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中 文 摘 要 

奈米粒子目前廣泛被應用於生物感測，其中尤以奈米金粒子(AuNPs)最常被應用，

此乃 AuNPs 具有易於被生物分子修飾和共振能量轉移的特性。本研究所設計的生物檢

測原理係以AuNPs具有遮蔽螢光之特性，其擁有與距離有關的廣效波長遮蔽螢光特性，

據此我們建立了一個快速檢測蛋白酵素(proteinase)活性的平台，並探討胜肽受質的序列

設計，用以獲得較高靈敏度的檢測。我們利用螢光基團 FITC 標記的胜肽受質結合上

AuNPs，此為一活化自組裝式螢光 AuNPs 探針，其被應用於蛋白酵素活性檢測中，原理

是當酵素水解胜肽受質時，其尾端的螢光基團可遠離 AuNPs 表面，使其螢光波長得以

被偵測。本研究首先以具有高活性的蛋白酶 K (proteinase K)為檢測對象，並藉以建立

最佳化檢測條件和受質胜肽序列設計原則。接著我們將上述平台改裝用以胰凝乳蛋白酶

(chymotrypsin)的活性檢測，並運用於胰臟功能的檢測。 

為了要增加螢光 AuNPs 探針對酵素的靈敏性，本研究共設計三條胜肽基質用於製

作 AuNPs 探針，其設計著重於降低 AuNPs 表面的立體障礙以利蛋白酵素辨識，並藉由

延伸胜肽的長度或改變特定序列以有效地增加 AuNPs 探針偵測酵素活性的能力。實驗

結果顯示，GPLGLARGGGGGC之AuNPs探針用於偵測蛋白酶K與胰凝乳蛋白酶活性，

其較GPLGLAG(Hyp)C 之AuNPs探針用於檢測分別提升了 3和 10倍螢光強度的變化；

而利用 GPLGLARDDDDDC 之 AuNPs 探針用於酵素活性的檢測，其偵測極限可以從

ng/mL 下降到 pg/mL 程度，且偵測時間只需 15 分鐘。以上結果證明受質胜肽序列的設

計對螢光 AuNPs 探針應用於檢測蛋白酵素活性上極為重要。 
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AuNPs 探針 GPLGLARDDDDDC 進一步被應用於生物樣本的檢測，包括腸液與糞

便檢體中胰凝乳蛋白酶活性的檢測，而在實驗小鼠模式中，單顆小鼠糞便即可簡易地利

用我們所設計的 AuNPs 探針來測定其胰凝乳蛋白酶活性。本研究探討胰凝乳蛋白酶在

小腸中的活性分佈，此實驗為比較在禁食與進食控制下，小鼠小腸液中的胰凝乳蛋白酶

活性變化，結果顯示在不同飲食控制下空腸與迴腸中胰凝乳蛋白酶活性會有顯著的差異，

而其糞便中胰凝乳蛋白酶活性變化也可對應其禁食與進食狀況。本研究也建立利用蛙皮

素(cerulein)腹腔注射誘發急性胰臟炎的小鼠模式，再利用所設計之 AuNPs 探針偵測其

小腸與糞便中胰凝乳蛋白酶活性變化，期可作為評估急性胰臟炎的檢測指標。實驗結果

顯示在急性胰臟炎小鼠的十二指腸腸液與糞便中，其胰凝乳蛋白酶活性分別顯著下降到

正常對照組的 25%與 30%。 

本研究所建立的酵素活化自組裝式螢光 AuNPs 檢測平台有潛力成為高靈敏且可快

速偵測的生物檢測平台，也被證實具有臨床應用的可行性。而所建構的 AuNPs 探針可

藉由受質胜肽序列的置換，即可進一步應用於其他酵素活性的檢測，此使本研究之成果

更具可利用性與價值性。 

關鍵詞：急性胰臟炎、生物感測、胰凝乳蛋白酶、奈米金粒子、胜肽 
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Abstract 

Nanoparticles are usually used in biosensing field and among all of the nanoparticles, 

gold nanoparticles (AuNPs) are most widely applied. It is because that AuNPs are easy to be 

conducted with surface biomolecule modification and possess the characteristic of resonance 

energy transfer. The principle of biosensing platform designed in this study is based on 

AuNPs provide quenching fluorescence ability and which is wide range wavelength 

quenching and distance dependence. According to the property, a rapid proteases activity 

sensing platform was established and the peptide substrates design in order to gain high 

sensitivity detection platform was also investigated. FITC labeled peptide substrates were 

used to conjugate onto AuNPs to be an activated fluorescent self-assembled AuNPs (AuNPs 

probe) that are used for the activity assay of proteases. The detecting mechanism is that 

proteases could cleavage peptide substrates and then the fluorephore at the end of peptide 

substrates could diffuse away from AuNPs surface, which the fluorephore emitting 

wavelength could be detected. In this study, proteinase K with pretty high specific activity 

was first used as target proteases to establish optimal detecting conditions and to evaluate the 

design principle of peptide substrates. After that, the established platforms were used in 

chymotrypsin activity assay and applied in the estimation of pancreatic function. 

For increasing the sensitivity of proteases to AuNPs probe, there were three peptides 

substrates, i.e. AuNPs probes, designed and evaluated in the present study. The design was 

emphasized on the decreasing steric barrier on AuNPs surface by extending length of peptide 
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or changing specific sequences of AuNPs to increase sensitivity of the AuNPs probes used in 

the assay of proteases activity. The results indicate that the AuNPs probe with 

GPLGLARGGGGGC could increase the detecting sensitivity of proteinase K and 

chymotrypsin by approximate 3 and 10 folds fluorescent intensity change compared with 

those by the AuNPs probe of GPLGLAG(Hyp)C, respectively. Moreover, the AuNPs probe 

with GPLGLARDDDDDC applied in proteases activity assay could lower the detection 

limit from ng/mL to pg/mL level and the detection time was only 15 min. The results above 

indicate that the design of peptide sequence plays important role in the AuNPs probe applied 

in protease assay. 

The AuNPs probe with GPLGLARDDDDDC was further applied in the detection of 

biological samples, including the activity assay of intestinal and fecal chymotrypsin. For the 

experimental mouse model, simply one feces is needed for chymotrypsin activity assay by the 

AuNPs probe developed in this study. The chymotrypsin activity distributions in intestinal 

fluids of mice were investigated by a procedure of fasting/feeding control. The results show a 

significant difference in jejunum and ileum under diet controls; besides, the activity change of 

fecal chymotrypsin also corresponds to different situations of fasting and feeding. Acute 

pancreatitis (AP) mouse model induced by intraperitoneal injection of cerulein was 

established in this study. The AuNPs probe was applied to evaluate chymotrypsin activity 

level in intestine and feces with the expectation of being an indicator of AP. The results 

indicate that chymotrypsin in duodenal fluid and feces significantly decrease and remain only 

25% and 30 % activity level compared with those in normal subjects, respectively. 

The activated fluorescent self-assembled AuNPs probe established in this study shows 

the potential to be a biosensing platform with high sensitivity and rapid detection, and has 

been approved to be available in clinical applications. For wide development by simply 

replacing the efficient peptide substrates for different protease targets can be rationally 

expected, it makes the achievements procured this study being more profitably and valuably. 

Keywords: acute pancreatitis, biosensor, chymotrypsin, gold nanoparticles, peptide 
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I. Literature Review 

1-1. Introduction 

Nowadays, proteases not only catalyze protein degradation by hydrolysis of peptide 

bonds but also are recognized as exceptionally important molecules that are engaged in 

numerous vital life processes. Proteinase activity is considered an important biological marker 

in various pathologies, because the expression and activity of proteases are significantly 

different in several pathologies, including inflammatory, cardiovascular diseases, neurological 

disorders cancer, arthritis, and atherosclerosis [Thobhani et al., 2010]. Thus, the development 

of proteinase assay has been explored, which usually based on substrate zymography, 

radioisotopes, on chromogenic, or fluorogenic substrate. However, these techniques are often 

time-consuming, expensive, discontinuous, or require specific instruments. More sensitive 

and convenient proteinase assay is needed; especially methods allow detecting and imaging 

protease activities in living organisms using different imaging modalities. 

Gold nanoparticles (AuNPs) are a potential nanomaterial in biosensor field, account of 

their unique size- and distance-dependent optical properties and superior performances of 

being energy acceptors and quenchers [Guarise et al., 2006]. AuNPs interested many 

biological researchers for their feasible of surface coating and great biocompatibility; hence 

the applications of AuNPs in proteinase detection have arisen. For the purpose of high 

sensitivity sensing/detecting, fluorophore conjugated AuNPs protease activatable probes are 

popular for researchers.  
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1-2. Gold nanoparticles  

AuNPs are some of the most widely investigated nanomaterial nowadays, because of 

their unique characteristic such as: optical, electrical, chemical and catalytic properties. Jans 

and Huo documented that since 2005, there are more than 5,000 literatures (including journal 

articles and reviews) were searched with key words “gold nanoparticles” and “detection” 

using SciFinder Scholar [Jans et al., 2012]. The fact indicated that AuNPs application in 

detecting field is an arising trend. 

1-2-1. Citrate reduction method 

The most common chemical route of synthesizing AuNPs starts from Au (III) salts, 

which are then reduced to Au (0). The gold precursor is usually chloroauric acid (HAuCl4) 

dissolved in aqueous and the reducing agents could be sodium citrate, ascorbic acid, sodium 

boron hydride, or blockcopolymers [Polte et al., 2010]. Since 1981, more than 230 published 

studies have employed citrate reduction method to generate AuNPs. These researches showed 

scarce data on non-AuNPs components in the reaction system although some byproducts 

(such as ketoglutaric acid) in the synthesized AuNP solution have been reported [Kumar et al., 

2007; Turkevich et al., 1951]. 

The sodium citrate reduction technique pioneered by Turkevich et al. in 1951 and refined 

by Frens in 1973. In brief, an aqueous HAuCl4 reduced by trisodium citrate as the reducing 

and stabilizing agent at the boiling point of solution. The stoichiometry of the citrate reduction 

method is confirmed as follows [Balasubramanian et al., 2010]: 

2HAuCl4 + 3Na3C6H5O7 + 1.5 H2O 

→ 2Au
0
 + Na2C5H6O5 + 3CH3COONa + 4NaCl + 4Cl

-
 + 2H

+
 + 0.5 C3H6O + 5.5CO2 
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The resulting AuNPs acquires a citrate layer on surface, which confers negative charge 

and stability (Fig. 1-1). The citrate ligand can be easily displaced by several species that form 

stronger interactions with Au. The size of AuNPs range from 10 to 150 nm in diameter can be 

easily controlled by the ratio gold precursor (HAuCl4) to reduction agent (Na3C6H5O7) [Fanun, 

2010; Frens, 1973]. However, the Turkevich-Frens citrate reduction method produce modestly 

monodisperse spherical AuNPs suspended in water of only around 10 to 15 nm in diameter; 

and the larger particles may produce at the loss of monodispersity and shape [Kimling et al., 

2006]. 

The recently proposed mechanism of gold nanoparticle formation could interpret as a 

four-step nucleation and growth process (Fig. 1-2). The initial stage is a rapid formation of 

nuclei and the second stage is that the nuclei coalesce into bigger particles. The third stage is 

low diffusion growth of AuNPs which comprised by ongoing process of gold reduction and a 

further coalescence. Finally, AuNPs completely consume their precursor and grow rapidly to 

their terminal size. This mechanism indicates that the coalescence of small nuclei plays a vital 

role throughout the AuNPs formation and determines the polydispersity of colloid AuNPs 

[Polte et al., 2010]. 

1-2-2. Local surface plasmon resonance 

Surface plasmon resonance (SPR) is a physical characteristic that metallic materials such 

as Ag, Cu, Au, and Al, process a negative real and small positive imaginary dielectric constant 

over a range of wavelengths [Henry et al., 2011]. When these metallic materials stimulated by 

electromagnetic radiation, these would form an electron gas that moves away from its 

equilibrium position and be displaced by induced surface polarization charges that act as a 

restoring force. This positive imaginary arises from Coulomb attraction between electrons and 

nuclei to against the electron gas. The collective oscillation of the conducted electrons is 
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called the dipole plasmon resonance. The oscillation frequency is determined by four factors: 

the density of electrons, the effective electron mass, and the shape and size of the charge 

distribution [Jans et al., 2012; Kelly et al., 2003]. The SPR could category to propagating or 

localized. Propagating surface plasmon is observed on thin metallic films, called surface 

plasmon polaritons (SPPs); whereas localized surface plasmon is observed on nanoscale 

structures, which nanoparticles (NPs) are much smaller than the incident wavelength (Fig. 

1-3). That plasmon oscillates locally around the nanoparticle with a frequency called local 

surface plasmon resonance (LSPR). The LSPR also sensitive to changes in the local dielectric 

environment like SPR do [Willets et al., 2007]. 

The LSPR spectrum is strongly dependent on the nanoparticle’s size, shape, dielectric 

constant and the surrounding environment under dielectric constant as mentioned (Fig. 1-4). 

AuNPs have an optical property which is bulk plasmon resonance in the visible region of the 

spectrum, while for most other metals this resonance only occurs in the ultraviolet (UV) 

region. Therefore, the strong absorption or scattering of AuNPs at the visible light region 

could make them could be observed by naked eyes or be easy to detect color change. Besides, 

the possibility of tuning the LSPR band of AuNPs (including nanorods, shells, stars, and other 

shapes) at the near IR region makes them promising materials for in vivo imaging and 

analysis [Jans et al, 2012]. 

LSPR-based sensors are label-free techniques. By LSPR change, there are two types of 

LSPR-based sensors are conducted. One is based on aggregation of the colloid and results in 

apparent color change (from red to blue). Aggregation causes a coupling of the colloid plasma 

modes resulting in a red shift and broadening of the longitudinal plasma resonance in the 

UV-vis spectrum. Due to dipole—dipole interactions occur, the wavelength of absorption may 

be varied from 520 nm (effectively isolated particles) through 750 nm (particles that are 

separated by only 0.5 nm). The resulting spectrum consists of the conventional plasmon 
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resonance due to single spherical particles and the new peak due to particle—particle 

interactions [Ghosh et al., 2007]. 

