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摘       要 

蛋白質表面的修飾與辨識在生物科學領域裡常用來探討蛋白質與蛋白質交互作用

及酵素催化活性，在本篇研究中，我們利用奈米微粒本身對生物分子的作用力將酵素修

飾於粒子的表面並探討其酵素特性，我們發現酵素固定於奈米微粒上其活性會有顯著性

的增加，利用動力學及熱力學實驗分析此具有酵素催化功能的奈米粒子，我們能夠解釋

和預測其反應行為並了解此增強活性之機制。由於奈米微粒與生物分子的尺寸互相匹

配，因此奈米粒子常用於酵素固定化之基材，在接下來的研究中，我們嘗詴將酵素修飾

於不同大小之奈米微粒，我們發現當固定於較小的粒子時，其反應速率明顯增強，經由

進一步的動力學實驗發現，此奈米微粒的粒徑大小會影響此酵素與反應基質之親和力以

至於改變其催化活性與行為。為了解釋奈米微粒在反應過程所扮演之角色，我們提出一

套理論解釋此現象，由於不同大小之奈米微粒有不同的立體障礙效應，其碰撞機率會隨

著粒徑變小而增加，因此對催化速率產生影響。本項研究包含了實驗數據以及理論探

討，並詳細地解釋奈米粒子與酵素之間的交互作用，說明奈米微粒對於酵素催化行為所

扮演的角色。在生物體中酵素活性的調控與生長、合成和代謝等反應直接相關，利用奈

米微粒調控催化活性的能力對於日後在奈米生物領域上的發展有所貢獻。 
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Abstract 

Protein surface recognition provides an appealing tool to regulate protein–protein 

interactions and enzymatic activities in the field of biological science. We are interested in 

using nanoparticle (NP) to bind enzyme surfaces through multivalent interactions and then 

engineer the protein properties. In this study, we have investigated the activity of the 

enzyme–NP conjugates and demonstrated that adsorbing enzyme onto NPs significantly 

increased its enzymatic activity. We ascribe this event of the enzymatic reactions by kinetic 

and thermodynamic studies, which provide a way of understanding and predicting the 

catalytic behaviors of the enzyme-functionalized NPs. In addition, NPs are excellent systems 

for modeling enzymes’ surfaces because they can be readily fabricated on size scales 

comparable with those of their biomolecular targets. Therefore, we were curious to study 

whether varying the dimensions of the NPs would affect their catalytic reactions. We have 

developed a series of kinetic experiments to systematically analyze the NP size–dependent 

enzymatic activities, and have developed a model to explain the phenomenon. Kinetic studies 

revealed that association of enzyme with NPs did not influence the turnover number, but 

smaller NPs did promote the catalytic efficiency of enzyme by increasing its kinetic affinity. A 

shielding model, based on diffusion–collision theory, explains the correlation between the size 

effects and the kinetic responses of the enzyme–NP conjugates. This size-effect model 

provides chemical and physical meaning, leading to the observed substrate specificities and 

catalytic constants. From the combined kinetic and theoretical investigation of enzyme bound 

to NPs, we found that these conjugates acted as a controllable and efficient factor for 

modulating the activity of the enzyme. In nature, controllable modulation of enzyme activity 

is a potent means of regulating several cellular processes (e.g., signal transduction, 

biosynthesis, metabolism). The modulation of biocatalytic behavior is an attractive feature for 

exploitation in the field of nanobiotechnology. 
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AuNP sizes varying from 1 to 5 had the values of absorption peak (peak) of (a) 518, (b) 522, 

(c) 527, (d) 531, and (e) 536 nm, respectively. 
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Initial release of pNP from pNPP, plotted as a function of the reaction time of various 

CRL–AuNP conjugated systems. Inset: Relative activity. Mean diameters of AuNPs: (a) 13.1, 

(b) 25.2, (c) 37.5, (d) 50.8, and (e) 69.6 nm. 

