of the sample, and incubated for 10 min; CRL concentration was determined 

using UV-Vis spectroscopy (molar extinction coefficient 3.7×104 M-1cm-1 at 280 nm). Finally, 
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the surface was immersed in water for 5 min and dried with nitrogen gas, and then the CRL-

immobilized samples were stored at 4oC until enzyme activity assay. Reactions involved in 

the surface modification and the immobilization of rat PST and CRL are shown in Figure 

29(b). 

 

 

 

4.3.3 PST Activity Assay 

Two different concentrations of 3’-phosphoadenosine 5’-phosphate (PAP), 400 μM and 2 

μM, were used to create saturating and non-saturating substrate condition, respectively, for 

the immobilized PST-catalyzed reaction (Figure 30(a)). The PAP concentrations used were 

determined according to the Km of free rat PST127, 128 and eq (18.1) in a surface reaction 

limited model. The reaction mixtures for immobilized rat PST contained PAP (400 μM or 2 

μM) and 20 mM p-nitrophenyl sulfate (pNPS) in 100 mM 1,3-bis[tris(hydroxymethyl) 

methylamino]propane buffer at pH 7. 

 

 

 

4.3.4 CRL Activity Assay 

Two different concentrations of 4-nitrophenyl palmitate (pNPP, Sigma-Aldrich), 80 μM 

and 4 μM, were used to create relative high and low substrate condition, respectively, for the 

immobilized CRL-catalyzed reaction (Figure 30(b)). According to the Km of free CRL137 and 

eq (18.1) in a surface reaction limited model, the 80 μM pNPP prepared was only up to a 

relative high concentration not a saturating substrate condition in this assay due to the limit of 

solubility of pNPP. The assays were performed for immobilized CRL in mixtures as 
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following volume ratio: 1.3mL phosphate-buffered saline (PBS) buffer solution (tablets, 140 

mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, pH 7.4, Sigma-Aldrich); 0.5mL 

propan-2-ol containing pNPP at 1.2 mM and 0.06mM concentrations, respectively; and 0.1 

mL water (as a control compared to homogeneous reaction, which AuNPs-CRL complex was 

prepared and suspended in 0.1 mL water before assay137). 

 

     

Figure 30. PST-catalyzed sulfuryl group transfer reaction, CRL-catalyzed hydrolysis reaction, 

and the corresponding setups of assay systems. (a) PAP and pNPS were used as substrates for 

rat PST; (b) pNPP was used as substrate for CRL. The common product, pNP, which gives 

strong absorption at 400 nm in neutral or alkaline, served as the reporter molecule for the 

progress of these two enzyme-catalyzed reactions. Schematic diagram of a typical 

microfluidic-reactor instrument for continuous kinetic measurements; (a) for the PST assay 

system with substrate-free as base line; the substrate S is PAP, [S]o,H = [PAP]o,H = 400 μM, 

[S]o,L = [PAP]o,L = 2 μM. (b) for the CRL assay system with enzyme-free (via bypass) as base 

line. In the lipase assay; the substrate S is pNPP, [S]o,H = [pNPP]o,H = 80 μM, [S]o,L = 

[pNPP]o,L = 4 μM. 

Injection of the reaction mixtures into the reactor was controlled by automatic pumping 
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system throughout the experiments and operated at desired flow rate to have space time τs, at 

0.5, 2, 4 or 8 min for PST assay, and at 0.5, 1, 2, 4 min for CRL assay, respectively. The 

output solution was directed into a quartz flow cell mounted in the UV-Vis spectrophotometer 

(Hitachi UV-Vis-3300, Tokyo, Japan) for pNP detection at 400 nm and 410 nm in PST and 

CRL assays, respectively. The essential components of microfluidic-reactor instrument for 

kinetics analysis are shown as Figure 30(c) and 29(d).  The molar extinction coefficients of 

pNP absorbance were 10,500 M-1 cm-1 for PST assay; 14,100 M-1 cm-1 and 15,000 M-1 cm-1 

for CRL assays at 80 μM and 4 μM pNPP, respectively. 