The other type is based on LSPR extinction (or scattering) wavelength maximum, λmax, 

which is sensitive to the dielectric constant of the surrounding medium or adsorbents. Thus, 

extinction wavelength maximum changes in the local environment, for example it should 

cause a shift in λmax in the presence of an adsorbed species. This relationship is expressed by 

the following equation: 

∆λ𝑚𝑎𝑥 = 𝑚∆𝑛 [1 − 𝑒𝑥𝑝 (
−2𝑑

𝑙𝑑
)]                      (1) 

Here 𝑚 is the bulk refractive index response of the nanoparticle, ∆𝑛 is the change in 

the refractive index induced by the adsorbents, 𝑑 is the effective adsorbent layer thickness, 

and 𝑙𝑑 is the characteristic EM-field-decay length (approximated as an exponential decay). 

This relationship is the basis of LSPR wavelength-shift sensing experiments. When molecules 

bind to a AuNPs the refractive index will change and the LSPR band occurs red-shift. It can 

be deduced from this equation that the sensitivity towards refractive index changes is distance 

dependent. Only at close proximity to the nanoparticle surface will give rise to a shift of the 

LSPR wavelength. This makes the refractive index based biosensor be specific for 

interactions close to the NPs surface [Jans et al., 2012; Willets et al., 2007]. 

Depending on the optical properties of spherical AuNPs as mentioned, the size and 

concentration of the spherical AuNPs could be determined by UV-Vis spectra. The extinction 

coefficient is an important parameter that can be used to calculate the NPs concentration or 

estimating the NPs size. According to Lambert-Beers law, the molar concentration of the 

solution can be obtained. 

A = εbC                                 (2) 
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Liu et al. [2007] used high resolution transmission electron microscopy analysis and 

UV-vis absorption spectroscopic measurement to determine the extinction coefficients of 

AuNPs with the size ranging from 4 to 40 nm. An equation was provided that it is 

independent to the capping ligands on the NPs surface and the solvent dissolve the NPs, 

ln 𝜀 = 𝑘𝑙𝑛𝐷 + 𝑎                             (3) 

Where 𝜀 is extinction coefficient in M
-1

cm
-1

, 𝐷 is the core diameter of the NPs, and 

𝑘 = 3.32, 𝑎 = 10.8. The correlation coefficient is 0.99 and the standard deviation is 0.22. 

Haiss et al. [2007] provided equations according to SPR peak that can determine bare 

spherical AuNPs size and concentration. For particles ranging from 35 to 100 nm can be 

calculated from the peak position according to eq (4):  

𝑑 =
ln (

𝜆𝑠𝑝𝑟−𝜆0

𝐿1
)

𝐿2
                            (4) 

Where d is the diameter of the spherical AuNPs,  𝜆𝑠𝑝𝑟 is the wavelength at the peak of 

the SPR; 𝜆0 =512; L1 = 6.53; and L2 = 0.0216. Haiss et al. found the average of the absolute 

error is only 3%. 

The particle diameter in the size ranging from 5 to 80 nm has a better agreement between 

theory and experiment as the particle diameter is found if the absorbance ratios are 

determined in the wavelength region below 600 nm. Hence the ratio Aspr/A450 should be 

particularly suitable to calculate the particle diameter (in nanometers) from 5 to 80 nm, eq (5): 

𝑑 = exp (𝐵1
𝐴𝑠𝑝𝑟

𝐴450
− 𝐵2)                          (5) 

Here, 𝐴𝑠𝑝𝑟 is the absorbance at the SPR peak, A450 is the absorbance at 450nm, B1 = 

3.00 and B2 = 2.20. According to eq (5), the particle diameter average deviation is about 11%. 

 The number density of the particles (N) can be determined by following eq (6): 
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N =
𝐴450×1014

𝑑2[−0.295+1.36𝑒𝑥𝑝(−(
𝑑−96.8

78.2
)

2
)]

                      (6) 

Where A450 is the absorbance at 450nm, and d is the particle diameter (nm). Haiss et al. found 

this equation to be accurate to ~6% [Haiss et al., 2007]. Above equations are also used by 

Nanopartz
TM

 as a tool to determine size and concentration of AuNPs. 

1-2-3. Fluorescence quenching mechanisms by AuNPs 

Fluorescence activatable probes are comprised of at least two components: the 

fluorophore (donor, D) and the quencher (acceptor, A). Any process that causes a decrease in 

intensity can be considered to be quenching [Lakowicz, 2006]. The fluorescence emission can 

be altered when the fluorophore is placed near an entity possessing an EM field. Typically 

metal entities are nano-sized, such as gold, silver, platinum, copper NPs, etc [Kang et al., 

2011]. In the development of activatable probes, inorganic AuNPs owns very high sensitivity, 

which has the highest quenching efficiency (up to 99%) [Swierczewska et al., 2011]. 

There are two main factors considered to affect the changes on the fluorescence by metal 

NPs: (1) the plasmon field generated around the particle by the incident light, increasing the 

excitation decay rate of the fluorophore or enhancing the level of fluorescence emission; and 

(2) the dipole energy around the nanoparticle reduces the ratio of the radiative to 

non-radiative decay rate and the quantum efficiency of the fluorophore, resulting in the 

fluorescence quenching [Kang et al., 2011]. Plasmon field on AuNPs effect fluorescence by 

quenching/enhancing was discussed as followings. Mie theory presented a solution to 

Maxwell’s equations that describes the extinction spectra (extinction = scattering + absorption) 

of spherical particles of arbitrary size [Kelly et al., 2003]. According to Mie theory and the 

size and shape of the particle, the extinction of metal colloids can be due to either absorption 

or scattering [Yguerabide et al., 1998ab]. Incident energy is dissipated by absorption; and 

far-field radiation is created by scattering. The radiating plasmon (RP) model provided by 
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Lakowicz [2005] conducted with Mei theory that small colloids are expected to quench 

fluorescence because absorption is dominant over scattering; while larger colloids are 

expected to enhance fluorescence because the scattering component is dominant over 

absorption. The RP model for NPs explains that their induced plasmon can radiate when the 

scattering cross section rules over the absorption cross-section. The particle cross section for 

extinction (𝐶𝐸) with a dielectric constant ε1 is dependent on the cross section due to 

absorption (𝐶𝐴) and scattering (𝐶𝑠) by:  

𝐶𝐸 = 𝐶𝐴 + 𝐶𝑆 = 𝑘1𝐼𝑚(𝛼) +
𝑘1

4

6𝜋
|𝛼|2                     (7) 

where 𝑘1 is the wavevector of the incident light in medium. Polarizability (𝛼) of a 

sphere with a radius r is:  

α = 4πr3 (
𝜀𝑚−𝜀1

𝜀𝑚+2𝜀1
)                            (8) 

where 𝜀𝑚 is the complex dielectric constant of the metal. The absorption term, 𝐶𝐴 is 

responsible for quenching, while the scattering term, 𝐶𝑆 can cause fluorescence enhancement. 

As seen by this model, the NPs size plays a more significant role in 𝐶𝑆 (𝑟3) over 𝐶𝐴 (𝑟3). 

Therefore, smaller NPs are preferred for quenching. In accordance with the RP model, AuNPs 

with diameter below 40 nm are more efficient fluorophore quenchers; while larger colloids 

above 40 nm are expected to enhance fluorescence, because scattering becomes the dominant 

mechanism [Swierczewska et al., 2011]. 

Kang et al. [2011] theoretically studied the plasmon field on AuNPs effect to the 

fluorescence and provided five important factors for designing the quenching and 

enhancement effect by metal NPs. The normalized enhancement of excitation decay rate 

(
𝛾𝑒𝑥𝑐

𝛾𝑒𝑥𝑐
0 ) , which is the main cause for fluorescence enhancement, shows more significant 

differences with the size, because it has a relationship with the square of the field strength 
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(
𝐸𝑝

𝐸0
): 

𝛾𝑒𝑥𝑐

𝛾𝑒𝑥𝑐
0 = (

𝐸𝑝

𝐸0
)

2

                               (9) 

Where the superscript
 ‘0’

 is the value of the system without AuNPs, the plasmon field 

strength at a distance (𝛾) to AuNP core is 𝐸𝑝, and an incident light field to AuNP is 𝐸0. 

The quantum yield (q) indirectly influenced by the plasmon field 𝐸𝑝 can be described 

as: 

𝑞

𝑞0
=

𝛾𝑟

𝛾𝑟
0

𝛾𝑟

𝛾𝑟
0+

𝛾𝑎𝑏𝑠

𝛾𝑟
0 +

(1−𝑞0)

𝑞0

                            (10) 

where 𝛾𝑟 is the radiative decay rate, 𝛾𝑎𝑏𝑠 is the additional non-radiative decay rate 

resulted from the radiated energy absorbed by the particle, and 𝑞0 is the intrinsic quantum 

yield of the fluorophore. For a spherical particle with a quasi-static polarizability,  
𝛾𝑟

𝛾𝑟
0 =

𝛾𝑒𝑥𝑐

𝛾𝑒𝑥𝑐
0 . 

The fluorescence enhancement rate (φ) is, therefore, the combined effect of the 

enhancement of the excitation decay rate and the change in the quantum yield, both 

influenced by the plasmon field. 

φ =
𝛾𝑒𝑥𝑐

𝛾𝑒𝑥𝑐
0  

𝑞

𝑞0
                               (11) 

Kang et al. [2011] provided five important factors for designing the quenching and 

enhancement effect by metal NPs: (1) The metal type of the particle for example: AuNP, 

which the dielectric permittivity of the metal determines the plasmon field distribution. (2) 

The NPs size, i.e., field strength and the enhancement of the excitation decay rate depends on 

the particle size, (eq (9)). (3) The fluorophore to be used, which determines the wavelength. 

The field strength depends upon the excitation wavelength, and the level of absorption of the 

emission light by the NPs varies depending upon the emission wavelength, (eq (10)). (4) The 
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intrinsic quantum yield of the flurophore: It is one of the major factors that determine the 

quantum yield of the fluorophore placed near the nanoparticle, (eq (10)). (5) The placement of 

a shell on the surface. The plasmon field distribution may change significantly depending on 

the material properties of the shell on the particle [Kang et al., 2011]. 

(2) The radiative and non-radiative energy transfer of fluorophore to AuNPs 

Quenching efficiency depends on the measure of the fluorescence decay rate (Rfluo), 

radiative decay rate (Rrad), nonradiative decay rate (Rnonrad), and the fluorescence quantum 

efficiency (η). The fluorescence decay rate is the inverse of the fluorescence lifetime (t), Rfluo 

= 1/τ and can be expressed as the sum of the radiative and nonradiative decay rates 

[Dulkeith et al., 2002]: 

Rfluo = Rrad + Rnonrad                                       (12) 

η = Rrad/ Rfluo                             (13) 

The process of the dye molecule releases a photon returning to the ground state is called 

radiative decay; while the excited photon cannot return to its ground state due to various 

processes (such as intersystem crossings or heat dissipation) is called non-radiative decay. 

Radiative and nonradiative rates depend on the size and shape of the NPs, the distance 

between the fluorophores and NPs, the orientation of the dye molecule binding onto the 

AuNPs, and also on the overlap of the fluorophore’s emission and NP absorption 

[Swierczewska et al., 2011]. 

At those small distances, the large fluorescence quenching efficiency of 99.8% is due to 

two effects of equal importance: first, the AuNPs increase the non-radiative rate (Rnonrad ) of 

the molecules due to energy transfer, and second, the radiative rate (Rrad) of the molecules is 

decreased because the molecular dipole and the dipole induced on the AuNP radiate out of 

phase if the molecules are oriented tangentially to the AuNPs surface [Dulkeith et al., 2005]. 
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Three mechanisms used to explain energy transfer between a donor and AuNP of 

fluorescence quenching are discussed here, such as Gersten–Nitzan (GN), Fluorescence 

Resonance Energy Transfer (FRET) and Nanometal Surface Energy Transfer (NSET) models. 

In general, the quantum efficiency (𝜑𝐸𝑛) of energy transfer efficiency can be written as:  

𝜑𝐸𝑛 =
1

1+(
𝑅

𝑅0
)

𝑛                              (14) 

Where 𝜑𝐸𝑛 is dependent on the distance between the donor and acceptor (𝑅), and the 

50% quenching distance (𝑅0) [Ray et al., 2007]. 

The Gersten-Nitzan model (GN Model) describes a coupling of the fluorophore induced 

plasmon and strong electric field of AuNPs. Both radiative (fluorescence enhancement) and 

non-radiative (fluorescence quenching) rates are taken into account under this model. In eq 

(14), n = 6, and 𝑅0 is: 

𝑅0
𝐺𝑁 = [2.25

𝑐3

𝜔𝐷
3 𝜑𝐷𝑎3 (𝜀1+2)2+𝜀2

2

𝜀2
]

1
6⁄

                     (15) 

where 𝜔𝐷 is the frequency of the donor dye, 𝜑𝐷 is the quantum yield of the donor, a is 

the radius of the metal nanoparticle, 𝜀1 and 𝜀2 are the real and imaginary components of the 

dielectric constant of the metal, respectively, and  𝑐 is the speed of light. The GN model is 

able to show that a small dipole from the fluorophore can induce a large dipole in the NPs. 

Such an enhancement in the dipole increases energy transfer efficiencies by 10
4
 ~ 10

5
. 

However, such strong interactions may underestimate the quenching abilities of AuNPs due to 

the rapid damping of the electric field on their surface [Swierczewska et al., 2011]. 