 

Figure 5.11..............................................................................................................................78 

Michaelis–Menten plots for the hydrolyses of pNPP mediated by the various functionalized 

AuNPs. Insets: Initial rates (M s
–1

) listed with respect to the substrate concentration and the 

kinetic parameters (p < 0.05). 
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Michaelis–Menten plots for pNPP hydrolysis catalyzed by CRL–AuNP conjugates featuring 

AuNP sizes varying from 13.1 to 69.6 nm. Lines of best fit were obtained from the data using 

Enzyme Kinetics Module software. 
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Plots of the values of (a) Vmax with respect to the enzyme concentration in the presence of 

various CRL–AuNP conjugate systems and (b) Km with respect to the AuNP size. 
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Geometric relationships between the substrate S, the enzyme E and the nanoparticle NP. (a) 

If the distance between the S and E was less than the sum of the radii of two bounding 

spheres, rE + rS, then a collision event occurred. (b) Concerning diffusion effects in a fluid, 

the effective radius of the enzyme–NP conjugate should increase to rNP + 2rE. (c) The 

solid-angle fraction exposed for collisions between the substrate and the enzyme. (d) 

Geometric relationships of the respective radii. 
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Flow chart of data processing. It demonstrates the scheme for solving eq (1) to determine the 

apparent kinetics of immobilized enzyme. 
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Atomic and structural diffusion volume increments 

 

Figure A1................................................................................................................................91 

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 CRL binding to the silica substrate. 
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CRL-catalyzed hydrolysis reaction and the associated setups of assay systems. (a) pNPP was 

used as substrate for CRL. The common product, pNP, which gives strong absorption at 410 

nm in neutral or alkaline, served as the reporter molecule for the progress of the 

enzyme-catalyzed reaction. Schematic diagram of a typical microfluidic-reactor instrument 

for (b) the CRL assay system with enzyme-free (via bypass) as base line; the substrate S is 

pNPP, [S]o,H = 80 M, [S]o,L = 4 M. 
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The typical progress curves of enzymatic assays for immobilized CRL. The absorbance of 

time courses was obtained after setting zero with no enzyme via a bypass in the CRL assay. 

The breaks in x-axis, progress time t, were due to bypass steps. 
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Plots of surface-immobilized CRL kinetic data. The typical plots (a) and (b) show the 

iterative fitting process operated by the set of eqs (4) and (5), respectively. (a) For the 

solubility limit of substrate pNPP in the CRL assay, the initial approximation <V*max/H>0 

(open symbol) were still obtained from eq (2) by linear regression using [pNPP]o,H = 80 M, 

and fitted to the exponential decay curve (dash-dot-dot). Fitting curves r = 1–5 were 

corresponding to the five successive approximations of eq (4); the solid symbol means the 

converged value of V*max/H with four significant figures. In fact, the fitting curves r = 1 and r 

= 5 converged to one curve. (b) The open symbol and solid symbol represent the initial and 

the fifth approximations of eqs (3) and (5) by linear regression, respectively. The value of 
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K*m of immobilized CRL has converged to 22.09 M with four significant figures after five 

successive approximation (r = 1–5). (c) The predicted K*m values, the slopes of regression 

lines fitting lines in eq (5), of immobilized CRL are the result of three set of independent 

experiment data (n = 1–3). 
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List of Abbreviations 
 

ATP    adenosine triphosphate 

AuNPs   gold nanoparticles 

CD    circular dichroism 

ChT    -chymotrypsin 

CRL    Candida rugosa lipase 

Cy5    cyanine dye 5 

DI water   deionized water 

DLS    dynamic light scattering 

DNA   deoxyribonucleic acid 

Fab    antigen-binding fragment 

FTIR   fourier transform infrared spectroscopy 

IPA    propan-2-ol 

IPP    image-pro plus 

KCN   potassium cyanide 

MMPCs   mixed monolayer protected gold clusters 

MPTMS   3-mercaptopropyl-trimethoxy-silane 

MRI    magnetic resonance imaging 

pNP    p-nitrophenol 

pNPP   p-nitrophenyl palmitate 

NPs    nanoparticles 

SAMs   self-assembled monolayers 

SEM   scanning electron microscopy 

SPR    surface plasmon resonance 

XPS    X-ray photoelectron spectroscopy 
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List of Symbols 
 

    reaction rate 

Vmax    maximum velocity 

kcat     turnover number 

Km     Michaelis constant 

kcat/Km    specificity constant 

ENP    enzyme/NP conjugate 

k
coll

E–NP    bimolecular rate constant 
CE     enzyme concentration 

CS    substrate concentration 

Z    frequency of collisions 

p    fraction of substrates with correct orientation 

Eact     activation energy 

R    gas constant 

T     absolute temperature 

    open solid-angle fraction 

    shielding factor 

rNP    NP radii 

rE    enzyme radii 

rS     substrate radii 

DE    enzyme diffusion coefficient 

DS    substrate diffusion coefficient 

NE    enzyme number concentration 

NS    substrate number concentration 

NAvo    Avogadro’s constant 

kB     Boltzmann constant 

     viscosity of solution 

k
eff

max    maximum frequency of effective collisions 
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