 



 

- 91 -

4.4 Results and Discussion 

4.4.1 Enzymatic Activities of Surface-Immobilized PST, CRL Based on 

Corresponding Running Controls 

The typical time course plots of product yield are presented in Figure 31 were the pNP 

absorbance responses to high/low feed concentration of substrate with a series of space times 

τs, after subtracting blank controls, at 400 and 410 nm in PST and CRL assays, respectively. 

It should be emphasized that two assays were set up by different schemes (Figure 30(c) and 

29(d)) to obtain respective running blank controls: (1) substrate PAP free for PST assay, (2) 

enzyme free, by use of bypass scheme to skip reaction solution directly to UV-Vis 

spectrophotometer, for CRL assay. Because the values of pNP absorbance at high 

concentration of substrate pNPP were significantly different from those at low concentration 

of substrate pNPP, bypass was an essential strategy to continuous-flow assay of surface-

immobilized CRL in order to subtract accurate blank controls (Figure 30(d)). In this study, the 

average background absorbance of 80 μM pNPP at 410 nm was 0.1033 larger than that of 4 

μM pNPP. The breaks in x-axis, progress time t, of Figure 31(b) were due to bypass steps. 
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(a)       (b) 

Figure 31. The typical progress curves of enzymatic assays. The absorbance measurements of 

time courses were obtained after (a) setting zero on a control solution containing no PAP 

substrate in the PST assay; and (b) setting zero with no enzyme via bypass in the CRL assay, 

respectively. 
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4.4.2 Immobilized PST Kinetics: Saturating Substrate Condition to 

Determine V*max/H and Corresponding Deactivation Curve; Graphical 

Scheme to Determine K*m(PAP) 

The determination of V*max/H for Immobilized PST can be achieved easily using eq 19 

degenerated from eq 18.1 under saturating substrate condition, which was 400 μM substrate 

PAP. Figure 32(a) shows a typical fits of eq 19. The slopes of the fits were evaluated to yield 

V*max/H values corresponding to different progressing average times, t = 12.4, 101.8, 187.3, 

269.1 min. Using exponential decay regression with three parameters to fit these V*max/H data, 

the deactivation curve of immobilized PST could be determined by 

H
V *

max = te 01142.0714.14035.0 −+  with R2 = 0.9994, and the V*max/H value at any time was 

estimated within all progressing period, shown as the inset of Figure 32(a). The original 

V*max/H (PST activity just after immobilization) and the time average (V*max/H)ave over the 

whole activity assays are 2.12 μM/min and 0.884 μM/min, respectively; i.e. original V*max = 

3.55×103 s-1μm-2, (V*max)ave = 1.48×103 s-1μm-2. Using [PAP]o = 2 μM, space time τs = 1, 2, 4, 

8 min, and the determined V*max/H values as experimental parameters, Figure 32(b) shows the 

linear regression analysis based on eq (18.2), in which the K*m(PAP) values were the slopes 

of the least-squares regression lines, and the average K*m(PAP) of four independent 

experiment data was 16.95 ±  1.32 μM. As a check, the relation [PAP]o,H = 400 μM ≥ 

5K*m(PAP) = 84.75 μM was satisfied, and then the assumption of the saturating condition has 

established (i. condition in Scheme 2). 

As shown in Figure 32(c), the Km(PAP), specific Vmax, and kcat of free PST in a homogenous 

system were 4.10 ± 0.26 μM, 295 ± 3 nmol/min/mg, and 0.167 ± 0.002 s-1, respectively. The 