Dulkeith et al. [2005] applied GN model to find out how the influence of AuNPs on the 

quantum yield of fluorophores ceases when the separation between the two species is 

gradually increased. They proved that the energy transfer rate is 2 orders of magnitude smaller 

than that calculated using the GN model and that the distance independent (2.2 ~ 16.2 nm) is 
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opposite expected from the Förster theory. Implying energy transfer does not play an 

important role in quenching with longer distance. In other words, the reduced quantum 

efficiency may be due to the reduced radiative rate and not energy transfer. This discrepancy 

is attributed to the fact that the GN model does not take into account nonlocal effects but the 

Förster theory does [Dulkeith et al., 2005]. 

FRET is an electro-dynamic phenomenon, occurring between a donor (D) molecule in 

the excited state and an acceptor (A) molecule in the ground state. The donor molecules 

typically emit at shorter wavelengths that overlap with the absorption spectrum of the 

acceptor (Fig. 1-5A). The term resonance energy transfer (RET) is preferred because the 

process of long range dipole— dipole interactions between the donor and acceptor does not 

involve emission and reabsorption photons. The theory of energy transfer is based on a 

fluorophore acts as an oscillating dipole, which can exchange energy with another dipole with 

a similar resonance frequency. Hence RET is similar to the behavior of coupled oscillators 

and is a non-radiative energy transfer. 

The rate of transfer for a donor and acceptor separated by a distance r is given by 

𝑘𝜏(𝑟) =
𝜑𝐷𝜅2

𝜏𝐷𝑟6
(

9000(𝑙𝑛10)

128𝜋5𝑁𝑛4
) ∫ 𝐹𝐷(𝜆)𝜀𝐴(𝜆)𝜆4𝑑𝜆

∞

0
                (16) 

where 𝜑𝐷 is the quantum yield of the donor in the absence of acceptor, n is the 

refractive index of the medium, N is Avogadro's number, 𝑟 is the distance between the donor 

and acceptor, and  𝜏𝐷 is the lifetime of the donor in the absence of acceptor. The refractive 

index (n) is typically assumed to be 1.4 for biomolecules in aqueous solution. 𝐹𝐷(𝜆) is the 

corrected fluorescence intensity of the donor in the wavelength range λ to λ + Δλ with the 

total intensity (area under the curve) normalized to unity. 𝜀𝐴(𝜆) is the extinction coefficient 

of the acceptor at λ, which is typically in units of M
–1

 cm
–1

. The term 𝜅2 is a factor 

describing the relative orientation in space of the transition dipoles of the donor and acceptor. 
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𝜅2 is usually assumed to be equal to 2/3, which is appropriate for dynamic random averaging 

of the donor and acceptor.  

The overlap integral (𝐽(𝜆)) expresses the degree of spectral overlap between the donor 

emission and the acceptor absorption: 

𝐽(𝜆) = ∫ 𝐹𝐷(𝜆)𝜀𝐴(𝜆)𝜆4𝑑𝜆 =
∫ 𝐹𝐷(𝜆)𝜀𝐴(𝜆)𝜆4𝑑𝜆

∞
0

∫ 𝐹𝐷(𝜆)𝑑𝜆
∞

0

∞

0
                (17) 

The rate of energy transfer from a donor to an acceptor 𝑘𝜏(𝑟) is given by  

𝑘𝜏(𝑟) =
1

𝜏𝐷
(

𝑅0

𝑟
)

6

                            (18) 

where 𝜏𝐷 is the decay time of the donor in the absence of acceptor, 𝑅0 is the Förster 

distance, and 𝑟 is the donor-to-acceptor distance. Hence, the rate of transfer is equal to the 

decay rate of the donor (1/𝜏𝐷) when the D-to-A distance (𝑟) is equal to the Förster distance 

(𝑅0), and the transfer efficiency is 50%. At this distance (𝑟 = 𝑅0) the donor emission would 

be decreased to half its intensity in the absence of acceptors. The rate of RET depends 

strongly on distance, and is proportional to 𝑟 = 6 [Lakowicz, 2006]. 

The distance at which RET is 50% efficient is called the Förster distance (𝑅0) , which is 

typically in the range of 20 to 60 Å . At this distance, half the donor molecules decay by 

energy transfer and half decay by the usual radiative and non-radiative rates. With 𝑘𝜏(𝑟) =

1/𝜏𝐷 obtains: 

𝑅0
𝐹𝑅𝐸𝑇 = [

9000(𝑙𝑛10)𝜅2𝜑𝐷𝐽(𝜆)

128𝜋5𝑁𝑛4
]

1
6⁄

                     (19) 

In FRET, the acceptor, AuNPs, are estimated to be molecular with little disruption placed 

on it by the donor. Therefore, this energy transfer model does not describe the strong effect of 

dipole interactions towards the AuNPs SPR.  

Nano-Surface Energy Transfer (NSET) also is a non-radiative energy transfer. The 
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physical origin for NSET is attributed to the interaction of the electromagnetic field of the 

donor dipole interacting with the nearly free conduction electrons of the accepting metal. 

These conduction electrons behave like a Fermi gas and will interact most strongly with the 

oscillating dipole if they travel near and perpendicular to the metal surface. Because the 

AuNPs electrons are homogenously oriented, the constraint on dipole—dipole coupling has 

been greatly relaxed and thus gives rise to energy transfer efficiency at much larger distances. 

NSET does not require a resonant electronic transition, which is fundamental to a Förster 

theory. The dipole does not interact with a discrete resonant electronic transition, but rather an 

interaction with the electronic continuum levels of a metallic system [Yun et al., 2005]. 

According to the Persson and Lang model, the quenching mechanism can be explained as 

interactions of oscillating electronic dipoles of a dye with plasmon bands of a metal surface 

[Persson and Lang, 1982]. Plasmon bands consist of free conduction electrons and result in 

quenching when interacting with oscillating dipoles of the dye in close proximity to the metal 

surface. NSET models energy transfer from a molecular dipole to a nanometal surface at 

twice the FRET range [Rahul et al., 2009]. 

In eq (14), 𝑛 = 4 and 𝑅0 is replaced with 𝑑0, because the distance is between the 

donor and surface, not the acceptor. The value is calculated as: 

𝑑0
𝑁𝑆𝐸𝑇 = 0.525 (

𝑐3𝜑𝐷

𝜔𝐷
2 𝜔𝐹𝑘𝐹

)
1

4⁄

                       (20) 

where 𝜑𝐷 is the quantum yield of the donor, 𝜔𝐷 is the angular frequency of the donor 

emission, and the other values are constants: c = 3 ×  108 m s−1, the speed of light, 

𝑘𝐹 = 1.2 × 108 cm
-1

, and 𝜔𝐹 = 8.4 × 1015 rad s
-1

. This model takes into account the 

limitation that FRET has in explaining fluorescence quenching by metal NPs, namely the 

small length of energy transfer [Swierczewska et al., 2011]. Distinguishing NSET from FRET 

is in two significant aspects: (1) the distance dependence changes from 1/R
6
 to 1/R

4
, which 
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extends the usable distances for the measurement; and (2) the same NP is able to quench dyes 

of different emission wavelength, spanning the visible range into the near infrared. Therefore, 

NSET can be used for the studies in which distances are expected to extend beyond 10 nm, or 

the studies with multiple dyes needed to be quenched [Ray et al., 2007]. 

Rahul et al. [2009] applied NSET mechanism to modeling the functional AuNPs (5 and 

10 nm) with two dyes (Cy3 and Cy5) spacing from the particle surface by a rigid DNA spacer 

allows precise for determining of the distance-dependent effect of the metal NPs on 

fluorescence intensity. Fluorescence is quenched significantly for distances somewhat larger 

than the particle diameter, in good agreement with the predictions of an NSET model based 

on interacting dipoles. The distance dependence of surface energy transfer behavior, i.e. 

quenching efficiency, is proportional to 1/d
4
, which involves no consideration of the size of 

the particle and the spectral overlap of the dye and AuNPs. This surface energy transfer model 

is found qualitatively and agrees with the NSET model, though the exponent is greater than 4 

for the smaller NPs (5 nm), and smaller than 4 for the larger NPs (10 nm). 

1-2-4. Derjaguin-Landau-Verwey-Overbeek theory  

Derjaguin-Landau-Verwey-Overbeek (DLVO) theory is usually applied to explain the 

mechanism of stabilization of colloidal materials in water. The DLVO theory assumes that the 

forces acting on the colloidal particles in a medium include repulsive electrostatic forces and 

attractive van der Waals (VDW) forces. VA is determined by the Hamaker constant, particle 

size and inter-particulate distance while VR depends on particle size, distance between the 

particles, zeta potential, ion concentration and dielectric constant of the medium. The 

repulsive forces are originated from the overlapping of electrical double layer (EDL) 

surrounding the NPs in the medium, and thus preventing colloidal agglomeration. The EDL 

consist of two layers: stern layer and Gouy layer. Zeta potential (ZP) is electric potential at the 
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shear plane which is the boundary of the surrounding liquid layer attached to the moving 

particles in the medium. ZP is a key parameter widely used to predict suspension stability; 

which the higher the ZP, the more stable the suspension is [Kim, 2004]. Attractive forces are 

dominant at very small and large distances, leading to primary and secondary minimum, while 

repulsive forces are prevailing at intermediate distances and create net repulsion between the 

dispersed particles, thus preventing particle agglomeration (Fig. 1-6). VR is extremely 

sensitive to ion concentration in the medium. As the ion strength is increased in the medium, 

the thickness of EDL decreases due to screening of the surface charge. This causes decrease in 

VR, increasing the susceptibility of the dispersed particles to form aggregates [Wu et al., 

2011]. 

The DLVO theory explains that the total interaction potential (𝑉𝑇) between two AuNPs 

can be expressed as the sum of electrostatic repulsion due to the so-called double layer of 

counter ions (𝑉𝑒𝑙𝑒𝑐) and the van der Waals attraction (𝑉𝑣𝑑𝑤) [Derjaguin et al., 1941; 

Verwey, 1947]. 

𝑉𝑇 = 𝑉𝑒𝑙𝑒𝑐 + 𝑉𝑣𝑑𝑤                           (21) 

Depending on the particle size and the double layer thickness, the electrostatic repulsion 

potential (𝑉𝑒𝑙𝑒𝑐), between two colloidal particles of radii 𝑅1 and 𝑅2 can be expressed in the 

following two different forms: [Hunter et al., 1992] 

𝑉𝑒𝑙𝑒𝑐 = 4πϵ𝜑0
2 𝑅1𝑅2

𝑅1+𝑅2
𝑙𝑛(1 + 𝑒−𝜅𝑥)  (which κR > 5)           (22) 

𝑉𝑒𝑙𝑒𝑐 = 4πϵ𝑅1𝑅2𝑌1𝑌2 (
𝑘𝐵𝑇

𝑒
)

2 𝑒−𝜅𝑥

𝑥+𝑅1+𝑅2
  (which κR < 5)           (23) 

Which, 

κ = [
1000𝑒2𝑁𝐴(2𝐼)

𝜖𝑘𝐵𝑇
]

1
2⁄

                            (24) 
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𝑌𝑖 =
8𝑡𝑎𝑛ℎ(𝑒𝜑0 (4𝑘𝐵𝑇)⁄ )

1+[1−
2𝜅𝑅𝑖+1

(𝜅𝑅𝑖+1)
2𝑡𝑎𝑛ℎ2(𝑒𝜑0 (4𝑘𝐵𝑇)⁄ )]

1
2⁄
                      (25) 

Where ϵ is the permittivity of the medium, κ is the potential at the particle surface, 𝜑0 

is the inverse Debye length, 𝑥 is the distance of closest approach between two colloidal 

particle surfaces, 𝑒 is the electronic charge, 𝑘𝐵 is the Boltzmann’s constant, 𝑇 is the 

temperature, 𝑁𝐴 is the Avogadro number, and 𝐼 is the ionic strength of the solution. The 

potential at the particle surface can be estimated from the ξ potential measurements. 

Assuming the particles to be spherical and the surface potential and the background ionic 

strength to be constant, the van der Waals attraction potential,  𝑉𝑣𝑑𝑤 [Verwey et al., 1955]: 

𝑉𝑣𝑑𝑤 = −
𝐴𝐻

6
[

2𝑅1𝑅2

𝑑2−(𝑅1+𝑅2)2 +
2𝑅1𝑅2

𝑑2−(𝑅1−𝑅2)2 − 𝑙𝑛
𝑑2−(𝑅1+𝑅2)2

𝑑2−(𝑅1−𝑅2)2]           (26) 

The van der Waals interaction (𝑉𝑣𝑑𝑤) is the dominantattraction and is dependent on the 

particle radii: 𝑅1 and 𝑅2, the center-to-center separation distance, 𝑑, and the Hamaker 

constant, 𝐴𝐻, which plays an important role in the description of attraction energy between 

the particles. The Hamaker constant (𝐴𝐻) of gold particles from literature varies in the 

range (1 − 4 × 10−19) J, so the average value, 2.5 × 10−19 J is common used [Evans et al., 

1999; Ghosh et al., 2007]. 

The generation of electrostatic repulsion between charged conjugates is the most 

common strategy to keep NPs separated in aqueous medium [Bastús et al., 2008]. 

Citrate-capped AuNPs are considered less stable which of better capping agents should better 

be neutrally charged and high molecular weight [Stankus et al., 2011]. AuNPs are surrounded 

by an electrical double layer due to adsorbed citrate and chloride anions. An increase in ionic 

strength of the medium compresses the double layer and shortens repulsion range leading to 

an irreversible particle aggregation. 
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Changes in AuNPs solution environment usually lead to change of the dispersions; 

nevertheless, excess citrates and non-AuNPs components (e.g. chloride ions) are expected to 

remain in the product solution but should be removed before use [Balasubramanian et al., 

2010]. Therefore, modified AuNPs are often synthesized with the existence of byproducts, 

which the environment is electrostatic stabilized. On biological issue, it is crucial to remove 

undesired components such as non-AuNPs components and excess peptide substrates, both of 

which can cause misleading results. For example, during an in vitro assessment of cytotoxicity, 

the presence of citrate, rather than AuNPs, reduced viability and impaired proliferation of 

human alveolar cells [Uboldi et al., 2009]. However, purification process like centrifugation 

will destine to change the environment of AuNPs suspension leading to aggregation. The 

surface characteristic and the aqueous medium are very crucial to stability of AuNPs 

suspension.  