K*m(PAP) of immobilized PST was four times higher than that of the free enzyme. It is 

reasonable for immobilized enzyme to exhibit a higher K*m because, as compared to free 

enzyme in solution, it decreases its degree of freedom and may be difficult to maintain its 
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flexible and proper conformation in a more stressful environment. Thus, the affinity of the 

substrate with enzyme may be weakening and higher substrate concentration may be needed 

to give the maximum enzyme activity as compared to that of free enzyme in solution. Using 

the kcat value of free PST in a homogenous system combined with the original V*max of 

immobilized PST, we can estimate the immobilized PST density on silicon dioxide in this 

experiment, and obtain the value 0.0213 μm-2. The true density should be larger than this, 

because there is, theoretically, smaller kcat value of immobilized PST due to a steric barrier, an 

orientation issue, etc.; however, this estimated density means the average nearest-neighbor 

distance between immobilized PST macromolecules (diameter d ≈ 7.38 nm), which still 

maintain active, will reach to about 7.36 μm. Moreover, with the same distance the free 

enzymes suspended apart in a homogenous system, the enzyme concentration will be lowered 

to 5.89 pM, which is far lower than the μM level used in ordinary enzymatic assay. Two 

important points, here, must be noted for the so low estimated surface density of immobilized 

PST based on the original V*max value: (1) it much guaranteed that the perpendicular diffusion 

rate of substrate to catalytic surface was much higher than the surface catalytic reaction rate, 

i.e. surface reaction limited condition was fairly well satisfied in this experiment; (2) A 

further improvement or an alternative scheme in the immobilization procedure to increase the 

surface density of immobilized PST required for expending research in new fields based on 

this assay platform. 
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(c) 

Figure 32. PST kinetics. (a) According to eq (19), the ατ versus τ/[S]o plot was used to 

determine V*max/H at high substrate concentration. Under saturating substrate condition, 

[PAP]o = 400 μM >> Km, in the PST assay, the slope of linear regression, V*max/Hs, were 

fitted to an exponential decay curve shown as the inset, of which interpolated value was used 

to predict V*max/Hs at any time in the experimental intervals. (b) Fitting line of eq (18.2) to 

the data sets, (V*max/H)τ-[S]oατ versus –Ln(1-ατ), of which slope was used to predict the 

optimum apparent Michaelis-Menton constant K*m. The predicted values of K*m of 

immobilized PST are the result of four set of independent experiment data (n = 1~4). (c) 

Michaelis-Menten plots for sulfuryl group transfer reaction by free PST. 
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4.4.3 Immobilized CRL Kinetics: Iterating Scheme to Determine V*max/H, 

Corresponding Deactivation Curve, and K*m 

Due to solubility limit of substrate pNPP in immobilized CRL assay, the initial 

approximations of V*max/H and corresponding deactivation curve (r = 0 in Figure 33(a)) were 

obtained from eq (19) using 80 μM pNPP as inlet condition of high substrate concentration. 

This decay curve (r = 0) and 4 μM pNPP as inlet condition of low substrate concentration 

were then used to obtain the initial approximation of K*m (r = 0 in Figure 33(b)) from eq 

(18.2). Substituting < V*max/H >o and < K*m >o as the initial estimations into the set of two 

iterating eqs (18.3) and (18.4), the converged results of immobilized CRL were got, through 

five successive approximations as Figures 32(a) and 32(b), as follows: the deactivation curve 

H
V *

max = te 007047.0226.2603.1 −+  with R2 = 0.9854, original V*max/H = 3.83 μM/min (or V*max = 

6.41×103 s-1μm-2), and average K*m = 23.74 μM (Figure 33(c)), etc. Because the relation 

0.33K*m = 7.83 μM ≤ [pNPP]o,H = 80 μM ≤ 5K*m = 84.75 μM was satisfied well, the kinetic 

parameters could be correctly obtained through this iterating calculation (ii. condition in 

Scheme 2). Comparing immobilized CRL K*m (23.74 μM) with homogeneous CRL K*m 

(23.91 μM)43 implied that there was almost no influence on the affinity of substrate pNPP 

with immobilized CRL. Being a membrane enzyme, CRL would not be at the natural optimal 

conformation both in free-state in solution and immobilized-state on supporting material. 
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Figure 33. CRL kinetics. The typical iterative plots (a) and (b) were the output values of eqs 

(18.3) and (18.4), respectively; (a) for the solubility limit of substrate [pNPP]o in the CRL 

assay, [pNPP]o = 80 μM concentration used in this experiment, the initial approximation 

<V*max/H>0 (open symbol) were still obtained from eq (19), and fitted to the exponential 

decay curve (dash-dot-dot). The r = 1~5 curves mean the fitting curves of five successive 

approximations of eq (18.3); the solid symbol means the optimum value of V*max/H, which 

has converged to three significant figures. (b) The open symbol and solid symbol mean the 

initial and the fifth approximations of eq (18.4), respectively. The value of K*m of 

immobilized CRL has converged to 22.09μM with three four significant figures after five 

successive approximation (r = 1~5). (c) The predicted values of K*m of immobilized CRL are 

the result of two set of independent experiment data (n = 1~2). 
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Physical Meanings of the Axes in Graphical Determinations of K*m.  As mentioned 

above, τ)(
*

max

H
V

 - ταLoS ,][  = )1(*
τα−− LnKm , in eqs (18.2) and (18.4), would predict K*m 

using linear regression plots as Figures 31(b) and 32(c). However, what were the physical 

meanings of these plots? First, the x-axis –Ln(1-ατ) can be expressed as a Maclaurin series: 

)1( τα−− Ln  = +++
32

32
ττ

τ
αα

α … ++
n

n
τα

… Apparently, we can regard x-axis as only the 

conversion factor ατ when ατ value is still at low to moderate level (ex: ατ = 0.1, -Ln(1-ατ) = 

0.1054; ατ = 0.3, -Ln(1-ατ) = 0.3567). Secondly, the y-axis τ)/( *
max HV - ταLoS ,][  was the 

difference in reaction yield between two extreme substrate levels; the former, (V*max/H)τ, 

means the change in product concentration in the time period τ at substrate saturating 

condition (or at the maximum velocity), and the latter, [S]o,Lατ, is the change in product 

concentration of a plug reactor at a low inlet substrate concentration and at a certain space 

time τ. The corresponding plots clearly reflect the relation: “the larger the yield difference 

between τ)/( *
max HV  and ταLoS ,][  is, the higher K*m value is.” For further explanation, the 

smaller difference between τ)/( *
max HV  and ταLoS ,][  means that the reactor velocity (the 

latter) still keeps at higher velocity even at a low inlet concentration; i.e. the relative binding 

affinity of substrate is higher (or K*m is lower), and vice versa. 
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4.5 Conclusions 
Enzyme immobilization is indispensable for biosensing, bio-regulation and many other 

bioengineering applications. Following our previously proposed approach for the 

determination of the kinetics of the immobilized enzyme, we were able to further establish 

procedures for the evaluation of two important enzymes immobilized on silicon substrate. 

Well-known procedures are available for the kinetic analysis of homogenous enzymes in 

solution. On the contrary, generally accepted method for the evaluation of immobilized 

enzymes in a systematic way is still needed to compare the kinetic parameters obtained from 

different laboratories. Based on our previously proposed model, we constructed practical 

design and analysis of kinetics of immobilized enzymes. Using this prototype platform, it 

allowed us to observe the kinetic in-situ change of immobilized enzyme, and the advanced 

fundamental research about kinetic mechanism under different stress conditions could be 

possible. 
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Appendix  

I. Solution of A Partial Differential Equation138, 139 

Consider eq (9) 

t
S

z
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∂
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         (9) 

with the initial and boundary conditions as follows: 
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where diffusion coefficient D > 0, and rate constant of surface reaction ks > 0 

To apply the separation of variables method, we carry out the following steps: 

STEP 1 – Separating the partial differential equation into two ordinary differential 

equations 

Substituting  )()(),]([ tTzZtzS =  into eq (9) gives 

TDZZT '''=  

or 

Z
Z

DT
T '''

=  

setting them both equal to –λ gives two ordinary differential equations 

)(A2                                                                                                              0''
)(A1                                                                                                            0'

=+
=+

ZZ
TDT

λ
λ

 

with initial and boundary conditions 
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STEP 2 – Finding the separation constant 

First of all, λ must not be negative or else T(t) will grow exponentially to infinity. 

Secondly, suppose λ = 0, this being the case, we have 

0'' =Z  

and thus 

21 CzCZ +=  

Substituting it into eq (A3.2), eq (A3.3), we could conclude that 
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which would mean [S](z,t) = 0. We throw out this uninteresting case. 