1-2-5. Stabilization of AuNPs 

Stabilization of AuNPs by ligands or capping agents is not only important for their 

long-term stability but also important applications in biomedicines and biotechnology. The 

citrate-capped AuNPs can be functionalized by thiol ligands to form monolayer-protected 

gold clusters (MPCs). Thiol ligands including straight chain alkanethiolates of different length 

[Mrksich et al., 1996; Sellers et al., 1993], glutathione [Schaaff et al., 1998], mercaptophenol 

[Brust et al., 1995], tiopronin [Cui et al., 2012; Kohlmann et al., 2001], thiolated poly 

(ethylene glycol) [Manson et al., 2011; Wuelfing et al., 1998] or peptides [Harkness et al., 

2012]. AuNPs also have been stabilized by proteins, DNA and carbohydrate moieties [Housni 

et al., 2008]. Some proteins, particularly antibodies, can adsorb strongly to AuNPs to form 

stable conjugates with retaining its’ biological property. A major drawback of the affinity of 

proteins to AuNPs is undesired or non-specific labeling to other components in the biological 
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system. Hence, AuNPs must be stabilized with an inert macromolecule such as bovine serum 

albumin, gelatin, or polyethylene glycol. Stabilization can usually be done through washing 

with buffer containing the macromolecules after the absorption of the desired conjugates onto 

the AuNPs [Thobhani et al., 2010]. 

There are two capping agents are conducted in this thesis. One is polyethylene glycol 

(PEG) which is an ideal neutral polymer, also known as polyethylene oxide (PEO) or 

polyoxyethylene (POE), depending on its molecular weight. PEG is soluble in many different 

solvents, ranging from water to many organic solvents such as toluene, methylene chloride, 

ethanol and acetone. PEG can improve thermal and mechanical stability, which also could 

reduce sensitivity to pH and salts [Chapman, 2002]. PEG can resist opsonization and 

effectively make hydrophobic AuNPs be “stealth particles” with extended circulation times 

[Niidome et al., 2006]. The cytotoxicity results of PEG stabilized AuNPs prove the 

biocompatibility of this molecule [Pan et al., 2007]. It is known that PEG-8000 could greatly 

stabilize NPs [Guarise et al., 2006; Juewen et al., 2006; Wang et al., 2010]. 

The other is bovine serum albumin (BSA) which is one of the most widely used proteins. 

Serum albumin is the most abundant protein in blood plasma, serving as a vehicle for 

intracellular transportation; besides, it is important in pharmacology that albumin conjugated 

to drugs could decrease toxicity. There are many researches showed that BSA conjugated NPs 

show improved stability against flocculation, increased quantum yield and low toxicity 

[Brewer et al., 2005; Housni et al., 2008]. Brewer et al. [2005] used the ξ-potential 

measurements to show that the stabilization of AuNPs by BSA has a significant contribution 

from a steric mechanism because AuNPs are stable even at their isoelectric point (pI  4.6). 

The interaction between BSA and a citrate-coated gold surface or a nanoparticle is not a 

displacement but electrostatic interactions which must consist of salt-bridges, for example, of 

the carboxylate-ammonium type, between the citrate and the lysine on the protein surface. 
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The binding mechanism can be verified when: (1) at low adsorbed concentrations, BSA 

exhibited a side-on conformation blocking colloid deposition; (2) at high adsorbed 

concentrations, BSA adapted to an end-on conformation promoted colloid deposition; and (3) 

colloid deposition on the BSA layer may progressively generate end-on molecules (sites) by 

conformation change of side-on BSA, resulting in sustained increasing deposition rates [Yang 

et al., 2012].  

1-2-6. Peptide design for conjugation to AuNPs 

The basic design principle was to create a ligand that would readily attach to the surface 

of the gold particle and form a well-packed layer with a hydrophilic terminus. Ligands like 

peptides could be used to form MPCs; however, only a relatively small subset of all possible 

polypeptides does not flocculate under physiological conditions. The main concept of peptide 

design is to avoid electrostatic aggregation, which may cause by attractive interactions 

between ammonium and carboxylate moieties. This is best achieved by ensuring that the 

particles have a positive or negative net charge, leading to overall repulsive interactions [Lévy 

et al., 2004]. An electrolyte-induced aggregation in peptide-stabilized AuNP could depend on 

variety, such as the concentration, sequence, length, hydrophobicity, and peptide charge; the 

AuNP size and solution pH [Fanun, 2010]. 

The conjugation of a peptide with biological activity to one AuNP is by means of 

spontaneous reaction via a thiol (Cys) or an N-terminal primary amine with AuNP surface. 

Thiols are the most important type of stabilizing molecules for AuNPs of any size, leading to 

the formation of strong Au–S bonds [Kogan et al., 2007]. 

Lévy et al. [2004] reported a rational design of peptide-capping ligands for AuNPs: 

pentapeptide CALNN (cysteine-alanine-leucine-aspargine-aspargine). They discussed peptide 

length and the sequence as: anchor residue in position 1, core residue of hydrophobic and 
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hydrophilic in position 2 and 3, and terminal residue in position 4 and 5. Increasing the length 

of the peptide (from CA to CAL, CALN, and to CALNN) could increase stability of the 

peptide-capped AuNPs under higher concentrations of NaCl. The thiol group in the side chain 

of the N-terminal cysteine (C) is able to form a covalent bond to the AuNP surface. Even 

using amino group supposed to bind on AuNP as anchor residue like lysine (K) and the 

substitution sequence is KALNN; however, the aggregation is observed. It clearly indicated 

that the thiol group plays a major role in stabilization [Lévy et al., 2004]. Bellino et al. [2004] 

reported that when a positively charged ammonium group presences in the vicinity of the thiol 

will significantly accelerates the adsorption kinetics onto citrate-stabilized AuNPs. Alanine (A) 

and leucine (L) in positions 2 and 3 possess hydrophobic side chains and were chosen to 

promote peptide self-assembly. The leucine side chain is larger than that of alanine taking into 

account nanoparticle curvature. Asparagine (N) in positions 4 and 5 is an uncharged, but 

hydrophilic amino acid due to the amide group on the side chain, and the C-terminal 

asparagine in position 5 can bear a negative charge due to the terminal carboxylic group 

[Lévy et al., 2004]. 

The peptide designs conducted by Olmedo et al. [2008] that they verified the position of 

Asp (D) in CLPFFD-NH2 conjugate. Olmedo et al. [2008] demonstrated that the peptide 

sequence, steric effect, and charge and disposition of hydrophilic and hydrophobic residues 

are crucial parameters when considering the design of AuNP peptide conjugates for 

biomedical applications. They conclude that the presence of a carboxylate group belonging to 

the D residue situated near the surface seems to induce the exclusion of D residues accounted 

to citrate carboxylates repulsive force. But the exposition of D residues could increase 

repulsion between the AuNPs and ensure colloidal stability [Olmedo et al., 2008]. 

Yang et al. [2011] modified AuNP with hexapeptide consisting of a cysteine (C) residue 

as anchor residue and has four alanine residues (AAAA) as the core region which promotes 
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peptide assembly into a densely packed monolayer on the gold surface. The functional end 

group is a single amino acid, which can be positively charged arginine (R) or lysine (K), 

negatively charged glutamic acid (E), neutral hydrophilic serine (S), or hydrophobic 

tryptophan (W). Only the peptide with negatively charged end residue, which is CAAAAE, 

does not aggregate at the physiological ionic condition (150 mM NaCl).  

Above all researches emphasize on the residue selection and the position of 

amine/carboxylate group to comprise a good stabilizer peptide for AuNPs. But Willett et al. 

[2005] suggested that the electrostatic charge of the peptides may play a role in the binding 

affinity between various inorganic surface and the peptides selected. Tullman et al. [2007] 

proposed that aggregation can be controlled by the electrostatic charge of peptide-modified 

AuNPs. They investigate four peptides (Biotin-KHKHFHF, Biotin-KHKHWHW, 

Biotin-AHAHAHA, and Biotin-FHFHFHF) under a variety of peptide concentrations, 

modification and re-suspension buffer pH. Finally, they excluded the possibility of over 

loaded peptides make bridging flocculation but concluded that the electrical double layer 

(EDL) is disrupted when positively charged peptide modified on AuNPs and can lead to 

irreversible particle aggregation. However, at pH above the peptide’s pI, which the peptide is 

negatively charged will make AuNPs remain stable in solution, and peptides remain bound to 

the particles possibly through amine coordination of gold [Tullman et al., 2007]. 
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1-3. Enzymes 

1-3-1. Proteinase K 

Proteinase K (also known as endopeptidase K or Pro-K; EC 3.4.21.64) is an extracellular 

endopoptidase isolated from a culture filtrate of the fungus Tritirachium album limber. This 

fungus is uniquely able to grow on and degrade Keratin as the sole source of carbon and 

nitrogen and therefore given the 'K designation'. Therefore, this enzyme was named 

“proteinase K” with respect to its keratin hydrolyzing activity [Ebeling et al., 1974]. 

Proteinase K is a member of the class of serine proteases (S8). Proteinase K is a subtilisin-like 

serine protease with the classic catalytic triad of serine (224), histidine (69) and aspartic acid 

(39) at its active site. Thus, proteinase K is a member of a new subfamily of the subtilisins 

[Jany et al., 1986]. A specificity of the enzyme for peptide bonds adjacent to the carboxylic 

group of aliphatic and aromatic amino acids was observed. The enzyme is stable over a broad 

range of pH (pH 4 ~ 12.5) and temperature (37 ~ 65°C) . Also, proteinase K is stable under 

wide range of salt concentration and is active in the presence of strong detergents, such 

as SDS. It has a molecular weight of 28.9 kDa [Berman et al., 2000; Betzel et al., 1988; 

Larson et al., 2009]. 

Proteinase K is commonly used in molecular biology to digest protein and remove 

contamination from preparations of nucleic acid. Proteinase K retains active under the 

presence of chemicals that denature proteins such as SDS and urea, chelating agents such as 

EDTA, sulfhydryl reagents, as well as trypsin or chymotrypsin inhibitors; therefore, makes it 

highly-suited to use in nucleic acid preparations. Proteinase K is used for the destruction of 

proteins in cell lysates (tissue and cell cultured) and for the release of nucleic acids, since it 

very effectively inactivates DNases and RNases [Goldenberger et al., 1995]. Proteinase K has 

also been used for selective protein digestion in order to identify prion proteins [Petrotchenko 

et al., 2012]. 

http://www.agscientific.com/proteinase-k.html
http://www.agscientific.com/dust-free-sds-sodium-dodeceyl-sulfate-1.html
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1-3-2. Chymotrypsin 

Chymotrypsin (EC 3.4.21.1) is produced in the acinar cells of the pancreas as the 

inactive precursor, chymotrypsinogen. α-Chymotrypsin is the predominant form of active 

enzyme produced from it's zymogen, Chymotrypsinogen A. Two predominant forms of 

chymotrypsin, A and B, are found in equal amounts in cattle pancreas; although they are about 

80% similar in sequence but have significantly difference in proteolytic characteristics 

[Hartley, 1964; Meloun et al., 1966]. In vivo, the rate of hydrolysis of the zymogen by trypsin 

and by autolysis produces varying amounts of α, π, δ and γ variants. α-Chymotrypsin is a 

serine endopeptidase of the peptidase S1 family consisting of 241 amino acid residues , which 

the molecular weight is 25.6 kDa and has optimal pH about 7 to 9 [Wilcox, 1970]. 

Chymotrypsin is activated through cleavage of the bond between arginine and isoleucine (R15 

and I16) by trypsin, causing structural modifications and formation of the substrate binding 

site. The molecule has three peptide chains: A chain (13 residues), B chain (131 residues), and 

C chain (97 residues) as shown in Fig. 1-7. 

Specificity of chymotrypsin for large hydrophobic residues can be explained by a 

hydrophobic S1 binding pocket formed by residues of amino acid 189 ~ 195, 214 ~ 220, and 

225 ~ 228 [Vajda et al., 1976]. α-Chymotrypsin from bovine pancreas selectively catalyzes 

the hydrolysis of peptide bonds on the C-terminal side of tyrosine, phenylalanine, tryptophan, 

and leucine. A secondary hydrolysis will also occur on the C-terminal side of methionine, 

isoleucine, serine, threonine, valine, histidine, glycine, and alanine [Burrell, 1993]. 

Chymotrypsin is usually used as an indicator for evaluating pancreatic function [Bermudes et 

al., 2011; Kadhim et al., 2010] and related to pancreatic diseases [Goldberg, 2000; Piotrowski 

et al., 2003; Shimada et al., 2000]. 
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1-4. Pancreatitis 

Pancreatitis is a disease that the pancreas is under inflammation. It is occurred when the 

digestive enzymes are activated before they are secreted into the duodenum and begin 

attacking the pancreas to damage. Generally, there are two types of pancreatitis: acute (sudden 

and short-term) and chronic (long-term and ongoing) [Bialek et al., 1991]. Acute pancreatitis 

(AP) is a sudden inflammation that occurs over a short period of time. In the majority of cases, 

AP is caused by gallstones or heavy alcohol use. Chronic pancreatitis occurs most commonly 

after an episode of AP and is the result of ongoing inflammation of the pancreas. Chronic 

pancreatitis is mainly attributed to prolonged alcohol uses [Etemad et al., 2001]. 