Finally, if λ > 0, we set λ = μ2 (also set μ > 0) and rewrite eq (A1) and eq (A2) 
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which gives us solutions 
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Substituting eq (A4.2) into eq (A3.2), we could conclude 

02 =μB   →  02 =B   →  )cos()( 1 zBzZ μ= ,  

substituting this into eq (A3.3) gives 

)cos()sin( 11 HBkHDB s μμμ =  

or 

μμ
sk

DH =)cot(          (A5) 
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Let 
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, then  

Da
ββ =)cot(      transferred from eq (12)      (A6) 

Equation (A6) allows us to solve the eigenvalues βn with graphical construction as Figure 

A3(a) (or with numerical analysis methods) 

STEP 3 – Finding the fundamental solution 

Hence we have an infinite series of the form for the fundamental solution 
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Setting t = 0 and making use of the initial condition eq (10.1), we have 
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This brings us to our final step 

STEP 4 – Expansion of the initial condition as a sum of eigenfunctions 

To find the constant an in eq (A8), we must multiply each side of the equation by 

)cos( z
H

mβ
  and integrate z from 0 to H; that is; 
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Solving for am, we get our desired result 
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In other words, our solution to eq (9) is 
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Substituting the time of stream 
xv
xt =  into eq (A10), substrate concentration [S] can be 

transferred as a function of position (z, x) in the reactor, and we obtain steady state expression 

of substrate concentration [S] profile for the whole space of rectangular reactor 
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II. Viscosity Measurement of Liquid140, 141 

The coefficient of viscosity e μ (cP) of a fluid is conveniently measured by determination of 

the time t (s) of flow of a given volume V (cm3) of the liquid through a vertical capillary tube 

of radius r and length L, both in cm, under the influence of gravity. For a liquid, this flow is 

governed by Poiseuille’s law in the form 

t
VL

rP
8

  4Δ
=

πμ          (A11) 

where ΔP (dyne/cm2) is the difference in pressure between the two ends of the capillary tube. 

The Ostwald viscosimeter arrangement is shown in Figure A1.  

 

Figure A1. Ostwald viscosimeter arrangement to be used if a glass-walled thermostat bath is 

not available. 

 

In eq (A11), the difference in pressure between the two ends of the capillary tube 

ρgLP =Δ ; substitute this into eq (A11), then, 

t
V
r

8
 g 4 ρπμ =          (A12) 

Since r and V are constants for some one fixed viscosimeter, eq (A11) can be rewritten 

tC  ρμ =          (A13) 
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where C (cSt/s) is a constant for a fixed viscosimeter. If a standard liquid (like water) with 

known viscosity is available, then eq (A14) allows us to measure an unknown viscosity of 

solution, 

0 
 μ

ρ
ρμ

oo t
t

=          (A14) 

 Using Ostwald viscosimeter, we have determined the viscosity of reaction solutions A and 

B in Table A1. Table A2 shows the measuring raw data and the determined result of viscosity 

at 25 oC.  

 

Table A1. The contents of reaction solutions A and B for enzyme kinetics assay are designed 

for rat-phenol-sulfotransferase and D-hydantoinase, respectively.  

 

 

Table A2. Using eq (A14), the measurement of viscosity of reaction solutions A and B at 25 

oC.  Water is the standard liquid with known viscosity.  
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 III.  Prediction of Liquid Mass Diffusion Coefficient123 

An equation for predicting diffusion coefficient that has been developed for nonelectrolytes 

in an infinitely dilute solution is Wilke-Chang equation,124 

6.0

2/18 )(104.7

AB

BB
AB V

MTD
μ

Φ×
=

−

      (A15) 

where DAB is the mass diffusion coefficient of A in dilute solution in B, in cm2/s; T is the 

absolute temperature; ΦB is the “association” parameter for solvent B, some values given in 

Table A4; MB is the molecular weight of the solvent; μB is the solution viscosity, in cP; VA is 

the molal volume of solute at normal boiling point, in cm3/g. 

Table A3 lists the contributions for each of the constituent atoms, of which can be added 

together and deducted specific ring corrections as per solute molecular formulae for 

predicting VA.  

 

Table A3. Atomic and structural diffusion volume increments142, 143 
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Table A4. The values of association parameter φB for a few common solvents144 in Wilke-

Chang equation. 

 

 

Example A1 Prediction of  DPAP - Solution A 

Estimate the diffusion coefficient of PAP, C10H15N5O10P2, in the reaction solution A in 

Table A1 at 25oC. The molecular volume of PAP may be evaluated by using values from 

Table A3 as follows: 

) (21051510 FactorRingVVVVV
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−++++=
 

molcm
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/ 2.400
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×+−×+×+×+×++×++=

 

At 25oC, the viscosity of reaction solution A is 0.9858 cP, from Table A2; the remaining 

parameters to be used are 

     T = 298K 

     ΦB for water = 2.26 

     MB for water =18 

Substituting these values into eq (A15), we can obtain 
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Example A2 Prediction of Dphthalimide - Solution B 

Estimate the diffusion coefficient of phthalimide, C8H5NO2, in the reaction solution B in 

Table A1 at 25oC. The molecular volume of phthalimide may be evaluated by using values 

from Table A3 as follows: 

) (258lim FactorRingVVVVV ONHCidePhtha −+++=  

molcmV idePhtha / 2.137)0.155.11()4.7(20.12)7.3(5)8.14(8 3
lim =+−+++=

 

At 25oC, the viscosity of reaction solution B is 0.9281 cP, from Table A2; the remaining 

parameters to be used are 

     T = 298K 

     ΦB for water = 2.26 

     MB for water =18 

Substituting these values into eq (A15), we can obtain 
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IV. Apparent Michaelis Constants K*m and V*max for 

Immobilized Enzyme145, 146 

Assume that enzymes are uniformly immobilized onto the surface of a nonporous support 

material, the activity of all enzymes are equal, and the support surface is surrounded by a 

stagnant boundary layer through which substrate has to diffuse in order to arrive at the 

reactive surface, as depicted in Figure A2.  

 

Figure A2. Schematic diagram of substrate concentration profile in a liquid film around 

immobilized enzymes. [S]s and [S]b are the substrate concentration at catalytic surface and the 

bulk substrate concentration, respectively. δ is the effective thickness of Nernst diffusion 

layer (boundary layer). 

At the catalyst surface, the reaction rate is expressed by Michaelis-Menten equation: 
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where r’ is enzymatic reaction rate per unit of external surface area of catalyst (mmol cm-2 

sec-1); A is external surface area per unit catalytic volume (cm2/cm3); V’max is maximum 

enzymatic reaction rate per unit of external surface area (mmol cm-2 sec-1). 

There are two driving forces, electrical and diffusion effects, exert on substrate to move to 

the reactive surface.  

Around each immobilized enzyme molecule there is assumed to prevail a gradient of 

electrical potential, 
z∂

∂ϕ , which is generated by charged groups on the support. In such a field, 

the molar flux of substrate from the boundary layer to the reactive surface, Je, will be 

proportional to the negative gradient of the electrical potential, the concentration of substrate 

in the bulk solutions, [S]b: 

z
SuJ bse ∂

∂
−=

ϕ][         (A18) 

where us is the electrical mobility of the substrate. This mobility is related to the diffusion 

coefficient, D, of the substrate by Nernst-Einstein equation:147 

RT
DFn

u s
s =          (A19) 

where ns is the net charge number of the substrate, F is the Faraday constant, and R is the gas 

constant. Insert eq (A19) into eq (A18) gives 
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According to Fick’s first law, the rate of thermal diffusion of substrate is 

δ
sb

d
SSD

z
SDJ ][][][ −

=
∂

∂
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where 
z
S

∂
∂ ][  is the substrate concentration gradient between the catalytic surface and the 

boundary of Nernst layer. 
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At steady-state, the reaction rate at catalyst surface, r’, will equal the net flux of substrate 

from the boundary of Nernst layer to the catalyst surface, Je + Jd, i.e.: 

 de JJr +='          (A22) 
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Combining eq (A17) and eq (A23), it is possible to eliminate [S]s to get: 