1-4-1. Acute pancreatitis 

In western countries, the annual incidence of AP is increasing and varies between 5 and 

80 patients per 100,000 populations. The first-episode AP in Taiwan was investigated, that the 

incidence of AP was 57 per 100,000 populations in 2005. In Taiwan, 20% of patients with AP 

were severe [Shen et al., 2011]. 

Mainly, AP is caused by gallstones or heavy alcohol use and the other causes including: 

medications, infections, trauma, metabolic disorders, and surgery. The severity of an AP may 

range from mild abdominal discomfort to a severe, life-threatening illness. Severe AP, also 

called necrotizing pancreatitis, occurs in about 30% of all patients with AP, and it is 

characterized by a protracted clinical course, a high incidence of local complications, and a 

high mortality rate. In very severe cases, AP can result in bleeding into the gland, serious 

tissue damage, infection, and cyst formation; which also can create conditions to harm other 

vital organs such as the heart, lungs, and kidneys [Balthazar, 2002]. 

The levels of two digestive enzymes in the blood: amylase and lipase are used to confirm 

AP. The diagnosis of AP is supported by evaluating serum amylase and lipase levels in excess 
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of three times the upper limit of normal [Dervenis et al., 1999; Steiner, 2003]. In more 

advanced stages of the disease, when malabsorption or diabetes is present, blood, urine, and 

stool tests will confirm the progression. Diagnostic tests for pancreatitis including: pancreatic 

function test-to determine if the pancreas is producing the appropriate levels of digestive 

enzymes; glucose tolerance test-to measure damage to the cells in the pancreas that make 

insulin; ultrasound which can produce images of the pancreas so that abnormalities may be 

detected; CT scan (computed tomography scan), which can produce images of the pancreas so 

that abnormalities may be detected; ERCP (endoscopic retrograde cholangiopancreatography) 

-to look at the pancreatic and bile ducts using contrast and X-rays. Endoscopic ultrasound 

(EUS) and biopsy is an examination in which a fine needle is inserted into a localized 

abnormality of the pancreas to remove a small tissue sample for pathological examination 

[Banks et al., 2006; McKay et al., 1999; Ranson et al., 1997; Tandon et al., 2001]. 

1-4-2. Animal model of cerulein-induced acute pancreatitis 

Cholecystokinin (CCK, or pancreozymin and CCK-PZ) is a peptide hormone in the 

small intestine that constitutes the classical gut hormone triad together with gastrin and 

secretin. CCK induces the gall bladder to contract and eject bile into the intestine. It 

stimulates the acinar cells of the pancreas to release water and ions and stimulates the 

secretion of a juice rich in pancreatic digestive enzymes. It is known to induce growth of the 

exocrine pancreas and to stimulate insulin secretion. [Dockray, 2012; Fink et al., 1998] 

Cerulein is a CCK analogue which that has been used to successfully cause AP in many 

animal models such as : rats [Lampel and Kern, 1977; Watanabe et al., 1984], mice [Niederau 

et al., 1985; Tsai et al., 2011] and dogs [Renner and Wisner, 1986]. Cerulein can be used to 

induce AP in rat model and that it is relatively simple and inexpensive to perform. Structural 

changes of acinar cells are similar to human AP. Besides, this model allows investigating the 

healing and regeneration of damaged tissue after the toxic substance has been discontinued. 
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However, this model only induces mild AP. In addition, the course and severity of this AP 

model are highly variable and thus relatively unsuitable for controlled studies. AP is possible 

to be induced by intravenous, subcutaneous or intraperitoneal injection routes. The 

intravenous route is the preferred method. It allows accurate control of the infusion rate, and 

thus control of the timing and severity of the AP [Su et al., 2006; Tsai et al., 2011].  
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Figure 1-1. Schematic illustration of citrate-capped AuNPs 

The citrate reduction method conducted the AuNPs with citrate layer on surface, which 

confers negative charge and stability. Citrate weakly associates with the AuNPs surface and 

because the weakly bound capping agent provides long term stability and is readily displaced 

by a range of other molecules including thiols, amines, polymers, antibodies, and proteins 

[Daniel and Astruc, 2004]. 
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Figure 1-2. Schematic illustration of the deduced process of AuNPs formation 

Polte et al. [2010] proved experimentally that three phases of AuNPs formation at different 

reaction conditions which can be interpreted as a four steps nucleation and growth process, 

whereas the initial phase can be divided into two steps. A rapid formation of nuclei is the 

initial stage (step a) and followed by coalescence of the nuclei into bigger particles (step b). 

The third step comprises slow diffusion growth of particles sustained by ongoing reduction of 

gold precursor as well as a further coalescence (step c). Subsequently, particles grow rapidly 

to their final size, the final particle size being imposed by complete consumption of the 

precursor species (step d).  
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Figure 1-3. Schematic illustration of two types of surface plasmon resonance 

When metallic materials stimulated by electromagnetic (EM) radiation would form an 

electron gas that moves away from its equilibrium position and displaces by induced surface 

polarization charges that act as a restoring force. This positive imaginary arises from Coulomb 

attraction between electrons and nuclei against the electron gas. The collective oscillation of 

the conducted electrons is called the dipole plasmon resonance [Willets et al., 2007]. (A), 

surface plasmon polaritons (SPPs) are electromagnetic (EM) modes propagating along metal–

dielectric interfaces, in which surface collective excitations of free electrons in the metal are 

coupled to evanescent EM fields in the dielectric [Zhanghua et al., 2013]. (B), localized 

surface plasmon resonance (LSPR) is an optical phenomena generated by light when it 

interacts with conductive nanoparticles (NPs) that are smaller than the incident wavelength 

[Petryayeva et al., 2011].  

 

  

(A) 

(B) 
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Figure 1-4. The LSPR of metal NPs exhibits dependence on their size, shape and 

material 

Silver nanoparticles exhibit a LSPR around 400 nm while spherical AuNPs have their LSPR 

around 520 nm. Branched and nanorods gold exhibit LSPR at longer wavelength [Jans et al, 

2012]. 
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Figure 1-5. Parameters affecting the FRET process 

(A), spectral overlap between the emission and absorption spectra of the donor–acceptor pair. 

(B), effect of distance separating the donor–acceptor pair on the energy transfer efficiency 

[Freeman et al., 2012]. 

 

  

(A) 

(B) 
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Figure 1-6. Illustration of classical DLVO theory 

The total potential energy (VT) of particle–particle interaction is a sum of repulsion potential 

(VR) generated from EDL and attraction potential (VA) from the VDW forces. The EDL consist 

of stern layer and Gouy layer: (i) stern layer composed of counter ions attracted toward the 

particle surface to maintain electrical neutrality of the system and; (ii) Gouy layer is 

essentially a diffusion layer of ions. ZP is electric potential at the shear plane which is the 

boundary of the surrounding liquid layer attached to the moving particles in the medium. 

Attractive forces are dominant at very small and large distances, leading to primary and 

secondary minimum, while repulsive forces are prevailing at intermediate distances and create 

net repulsion between the dispersed particles, thus preventing particle agglomeration [Wu et 

al., 2011]. 
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Figure 1-7. Proteolytic activation from chymotrypsinogen to α-chymotripsin 

Chymotrypsinogen is the inactive form of α-chymotrypsin and consists of the 245 amino 

acids. The bond in between the 15
th

 amino acid (Arg) and 16
th

 amino acid (Ile) has to be 

cleaved by trypsin and the resulting active enzyme, called π-chymotrypsin. Subsequently, it 

acts on other π-chymotrypsin molecules. The two dipeptides can be removed to produce 

α-chymotrypsin. The molecule has three peptide chains: A chain (13 residues), B chain (131 

residues), and C chain (97 residues). Three chains in α-chymotrypsin are bonded by disulfide 

bonds. The striking feature is that cleavage of a single specific peptide bond transforms the 

protein from a catalytically inactive form into one that is fully active [Garrett et al., 2005]. 
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II. Research Strategy 

Proteinase activity is considered an important biological marker in various pathologies 

[Thobhani et al., 2010]. Sensitive and convenient proteinase assay is explored in this study. 

AuNPs have unique size- and distance-dependent optical properties and superior 

performances of being energy acceptors and quenchers [Guarise et al., 2006]. For the purpose 

of high sensitivity sensing/detecting, fluorophore conjugated AuNPs protease activatable 

probes are popular nowadays. Spherical AuNPs below 40 nm in diameter have the lowest 

scattering constant and therefore have the highest potential to quench fluorescence 

[Swierczewska et al., 2011]. Besides, the 15 nm AuNPs shows nontoxic by the works of Pan 

et al. [2007]. Therefore, 15 nm AuNPs are used and fluorophores like FITC conjugated at the 

terminal of peptide substrates, which is conjugated with Cys residue in the other end as 

anchor to form S–Au bond. Protease hydrolysis the substrate peptide conjugated to AuNPs, 

and the fluorophore will be activated. The protease activity could be evaluated by 

fluorescence spectrophotometry (Fig. 2-1).  

Size of 15 nm AuNPs are synthesized by citrate reduction method that excess citrate and 

non-AuNP components (e.g. chloride ions) are expected to remain in the product solution but 

should be removed before use [Balasubramanian et al., 2010]. The excess peptide substrates 

conjugated with fluorophore will lead to mistake fluorescence signal which isn’t activated by 

protease cleavage. Therefore, the centrifugation method should be applied and this method 

also offers more flexibility to vary final volume of the treated AuNPs suspension. It is crucial 

to keep NPs separated in aqueous medium and the generation of electrostatic repulsion 

between charged conjugates is the most common strategy [Bastús et al., 2008]. Although 

bio-conjugated colloid solution is more stable than unbounded counterparts, the stability of 

AuNPs probe under physiological ion concentration and incubation condition still is 

concerned. 
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In order to prepare good quality and stable FITC-peptide-AuNPs probe, several 

parameters should be concerned. These include: the isoelectric point (pI) of the peptide, the 

pH of the modification and the stability of the colloids in physiological condition. Conjugated 

AuNPs could be stabilized with an inert macromolecule such as PEG, BSA, or gelatin, etc. 

The stability of AuNPs probe could be examined by UV-visible absorption, which the 

aggregation indication is the characteristic of deceasing absorption at 525 nm and increasing 

absorption at 625 nm [Chuang et al., 2010]. Comparing different designed peptide substrates 

also is the issue in this study. The synthesized AuNPs would be conducted with series optimal 

experiments to establish efficient proteases activity detecting platform. The properties of 

AuNPs also confirm by multiple technique, such as: UV-vis spectrum, gel electrophoresis, 

dynamic light scattering and zeta potential. Proteinase K is used as an efficient enzyme to 

build this detecting platform. 

The physiological function of the exocrine pancreas consists in the synthesis and 

secretion of digestive enzymes into the small intestine to catalyze the hydrolysis of food 

constituents. Therefore, digestive enzymes could be an index for evaluating pancreatic 

function. AP is a disease of varying severity, including pathological events in the pancreas and 

in other secondarily affected organs. Although the pathogenesis of AP is not fully understood, 

most hypotheses are based on the concept of a premature activation of digestive zymogens in 

the pancreas, leading to tissue necrosis by autodigestion [Halangk et al., 2005]. In this study, 

the goal is to apply established AuNPs probes in detecting chymotrypsin activity. Establish 

the cerulein-induced AP mice model to investigate the possibility of chymotrypsin as an 

indicator of AP. Fig. 2-2 illustrates the experimental flowchart of these researches. 
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Figure 2-1. A schematic illustration of a protease activated fluorescent self-assembled 

AuNPs biosensing platform 

The peptides labeled with FITC are self-assembly conjugated onto AuNPs due to Au-S bond 

formed by cysteine as anchor. The FITC fluorescence is quenched by AuNPs, only when 

activating by protease which hydrolyses the peptide substrates and FITC could diffuse beyond 

efficient quenching distance. Therefore, the emitting fluorescent wavelength could be detected 

at 515 nm. 
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Figure 2-2. The experimental flowchart of research strategy 

The strategy could divide into two parts. First part is to establish the AuNPs probes with 

various designed peptide substrates and to optimize the detection condition of proteinase K 

and chymotrypsin assays. The second part is the establishment of cerulein-induced AP mice 

model and the application of AuNPs probes in biological samples. 



 

39 

 

III. Materials and Methods 

3-1. Instruments 

Absorption spectra of AuNPs and AuNPs-conjugates were analyzed by UV-Vis 

spectrophotometer (SpectraMax 190; Molecular Devices Corporation, Sunnydale, CA, USA). 

Absorbance values of protein assay were recorded at 595 nm using a UV-Vis 

spectrophotometer (Molecular Devices Corporation). The sizes of AuNPs-conjugates were 

measured by dynamic light scattering, DLS (Brookhaven Instruments Corporation, Holtsville, 

NY, USA). The fluorescence signals of AuNPs/peptide-FITC were analyzed by fluorescence 

spectrophotometer (F-2700; Hitachi, Tokyo, Japan). Enzyme activities in plasma/serum were 

analyzed by Fujifilm clinical chemistry analyzer (FUJI DRI-CHEM 3500; Fujifilm 

Corporation; Tokyo, Japan). The gel electrophoresis analyses were performed with horizontal 

electrophoresis system (Mini-Sub Cell GT; Biorad, Corston, UK). The Pocket-sized pH meter 

used for AuNPs pH detection was purchased from ISFETCOM (S2K299; Saitama, Japan). 

Microscope equipped with a high-resolution video camera (BX51; Olympus, Tokyo, Japan). 

GeneQuant 1300 Spectrophotometer for enzyme activity assays (GE Healthcare Bio-Science, 

UK). 

 

3-2. Chemicals 

All chemicals were of analytical grade and were used without further purification. 