0)1(][')][][('
'

max
'

max2 =
∂
∂

−+
∂
∂

−++−
zRT

Fn
S

DV
r

z
S

RT
Fn

D
V

SKDr s
bb

s
bm

ϕδ
δ

ϕδδ
δ

 (A24) 
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, then eq (A24) has the form: 

0  '  '2 =+− βαrr         (A25) 

According to the binomial series, the roots of eq (A25) may be approximated to 
β
α  or 

β
αα − . Therefore, at steady-state, the rate of conversion of substrate by enzyme is given by: 

β
α
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β
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The second of these solutions need not be considered, since it demands that the reaction rate 

of the enzyme should be infinite when the thickness of the Nernst layer, δ, approaches zero. 

The first solution for the reaction rate of the immobilized enzyme is: 
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This equation defines the apparent Michaelis constant as: 
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The apparent Michaelis constant K’m will approach Michaelis constant Km as δ approaches 

zero in eq (A28); this means the reaction condition reduce to the case of homogeneous 

reaction with free enzyme from that of heterogeneous reaction with immobilized enzyme. 

If ns and 
z∂

∂ϕ  have the same sign, then the eq (A28) in parentheses on the right is >1; but it 

is <1 if the signs are opposite. If either ns or 
z∂

∂ϕ  is zero, then the eq (A28) in parentheses on 

the right =1; so that only the diffusion term remains. 



 

- 112 -

V. Prediction of Damkohler Nunber, Da 

The analysis of Damkohler number (Da), a key factor for the proposed systematic analysis 

of immobilized enzyme, is described. Da is the ratio of the rate constants of chemical reaction 

to mass transfer factor. Appropriate values of Da can be used to respectively derive K*m, 

V*max and diffusion coefficient D of substrate under two extreme conditions. 

Dimensionless Damkohler number, Da ≡ ks / (D/H), is defined as ratio of the rate constants 

of chemical reaction to mass transfer factor.148 To simplify the equations derived in the text 

(3.2 Theoretical Considerations), two extreme conditions, Da << 1 and Da >> 1, were chosen. 

The Da << 1 condition can be used to obtain enzyme kinetic constants, K*m and V*max. The 

other condition, Da >> 1, can be used to obtain diffusion coefficient, D (Scheme 1).  The 

calculation of Da is described as following. 

Concerning Da in a plug-flow bioreactor with a catalytic plane surface, as shown in Figure 

25, we start with the following set of simultaneous equations to solve eq (9) with boundary 

conditions eq (10). 
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We use Newton-Raphson method to calculate the eigenvalues in eq (12), and we can set the 

function f(βn):   

n
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and then the iterative formula for βn,m+1 is 
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where subscripts n and m represent the nth eigenvalue and the mth approximation in the 

iterative process, respectively. 

 

Example A3 Determine the Da of the bioreactor shown in Figure 2 using the following 

parameters: height H = 1.67x10-4 m, the flow rate with space time τ = 480 s (or 8 min), the 

substrate diffusion coefficient, D = 3.92x10-10 m2/s, the inlet and the outlet concentration of 

substrate, [S]o = 8.00 μM, and [S]UV = 6.76 μM (determined by UV-Vis spectrophotometer), 

respectively. 

Sol: The detected reaction fraction is ατ  = 1-([S]UV / [S]o) = 1-(6.76 / 8.00) = 0.155. We 

start to guess Da = 0.02 and make initial guesses for eigenvalues β11 = π/4, β21 = 5π/4, β31 = 

9π/4, …,  βn1 = (4n-3)π/4, and then use Newton-Raphson method and choose eq (A30) as the 

iterative equation to determine the corresponding eigenvalues. The following table shows the 

result for the first twenty eigenvalues of eq (A31) with the 8th approximation. In fact, if we 

have the eigenvalues to nine decimal places, then we only need seven iterations (m = 7), 

shown as the following table. 