Sodium citrate (C6H5Na3O7 • 2H2O), calcium chloride (CaCl2), Triton X-100, hydrogen 

tetrachloroaurate (III) (HAuCl4 • 3H2O), Brij™ 35 solution 30% (w/v), Proteinase K (#2308), 

Chymotrypsin (#C4129), bovine serum albumin (#A2153), polyethylene glycol (#P2139, Mw 

8000), DL-dithiothreitol (#D5545), dithizone (#D5130), collagenase type I (#C9891) were 
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obtained from Sigma-Aldrich (St. Louis, MO, USA). HPLC-grade acetonitrile (ACN), were 

obtained from Merck (Darmstadt, Germany). Tris-HCl, dulbecco’s phosphate buffer saline 

(DPBS), were purchased from Invitrogen (San Diego, LA, USA).Sodium chloride was 

purchased from USB (Cleveland, OH, USA). Nanopure water was obtained by passing 

twice-distilled water through a Milli-Q system (18 MΩ• cm; Millipore, Bedford, MA, USA).  

 

3-3. Peptide substrates 

The peptide substrates used in the protease activated fluorescence self- assembly AuNPs 

platform have the following sequence: FITC-Acp-GPLGLAG(Hyp)C. The peptide substrate 

was conjugated with Acp as spacer and fluorescein isothiocyanate (FITC) as fluorophore at 

N-terminal end. The peptide-FITC was synthesized commercially by Genesis Biotech (Taipei, 

Taiwan). The peptide-FITC could be highly recognized and digested by proteinase K but 

lower specificity to chymotrypsin. Proteinase K would cleave at the carboxyl side of aliphatic, 

aromatic or hydrophobic residues [Ebeling et al., 1974]. The peptide substrates were 

dissolved in ACN solvent (sterilized water: methanol: ACN = 1:2:4) and were preserved in 

-20 ºC. There are three peptide substrates were designed and conducted in this study as shown 

in Table 3-1. 

 

3-4. Preparation of the self-assembly AuNPs fluorescence probe 

3-4-1. Synthesis of 15 nm AuNPs 

AuNPs were prepared by citrate reduction method according to the reported 

procedure [Wang et al., 2010; Wright et al., 2005]. Colloidal AuNPs of size 15 nm was 

prepared as follows: 50 mL of 1mM chloroauric acid solution was heated with oil bath 
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till boiling followed by the addition of 5 mL of 38.8 mM sodium citrate solution. The color of 

the solution would turn from yellow to color less to black. When the color changed to wine 

red, the heating was stopped, while the stirring was continued till the solution was cooled to 

room temperature. The product of 15 nm AuNPs solution was preserved at 4°C. The size and 

concentration of AuNPs are confirmed by absorption spectra by UV-spectrophotometer; 

besides, the sizes of AuNPs are further conformed by DLS.  

3-4-2. AuNPs salt stress assays 

Citrate-capped AuNPs or AuNPs conjugates (90 μL) and further diluted with 100μL 

sterilized water was prepared. In the stabilizers increase stability experiment, the sterilized 

water would be replaced by stabilizer solution. The salt stress assays were performed as 

mixing diluted AuNP or AuNPs conjugates with 10 μL of different concentration of NaCl 

(100 to 3,000 mM). The mixture was incubated for 30 min at room temperature. Then the 

total volume of 200 μL mixture was loaded in micro plate for UV-Vis absorption 

measurement from 400 to 700 nm wavelengths within 1nm interval. 

3-4-3. AuNPs pH stress assays 

Citrate-capped AuNPs were adjusted to different pH with 1 M HCl or 1 M NaOH. Then 

the 100 μL of pH adjusted AuNPs were diluted with 100 μL sterilized water and the pH were 

confirmed as pH 4 to 11 . The mixture was incubated for 30 min at room temperature. Then 

the total volume of 200 μL mixture was loaded in micro plate for UV-Vis absorption 

measurement from 400 to 700 nm wavelengths within 1nm interval. 

3-4-4. Modification of AuNPs probes 

The peptide substrate was modified with fluorophore, FITC. The peptide includes 

cysteine (Cys) in the C-terminal containing contains a thiol group (-SH) which could 

conjugate on to AuNP by Au-S bond. The pH of AuNPs was needed to be adjusted, according 
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to the pI of the peptide, and we used 1M HCl or 1M NaOH to adjust AuNPs to desired pH. 

The probes were synthesized as following: the prepared AuNPs was adjusted with sterilized 

water to OD=1, which is 980 μL of 2.5 nM AuNPs (15 nm). AuNPs were mixed with 10 μL of 

1 mg/mL peptide-FITC and 10 μL of 0.01 M phosphate buffer containing 0.1% SDS and 0.3 

M NaCl, and then the mixture were shaken for 12 hr, 40 rpm at room temperature. The probes 

(AuNPs/peptide-FITC) were purified by two rounds of centrifugation. After first 

centrifugation (10,000 rpm, for 20 min), the supernatant was carefully removed and added 

500 μL 2% (wt/wt) PEG in sterilized water. After second centrifugation (11,000 rpm, for 20 

min), the supernatant was removed and added 1000 μL 1% (wt/wt) BSA in sterilized water or 

only sterilized water upon to different probes. 

3-4-5. Effect of peptide substrate charges on AuNPs probes 

The effect of peptide substrates charges on AuNPs stability was investigated. The pI of 

peptide substrate is predicted by online tools — Peptide Property Calculator, Genscript. 

Under different pH of solutions, the peptide substrates own maybe positive, neutral or 

negative charge as shown in Table 3-1. Therefore, adjusting AuNPs solution to different pH 

(pH 4 to 11) would make peptide substrates own different charges during modification. 

Moreover, after the purification, the change of environment was also considered. The 

sediment of different modification AuNPs probe was suspended with various pH of TTC 

buffer (pH 4 to 11). The spectra change of AuNPs probes under different peptide charges 

were analyzed with UV-Vis absorption spectra. The aggregation level (A625/A525) is used to 

evaluate the effect of peptide charges. 
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3-5. Evaluation of size and morphology change in AuNPs probe 

3-5-1. UV-Vis spectra determination 

UV-Vis spectra of AuNPs were recorded by a spectrophotometer (Molecular Devices 

Corporation, Sunnydale, CA, USA). A total of 200 μL of AuNPs or AuNPs conjugates was 

used in this analysis and the absorption wavelength was set from 400 to 700 nm within 1 nm 

interval. 

3-5-2. Dynamic light scattering determination 

Dynamic light scattering (DLS), sometimes referred to as Quasi-Elastic Light Scattering 

(QELS). It is a non-invasive, well-established technique for measuring the size and size 

distribution of molecules and particles typically in the submicron region, and with the latest 

technology lower than 1 nm. Usually, samples as particles, emulsions or molecules, which 

have been dispersed or dissolved in a liquid could apply in DLS. The Brownian motion of 

particles or molecules in suspension causes laser light to be scattered at different intensities. 

Analysis of these intensity fluctuations yields the velocity of the Brownian motion and hence 

the particle size could be determined using the Stokes-Einstein relationship [Pylaev et al., 

2011]. 

 The AuNPs samples were treated with four-fold dilution using sterilized water and then 

filled into the light scattering cuvette. Light scattering experiments were performed using the 

BI-200SM Goniometer (Brookhaven Instruments Corporation, Holtsville, NY, USA) at a 

temperature of 20°C. The laser wavelength was 532 nm, and measurements were conducted at 

an angle of 90°C. The DLS data were analyzed by Brookhaven Instruments-Dynamic Light 

Scattering software. 
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3-5-3. Transmission electron microscopy analysis 

AuNPs are examined by TEM (JEM-1230; JEOL Co. Ltd, Tokyo, Japan) operated at 

100kV and equipped with CCD camera. Samples were prepared by 1 mL AuNPs (Absorbance 

peak at 519 nm, ~1.   10
11
 NPs/mL) in distilled water. To prepare TEM samples, drops of 

the resulting solutions put on hydrophobic surface and floated the carbon coated copper TEM 

grids (200-mesh) on it. The grids were allowed to absorb AuNPs for 1 min, and then damp 

with distilled water, finally blotted off to remove excess solution. TEM images of AuNPs 

analyzed by software Image J and over 120 particles were involved. 

3-5-4. Zeta-potential analysis 

The samples were 5 fold diluted in deionized water and subjected to size analysis by 

Zetasizer Nano (Malvern Instruments, Worchestershire, UK) using disposable solvent 

resistant micro cuvette (ZEN0040) at room temperature. 

3-5-5. Gel electrophoresis of AuNPs 

Gel electrophoresis analysis modified from Hanauer’ protocol was used to confirm the 

change of AuNPs after modification and proteinase digestion [Hanauer et al., 2007]. The 

morphology change could be observed from visible red band change by AuNPs’ color and the 

change of UV-light excited fluorescence band. Agarose gels (1.5%) were used and prepared 

with 0.5X TBE buffer. All sample loading with 35% glycerol for increasing density as the 

ratio of 7:1. The citrate-capped AuNPs should mix with very small amount of 10% SDS by 1 

μL; otherwise, citrate-capped AuNPs can’t move toward positive electrode. The gels were run 

in a horizontal electrophoresis system for 30 min at 110 V in 0.5X TBE buffer. Gel images 

were taken by a digital camera under white light and UV-light; besides, the images might 

were processed with small linear contrast adjustments in order to obtain a true representation 

of the visual gel appearance. 
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3-6. Fluorescence assays of proteases activated AuNPs probe  

3-6-1. Conjugation of peptide substrates to AuNPs 

The conjugations of peptide substrate to AuNPs were discussed. During the modification, 

the peptide substrates were existed either on the AuNPs or in the discarded supernatant. 

Dithiothreitol (DTT)-based displacement is widely utilized for separating ligands from their 

AuNP conjugates. DTT will reactively displace the ligands from surface sites thereby 

enabling quantification because it is much more reactive toward AuNP compared with most 

ligands of interest [Tsai et al., 2012]. In this study, the conjugation of peptide substrate with 

the designed fluorophore could be quantified by fluorescence intensity in every part of 

possible existences of peptide substrates. DDT displacement experiment was conducted as 

following: prepared 50 mg/mL DTT (dissolved in pH 6.5 PB buffer, 0.1 M) and then add 500 

μL DTT to suspend AuNP probe sediment (0.625 nM) for 12 hr incubation at room 

temperature. The total loading peptide substrates fluorescence was defined after proper 

dilution and acquired a linear correlation between peptide-FITC concentration and 

fluorescence intensity. The first discarded supernatant during purification steps and the 

supernatant of DTT displacement also processed same procedure to acquire the linear 

correlations. All dilution buffers were used in this part of experiments was TTC buffer (50 

mM Tris, 10 mM CaCl2, 150 mM NaCl and 0.05% Brij 35, pH 8). The florescence intensity at 

515 nm was recorded with an excitation wavelength of 495 nm. 

3-6-2. Proteinase activity assay by AuNPs probes 

For the proteinase activity assay, protease was diluted with TTC buffer and added into 

AuNPs probe (125 μL) to comprise 250 μL of mixture, and incubated at 37°C. The 

concentrations of protease and incubation time depended on the need of experiment design. 

All of the solutions were analyzed with fluorescence spectrophotometer (Hitachi F-2700), 
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which recorded the fluorescence intensity at 515 nm was also recorded with an excitation 

wavelength of 495 nm. Delta fluorescence intensity is the difference in released FITC 

fluorescence between proteases activated AuNPs/peptide-FITC probe and non-activated 

control group. 

3-6-3. Effect of stabilizers to proteinase sensitivity to AuNPs probes  

For the purpose of improving stability of the AuNPs probe, the stabilizers such as PEG 

and BSA were used. The question is that do these stabilizers affect the proteinase work? The 

first experiment is to confirm the shorty immersed in PEG solution affection. AuNPs probe 

washed with different concentration of PEG (0.5 ~ 5% (w/w)) and suspended with 0.1% BSA 

(w/w) were prepared. The second experiment is to confirm the BSA as stabilizer affection. 

AuNPs probe washed with 2% PEG (w/w) and suspended with different concentration of 

BSA (0.1 ~ 7% (w/w)). After discarding the supernatants, AuNPs probe was suspend by 

adding 1 mL different concentration of BSA. Then the processed AuNPs probes were 

conducted to protease activity assay. 

 

3-7. Effect of peptide design to proteinase sensitivity to AuNPs 

probes 

Table 3-1 records the sequences of each peptide substrate and notified it’s pI value, 

which is predicted by online tools- Peptide Property Calculator, Genscript. The cleavage 

positions for each protease also record with the counting from N-terminal and cleavage occurs 

at the right side of the marked amino acid. The cleavage sites are predicted by PeptideCutter 

tool, ExPASy. 

In this study, there are three peptide substrates conducted for activating AuNP probe 

fluorescence. The activating process is same as protease assay mentioned above. It is clear 

that, these three peptide substrates have the same cleavage sites for both proteinase K and 
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chymotrypsin digestion. According to different sequences of peptide substrates, the needs of 

modification conditions are different because of their charges. Different peptide substrates 

modified AuNP probes would be named as the rule of “ pH of modification A/ no. of 

sequences peptide-FITC”. For example:  .4A/1466p-FITC, which is modifying AuNPs with 

sequence “GPLGLAG(Hyp)C” at pH 7.4. 
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Table 3-1. Peptide sequences and their cleavage sites respective to proteases and charges 

at function of pH 

No. FITC-Acp-peptide Proteinase K Chymotrypsin pI 

peptide charge at pH 

4.0 5.6 7.4 10.0 11.0 

1466 GPLGLAG(Hyp)C 3,5,6 3,5 5.3 +0.4 0 -1 -2 -2 

1477 GPLGLARGGGGGC 3,5,6 3,5 7.8 +1.3 +1 +0.2 -1 -1.2 

1482 GPLGLARDDDDDC 3,5,6 3,5 3.6 -2 -4 -5 -6 -6 

 

 

  



 

49 

 

3-8. Animal experiments 

3-8-1. Animals 

Female C57BL/6 mice, purchased from the National Laboratory Animal Center (NLAC, 

Taipei, Taiwan), were housed at the Laboratory Animal Center, National Chiao Tung 

University, under standard conditions. Female mice of 6 to 8 weeks old were used in this 

study. All experimental procedures were carried out in accordance with the guidelines of the 

Institutional Animal Care and Use Committee of National Chiao Tung University. Every 

effort was made to minimize the suffering of the animals and the number of animals used. 