 

Taking the values of H, τ, D, [S]o, β1,8, β2,8, β3,8, …, β20,8 into eq (24), we can predict the 

outlet concentration [S]UV 
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Note that in most cases, such as this example, we can estimate the value of [S]UV by 

summing up only the first term of the series and use the set of simultaneous equations eqs 

(A29) to predict Da and [S]UV. 

Repeating the procedure for searching a more accurate value, we can continue to try other 

values of Da until the estimated value of [S]UV equals to or is near to that of the detected. The 

following table shows the result of finding Da to the desired degree of accuracy (three 

decimal places here). We have Da = 0.024 << 1, so this catalytic system is surface reaction 

limited. 

 

Besides, there are two extreme cases for this reactor system to calculate approximate 

eigenvalues, βn, the transfer limited condition and the surface reaction limited condition, as 

explained in the following:  
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Case 1. Mass transfer limited condition, Da >> 1.  Figure A3(a) shows that we must find 

the intersections of cot(β) and β/Da to find the eigenvalues βn. As shown in Figure A3(b), the 

curve of y2 will be very close to β-axis, so the eigenvalues will get closer and closer to the 

points of β-intersection of the curve of y1. According to Figure A3(b), these intersections, or 

the eigenvalues, are  

21
πβ =

, 2
3

2
πβ =

, 2
5

3
πβ =
…, 2

)12( πβ −
=

n
n

   for small and moderate ns (A32) 

 

 

Figure A3 Curves of )cot(1 β=y  and Da
y β

=2
. The eigenvalues are the β-values of the 

points of intersection. (a) Eigenvalues, βn, when Da = 1. (b) The points of intersection vary 

with Da. 

Case 2. Surface reaction limited condition, Da << 1. For the first eigenvalue, the set of 

simultaneous equations (A29) can be estimated as  

1
110

)tan(lim
β

ββ
β

Da
=≈

→
  or  Da≈1β       (A33) 

Comparing Da  with 7,1β in example 1 as following table, Da≈1β  is a good 

approximation for Da <<1. 



 

- 116 -

 

For the 2≥n  eigenvalues, from Figure A3(b) it seems clear that the eigenvalues get closer 

and closer to the vertical asymptotes of the curves of y1; that is, 

πβ =2 , πβ 23 = , …, πβ )1( −= nn       (A34) 

Diffusion Coefficient, D, and Rate Constant of Surface Reaction, ks. Approximations 

skillfully done as described above allows us to derive useful formula for the derivation of (a) 

the diffusion coefficient, D, of substrate in mass transfer limited condition and predict (b) the 

Da and surface rate constant, ks, in surface reaction limited condition. 

 (a) Diffusion Coefficient of Substrate in Mass Transfer Limited Condition when Da 

>> 1 

As shown in Example A3, only the first term of the series in eq (14) need to be concerned 

for a good approximation. Substituting eq (A32) 21
πβ =

 into eq (14) gives the diffusion 

coefficient of substrate 
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This is a good approximation to the diffusion coefficient of substrate as long as Da >> 1. Eq 

(A35) also indicates that this scheme can be designed to measure diffusion coefficient of 

substrate when the rate of reaction is much faster than the rate of mass transport of substrate 
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(perpendicular to the catalytic surface in this case) or in an efficiently enzyme-catalyzed 

reaction. 

(b) Damkohler number, Da, and Surface Rate Constant, ks, in Surface Reaction 

Limited Condition when Da << 1 

We also concern only the first term of the series in eq (14) as Example A3. Substituting eq 

(A33) Da≈1β  into eq (14), then 
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An appropriate approximation gives 
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can be rewritten as 
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Using eq (A37) to estimate Da in the condition of Example A3,  
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Consequently, this dimensionless Da is very close to the value of 0.024 evaluated in 

Example A3. Since Da is the ratio of the characteristic time scales for mixing and reaction, 

we need to concern the accuracy only in the scale of order rather than in what decimal places. 
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Therefore, eq (A38) allows us to predict the surface rate constant, ks (m/s) when the rate of 

reaction is much slower than the rate of mass transport of substrate (perpendicular to the 

catalytic surface in this case) or in slow to moderately fast catalytic reactions. 
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