3-8-2. Sample collection 

Body weights of each mouse were recorded. Mice were sacrificed with CO2 inhalation. 

Blood was collected by direct cardiac puncture and mixed with heparin to acquire plasma 

after centrifugation (13,000 rpm, 10 min at 4°C). The small intestine was divided into 

duodenum, jejunum (equally divided into two parts) and ileum (equally divided into two 

parts), following the demarcation set by Shang [Shang et al., 2009]. The intestinal contents of 

each segment were washed with 0.5 mL DPBS except 1 mL for duodenum and collected the 

washed fluid. The intestinal washed fluid was treated with centrifugation (13,000 rpm, 10 min 

at 4°C) and collected supernatants. Pancreas tissue was homogenized with 1 mL PRO-PREP 

protein extraction solution (iNtRON Biotechnology, Seongnam, South Korea). Homogenates 

were centrifuged at 13,000 rpm for 10 min at 4°C.  

All the supernatants were collected and stored at -80°C until further assay. The protein 

concentration of the supernatant was measured with a Bio-Rad protein assay (Bio-Rad 

Laboratories, Hercules, CA, USA).  
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3-8-3. Fasting/Feeding experiment 

For intestinal chymotrypsin distribution experiments, there are six mice were used and 

random divided into two group. All mice were fast for 12 hr, and the feeding group was 

further feeding for 1 hr after fasting. Then these mice were scarified and collected plasma, 

intestinal fluid and pancreas. 

For fecal chymotrypsin time courses experiments, there are four mice were used. All 

mice were treated with 3 hr fasting and 5 hr feeding, and during this process the feces were 

collected. All feces were recorded the weight and were preserved in -20°C before analysis, 

after then the feces were conducted into protein extraction process. The extraction process 

was dissolved one feces (10 ~ 25 mg/per feces) into 0.5 mL fecal protein extraction buffer for 

5 min with vortex followed by certification (10,000 rpm, 1 min) and the supernatant was 

collected. 

3-8-4. Cerulein-induced acute pancreatitis mouse model 

AP was induced by 4 doses (first dose at the zero hour and the following administrations 

with interval of 2 hr for 3 times) of intraperitoneal injection of cerulein (200 μg/kg, dissolved 

in 0.9% saline solution). All mice were randomly divided into the following three groups (n = 

4 for each group). The control subjects were equally treated with 0.9% NaCl (10 μL/mg/2hr 

for 4 injections). The mice were sacrificed at 8, 10 or 24 hr after the first administration of 

saline or cerulein. Mice were fasted for 6 hr before sacrifice. Then the plasma, duodenal fluid, 

and pancreas were collected. 

For fecal chymotrypsin time courses of AP model experiments, the mice were divided 

into two groups. All mice were treated with 12 hr fasting before injections started. AP (n = 4) 

was induced by 4 doses cerulein (200 μg/kg/2hr), and the control subjects (n = 3) were 

equally treated with 0.9% NaCl (10 μL/mg/2hr). All feces were treated with the lysis process 
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as mentioned above. 

3-8-5. Amylase and lipase assays 

Plasma levels of amylase and lipase have been routinely used to estimate the severity of 

pancreatitis. These levels were measured at 8, 10, or 24 hr after the first dose of cerulein 

administration by using Fujifilm clinical chemistry analyzer. The sample of plasma should be 

proper diluted 50 folds for amylase assays and for 10 folds in lipase assays. The dilution 

buffer is PB (0.1M, pH 7.4). 

3-8-6. Islet isolation from mouse pancreas 

In this study, the islet isolation from mouse pancreas and staining procedure were 

modified from Li’s protocol [Li et al., 2009]. Dithizone (DTZ) was used to staining isolated 

pancreas. Stock DTZ solution was prepared as following procedure: 25 mg DTZ was added in 

0.6 mL 95% ethanol and few drops of ammonium hydroxide were added for completely 

dissolving. After then the solution would turn bright orange solution. DTZ solution was 

prepared as following: adding 0.6 mL stock DTZ solution to volumetric flask and adding 

DPBS to final 50 mL. Adjust DTZ solution to pH 7.4 with 1M HCl. 

The isolated pancreas was digested with 1mL collagenase type I (0.5 mg/mL in DPBS) 

for 2 hr at 37°C. The solution would be exchanged one time during digestion and poured with 

1 mL collagenase type I again for 2 hr incubation. Finally, the mixture processed with 

centrifugation (1,500 rpm, 5 min). Then poured the tissue to petri-dishes and stained with 

prepared DTZ solution. After 2 min staining, hand-pick the isolated islets to microscope slide 

and observed under microscope (BX 51; Olympus, Tokyo, Japan) and digitized using an 

attached MagnaFireTM imaging system (Olypus, Tokyo, Japan). 
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3-9. BTEE assay 

The chymotrypsin activity is determined by measuring an increase in absorbance at 256 

nm resulting from the hydrolysis of benzoyl-L-tyrosine ethyl ester (BTEE). Prepare buffer TC: 

0.08 M Tris⋅HCl buffer, pH 7.8 containing 0.1 M CaCl2; and 0.00107 M BTEE in 50% w/w 

methanol. Alpha-chymotrypsin was dissolved in 1 mg/mL in 0.001 N HCl for stock and was 

diluted in 1 mM HCl with 2 mM CaCl2 to 10 ~ 30 μg/ml for assay. Reaction mixture contains 

450 μL TC buffer and 420 μL BTEE solution, and then add 30 μL α-chymotrypsin with 

different concentrations. Incubate in spectrophotometer (GeneQuant 1300) at 25°C for 4 ~ 5 

min to achieve temperature equilibrium. Calculate ΔA256/min from the initial linear portion of 

the curve.  
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IV. Results 

4-1. Preparation of the self-assembly AuNPs fluorescence probes 

4-1-1. Characteristic of 15 nm AuNPs 

In this study, AuNPs around 15 nm in diameter were synthesized by citrate reduction 

method. The quench ability was explained by the Fig. 4-1, which shows that the emission 

wavelength of FITC (515 nm) was overlapped by AuNPs absorption wavelength (500 ~ 550 

nm). The size and concentration of AuNPs were confirmed by absorption spectra by 

UV-spectrophotometer as shown in Fig. 4-2A. The spectra of 15 nm AuNPs was reported that 

has the SPR peak around 518 ~ 520 nm. Besides, the sizes of AuNPs were further conformed 

by DLS. The synthesized citrate-capped AuNPs as given in Fig. 4-2B was about 21.9 nm in 

diameter. The size of AuNPs also confirmed by TEM and the size is about 14.6 nm (Fig. 

4-3A). The size distribution of AuNPs was given in Fig. 4-3B. 

4-1-2. AuNPs salt stress assays 

The stability of citrate-capped AuNPs was concerned; therefore, the synthesized 15 nm 

AuNPs were conducted in salt stress assays. The salt stress assays were performed with 

sodium chloride as source of salt. The salt would provide ionic strength which would cause 

effect on the double electric layer of AuNPs. The citrate-capped AuNPs were incubated with 

various concentrations of NaCl, and the final concentrations of NaCl were to be (0, 5, 10, 15, 

20, 25, 50 and 150 mM NaCl). As shown in Fig. 4-4A, the adsorption spectra of 

citrate-capped AuNPs changed due to the addition of salt. The aggregation phenomenon was 

observed with the decrease of 525 nm and the increase of 625 nm. Hence, the aggregation 

parameter used in this study is the ratio of A625 to A525, which the larger value of A625 /A525 

represents the more serious aggregation. As shown in Fig. 4-4B, the higher NaCl 

concentration resulted in higher A625 /A525 value. The salt concentration above 10 mM NaCl 
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caused AuNPs aggregation, and the A625 /A525 value above 0.3 is considered unacceptable 

colloid suspension. 

4-1-3. AuNPs with stabilizers salt stress assays  

There were two stabilizers used to increase stability of AuNPs which were investigated 

in this study, polyethylene glycol (PEG) and bovine serum albumin (BSA). The citrate-capped 

AuNPs were mixed with various concentrations of stabilizer and further conducted in salt 

stress assays. The first candidate is polyethylene glycol (PEG), and the final concentrations of 

PEG used in salt stress assays were (0, 0.05, 0.1, 0.25, 0.5, 1, 2 and 5% (w/w)). The Fig. 4-5A 

shows that it is needed above 2% PEG to stabilize AuNPs under 25 mM NaCl stress and 5% 

PEG could further tolerate 50 mM NaCl without serious aggregation. The second candidate is 

BSA, and the final concentrations of BSA used in salt stress assays were detected by (0, 0.1, 

0.5, 1 and 7% (w/w)). The results shown in Fig. 4-5B indicate that as low as 0.1% BSA could 

stabilize AuNPs under physical condition (150 mM NaCl) without aggregation phenomenon. 

4-1-4. AuNPs pH stress assays 

 The pH of synthesized citrate-capped AuNPs is 5.6 and the pH is adjusted to different pH 

by HCl or NaOH properly. The pH values of AuNPs were 4.0, 5.6, 6.0, 7.0, 7.4, 8.0, 9.0, 10.0, 

and 11.0. The adsorption spectra of AuNPs with different pH showed no red shift (Fig. 4-6A) 

and the aggregation parameter (A625 /A525) also proved no significant difference (Fig. 4-6B). 

Therefore, it is known that with proper adjustment the pH of AuNPs could alter without 

inducing aggregation. 

4-1-5. UV-Vis spectra study on AuNPs probe of various charges peptide 

substrate 

 The peptide substrates (1466p-FITC) were modified on 15 nm AuNPs under different pH 

conditions (pH 4.0, 5.6, 7.4 and 11.0). The pH of AuNPs effect on charges of peptide 
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substrates as shown in Table 3-1. After modification, the excess peptides substrates were 

removed and suspend in diffent pH of buffer (pH 4.0, 5.6, 7.4 and 11.0). Fig. 4-7A represents 

the spectra of positively charged modification process of 4.0A/1466p-FITC probe and showed 

serious aggregation but tunable upon buffer of pH 11.0. Fig. 4-7B represents the spectra of 

neutral charged modification process of 5.6A/1466p-FITC probe and only the buffer of pH 

4.0 caused red shift obviously. Fig. 4-7C represents the spectra of negatively charged 

modification process of 7.4A/1466p-FITC probe. The UV-vis spectra showed that the AuNPs 

probe is stable in buffer of pH 5.6, 10.0 and 11.0. Besides, the spectra also show little red shift 

in buffer of pH 4.0. Fig. 4-7D also indicates the spectra of negatively charged modification 

process of 11.0A/1466p-FITC probe; however, the spectra of pH 11.0 modification before 

removal process gained no smooth curve. The 11.0A/1466p-FITC probe seems stable in all 

pH of buffer but in pH 4.0. 

4-1-6. Effect of peptide substrate charges on AuNPs probes 

 The effect of 1466p-FITC charges at function of pH (pH 4.0, 5.6, 7.4, 10.0 and 11.0) was 

shown in Fig. 4-8A. Except pH 4.0 of AuNPs modification caused serious aggregation (A625 

/A525  0.8), the others conditions of A625 /A525 were obtained around 0.18 ~ 0.22. After the 

removal excess peptide substrates, the A/1466p-FITC probe was suspended in 0.1 % BSA 

solution. As shown in Fig. 4-8B, the best stable conditions of A/1466p-FITC are pH 7.4 and 

10.0 of AuNPs modification (A625 /A525  0.21). Also, the effect of 1477p-FITC charges at 

function of pH (pH 4.0, 5.6, 7.4, 10.0 and 11.0) was shown in Fig. 4-9A. The positively 

charged of pH 4.0 and 5.6 showed serious aggregation, but the pH 7.4 of AuNPs predicted 

with slightly positive charges still remain stable. After removal- suspension process, the best 

stable conditions of A/1466p-FITC as shown in Fig. 4-9B are pH 10 and 11 of AuNPs 

modification (A625 /A525 around 0.24 ~ 0.26), and the pH 7.4 of AuNPs modification shows 

aggregation (A625 /A525  0.45). 
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4-1-7. Conjugation of peptide substrates to AuNPs 

The peptide substrate conjugations to AuNPs were discussed. During the modification, 

the peptides substrates were existed either on the AuNPs or in the discarded supernatant. In 

this study, dithiothreitol (DTT)-based displacement were used to discard the peptide 

substrates conjugated on AuNPs. Therefore, pure peptide substrates (1466p-FITC, 

1477p-FITC and 1482p-FITC), the first discarded supernatant of each A/p-FITC 

(7.4A/1466p-FITC, 10.0A/1477p-FITC and 5.6A/1482p-FITC) and peptide substrates 

acquired after processed with DTT displacement (1466p-FITC, 1477p-FITC and 1482p-FITC) 

were diluted to proper concentrations. Hence, the linear correlation between emission of FITC 

and peptide substrates in different states were recorded in Table 4-1. The ratios of peptide 

substrates at each part to total loading amount were compared in Table 4-2. The conjugation 

rate (%) was acquired from dividing DTT displacement caused fluorescence intensity by pure 

peptide substrates part of fluorescence intensity. The conjugation rate (%) times the amount of 

loading of pure peptide substrates (10 μg/mL) to gain total peptide substrates on total AuNPs 

used in modification. The number of peptides substrates per AuNPs was obtained by the ratio 

of the number of peptide-FITC molecules to the number of particles molecules of solution 

(Table 4-3). 

4-1-8. Zeta potentials of AuNPs and AuNPs probes 

Zeta potentials of citrate-capped AuNPs and AuNPs probes were measured. AuNPs 

probes were divided into two groups of different process products, modification and 

purification. The modification group represents the peptide substrates conjugated on AuNPs 

without further treatment. The purification group is modified AuNPs undergoing 

centrifugation and suspension treatments. As shown in Table 4-4, that citrate reduction 

methods produced citrate-capped AuNPs with zeta potential value of -34.7 mV. The 

7.4A/1466p-FITC probe has the highest zeta potential (-52.2 mV) but after purification 
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reduces to -17.2 mV. The 10.0A/1477p-FITC probe also shows good stability before 

purification, but also reduced to -15 mV of the purification product. The 5.6A/1482p-FITC 

probe shows a mild improvement (-39.2 mV) compared with AuNPs, and remain the zeta 

potential (-34.3 mV) after conducted with purification process. 

 

4-2. Optimize the fluorescence assays by AuNPs probes 

4-2-1. Effect of stabilizers to proteinase K sensitivity to AuNPs probe  

For improving stability of the AuNPs probe, the stabilizers such as PEG and BSA were 

used; however, do these stabilizers cause negative effect to the sensitivity of AuNPs probe to 

proteinase? The first experiment is to determine the effect of shorty immersed in PEG 

solution on AuNPs probe’s sensitivity. AuNPs probe washed with different concentration of 

PEG (0.5, 1, 2 and 5% (w/w)) and suspended with 0.1% BSA (w/w) were prepared. The 1.25 

nM 7.4A/1466p-FITC was incubated with fixed concentration proteinase K (100 ng/mL) for 1 

hr at 37°C. As showed in Fig. 4-10A, the concentration of PEG has no effect to proteinase K 

activity, except 5% PEG is significant lower compared with 0% PEG. 

The second experiment is to determine the effect of BSA as stabilizer on AuNPs probe’s 

sensitivity. AuNPs probe washed with 2% PEG (w/w) and suspended with different 

concentrations of BSA (0.1, 0.5, 1 and 7% (w/w)). The 1.25 nM 7.4A/1466p-FITC was 

incubated with fixed concentration proteinase K (100 ng/mL) for 1 hr at 37°C. It clearly 

shows that the proteinase K activities decrease with the increase of BSA concentrations (Fig. 

4-10B). 
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4-2-2. pH optimization of proteinase K sensitivity to AuNPs probe 

The 7.4A/1466p-FITC (1.25 nM ) was incubated with fixed concentration proteinase K 

(100 ng/mL) for 1 hr at 37°C under various pH (pH 7.4, 8.0, 9.0 and 10.0). Fig. 4-11 displayed 

that proteinase K has optimal activity at pH 9 condition. 

4-2-3. AuNPs probes concentration optimization 

 The concentration of AuNPs probe was concerned because of the quenching effect of 

AuNPs is distance dependence. Different concentrations of 7.4A/1466p-FITC (0.156, 0.313, 

0.625, 1.25, 2.5 and 3.75 nM) were incubated with fixed concentration proteinase K (100 

ng/mL) for 1 hr at 37°C. In Fig. 4-12A, the optimal concentrations are 0.29 to 1.25 nM 

7.4A/1466p-FITC, while higher or lower concentration lead to lower proteinase K sensitivity 

responded on fluorescence intensity change. Furthermore, different concentrations of 

10.0A/1477p-FITC (0.156, 0.313, 0.625, 1.25, 2.5 and 3.75 nM) were incubated with fixed 

concentration proteinase K (400 ng/mL) for 1 hr at 37°C. At the higher concentration of 

proteinase K case, the need of more AuNPs probe. As shown in Fig. 4-12B, the optimal 

concentration is 1.25 nM. 

4-2-4. Proteinase K activity assay by AuNPs probe (7.4A/1466p-FITC) 

The 7.4A/1466p-FITC (1.25 nM) was incubated with different concentrations of 

proteinase K (10, 25, 50, 100, 150, 200, 300, 350 and 400 ng/mL) for 1 hr at 37°C, pH 9.0. 

Delta fluorescence intensity was correlated to proteinase K concentration, which is given in 

Fig. 4-13A. The result showed that delta fluorescence intensity increased with the increasing 

concentration of proteinase K in linear correlation. The linear correlation ranged from 10 to 

400 ng/mL proteinase K was confident, of which y = 8.32 x + 433.82 and R² = 0.96. The time 

course of proteinase K activity also was given in Fig. 4-13B, which was obtained by 

7.4A/1466p-FITC (1.25 nM ) incubated with fixed concentrations proteinase K (100 ng/mL) 
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for different time (0.25, 0.5, 0.75, 1, 1.5, 2, 3 and 4 hr) at 37°C, pH 9.0.  

4-2-5. Comparison of different AuNPs probes to proteinase K sensitivity 

The two AuNPs probes sensitivity to proteinase K was also compared in short detection 

time. The 7.4A/1466p-FITC and 10.0A/1477p-FITC (1.25 nM ) were incubated with different 

concentrations proteinase K (10, 25, 50, 100, 150, 200, 300, 350 and 400 ng/mL) for 15 min 

at 37°C, pH 9.0. The results displayed in Fig. 4-14A and showed that both AuNPs probes had 

great linear correlation between fluorescence intensity change and proteinase K concentration. 

The 7.4A/1466p-FITC probe had the linear correlation ranged from 25 to 400 ng/mL 

proteinase K, of which y = 3.14 x + 6.82 and R² = 0.99; while 10.0A/1477p-FITC had the 

range from 10 to 400 ng/mL proteinase K, of which y = 10.56 x + 396.76 and R² = 0.99. 

Besides, the comparison in time course of low concentration proteinase K activity between 

two AuNPs probes also was given in Fig. 4-14B. The 7.4A/1466p-FITC and 

10.0A/1477p-FITC (1.25 nM ) incubated with low concentrations proteinase K (25 ng/mL) 

for different time (0.25, 0.5, 0.75, 1, 1.5, 2, 3 and 4 hr) at 37°C, pH 9.0. 

4-2-6. Proteinase K activity assay by AuNPs probe (5.6A/1482p-FITC) 

To lower the detection limits and in short detection time, the 5.6A/1482p-FITC was 

applied. The 5.6A/1482p-FITC (1.25 nM ) was incubated with various concentrations 

proteinase K (0.1, 0.25, 0.5, 0.75, 1, 2.5, 5, 7.5, 10, 12.5, 15, 17.5, 20, 22.5 and 25 ng/mL) for 

15 min at 37°C, pH 9.0. Delta fluorescence intensity was correlated to proteinase K 

concentration, which is given in Fig. 4-15A. The result showed that delta fluorescence 

intensity increased with the increasing concentration of proteinase K in linear correlation and 

saturated in higher concentration. The linear correlation ranged from 0.1 to 12.5 ng/mL 

proteinase K was confident, of which y = 570.36 x + 209.17 and R² = 0.99. The time course 

of proteinase K activity also given in Fig. 4-15B, which was obtained by 5.6A/1482p-FITC 
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(1.25 nM ) incubated with fixed concentrations proteinase K (1 and 5 ng/mL) for various time 

(5, 10, 15, 20, 25, 30, 45, 60, 75 and 90 min) at 37°C, pH 9.0.  

 

4-3. Evaluation of characteristic change in AuNPs probes 

4-3-1. Gel electrophoresis analysis of AuNPs 

To confirm the morphology change of AuNPs after modification and proteinase 

digestion, the gel electrophoresis by which the change of visual gel and UV-light excited 

fluorescence band could be observed were applied. The visual gel shown in Fig. 4-16A 

indicated that the migration difference of citrate-capped AuNPs, 5.6A/1482p-FITC and the 

AuNPs probe activated by proteinase K and chymotrypsin. The quench ability of AuNPs 

observed in Fig. 4-17B, the UV-light excited fluorescence band of 5.6A/1482p-FITC without 

activated by proteinase was very weak and was considered the unbounded peptide substrates 

effect. The evidence of both free and bound peptide substrate cleaved by proteinase also was 

given in Fig. 4-17B.  

 

4-4. Chymotrypsin assay by AuNPs probes 

4-4-1. pH optimization of chymotrypsin sensitivity to AuNPs probe 

The 10.0A/1477p-FITC (1.25 nM) was incubated with fixed concentration chymotrypsin 

(200 ng/mL) for 1hr at 37°C under different pH (pH 6.0, 7.0, 7.4, 8.0, 9.0 and 10.0). Fig. 4-18 

displayed that the optimal activity condition of chymotrypsin was at pH 8. 

4-4-2. Comparison of different AuNPs probes to chymotrypsin sensitivity 

The sensitivity to chymotrypsin of the two AuNPs probes was compared. The 
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7.4A/1466p-FITC and 10.0A/1477p-FITC (1.25 nM) were incubated with different 

concentrations chymotrypsin (25, 50, 100, 150, 200, 300, 400 and 500 ng/mL) for 1 hr at 37°

C, pH 8.0. Fig. 4-19A showed that using 10.0A/1477p-FITC probe to detect chymotrypsin 

could acquire confident linear correlation while 7.4A/1466p-FITC probe showed very low 

sensitivity. The 10.0A/1477p-FITC probe could be used to detect the concentration of 

chymotrypsin ranged from 25 to 500 ng/mL, of which it y = 6.75 x + 87.34 and R² = 0.96. 

The comparison in time course of the activity of fixed concentration chymotrypsin (200 

ng/mL) between two AuNPs probes was also given in Fig. 4-19B, and the detection time 

differs from 0.25 to 4 hr at 37°C, pH 8.0. The results also corresponded to the concentration 

results; that the 10.0A/1477p-FITC probe showed time correlated to delta fluorescence 

intensity, while 7.4A/1466p-FITC probe showed very low increase instead. 

4-4-3. AuNPs probes (10.0A/1477p-FITC) to chymotrypsin sensitivity 

  Fig. 4-20 displayed different reaction time to different concentrations of chymotrypsin 

relation of delta fluorescence intensity. The 10.0A/1477p-FITC (1.25 nM) probe were 

incubated with different concentrations chymotrypsin (25, 50, 100, 150, 200, 300, 400 and 

500 ng/mL) for 30 min and 1hr at 37°C, pH 8.0. The results showed that shorten the detection 

time to 30 min also could gain a perfect linear correlation range from 25 to 300 ng/mL, of 

which y = 5.07 x - 105.87, R² = 1.  

4-4-4. AuNPs probes (10.0A/1477p-FITC) specificity to chymotrypsin 

The specificity of 10.0A/1477p-FITC probes was investigated. Serine protease like 

trypsin was compared with chymotrypsin. The 10.0A/1477p-FITC (1.25 nM) probe were 

incubated with various concentrations trypsin (50, 100, 200, 300, 400, 500 and 600 ng/mL) 

for 1 hr at 37°C, pH 8.0. Although the results given in Fig. 4-21 showed that the linear 

correlation ranged from 200 to 600 ng/mL chymotrypsin was confident, of which y = 0.62 x - 
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76.48 and R² = 0.99; compared with the specificity of chymotrypsin is relatively low about 10 

fold fluorescence intensity change. 

4-4-5. BTEE assays of chymotrypsin 

 The chymotrypsin assay commonly is used by measuring an increase in absorbance at 

256 nm resulting from the hydrolysis of BTEE. One unit is defined it hydrolyzes one μmole 

of BTEE per min at pH 7.8 and 25°C under the specified conditions. To compare with AuNPs 

probes detection limit, the BTEE assays detection limit was investigated. As shown in     

Fig. 4-22, various concentrations of chymotrypsin (100- 1000 ng/mL) react with BTEE and 

obtained a change in A256. The BTEE assays could acquire a linear correlation range from 

200 to 600 ng/mL, of which y = 7E-05x + 0.0034 and R² = 0.995. 

4-4-6. Chymotrypsin activity assay by AuNPs probe (5.6A/1482p-FITC) 

To lower the detection limits and in short detection time for chymotrypsin activity assay, 

the 5.6A/1482p-FITC applied. Fig. 4-23A acquired different reaction time to various 

concentrations of chymotrypsin relation of delta fluorescence intensity. The time course of 

chymotrypsin activity obtained by 5.6A/1482p-FITC (1.25 nM) incubated with fixed 

concentrations (1 and 5 ng/mL) for various time (5, 10, 15, 20, 25, 30, 45, 60 and 75 min) at 

37°C, pH 9.0. The concentration correlation also displayed in Fig. 4-23B, the 

5.6A/1482p-FITC (1.25 nM) was incubated with various concentrations chymotrypsin (0.1, 

0.25, 0.5, 0.75, 1, 2.5, 5, 7.5, 10, 12.5, 15, 17.5, 20, 22.5 and 25 ng/mL) for 15 and 30 min at 

37°C, pH 8.0. The results showed that delta fluorescence intensity increased with the 

increasing concentration of chymotrypsin. In 15 min detection time, the linear correlation 

ranged from 0.25 to 10 ng/mL chymotrypsin was confident, of which y = 506.69x - 90.82 and 

R² = 0.99. 
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4-5. Animal experiments 

4-5-1. Islet isolation from mouse pancreas 

 The pancreas should be carefully isolated since that is easy confused with fatty tissue. 

Therefore, the dithizone (DTZ) staining was performed to confirm the isolation tissue is 

pancreas. Dithizone binds zinc ions present in the islet's beta cells, and therefore stains the 

islets red. Fig. 4-24A showed the image of islet and the size is about 250 μm in diameter; 

while Fig. 4-24B showed the image of beta cells and the size is about 20 μm in diameter.  

4-5-2. Effect of fasting/feeding treatments to intestinal chymotrypsin of mouse  

The pancreas can produce proteinases which help in the digestion of food. It is believed 

that the amount of enzyme would be different in different situation; therefore, fast and feeding 

conditions were discussed. The mice were both treated with 12 hr fasting and 1 hr feeding for 

feeding group before being sacrificed. The intestine was divided into five parts: duodenum 

(about 4 cm), jejunum (part 1, J1; about 7.5 cm), jejunum (part 2, J2; about 7.5 cm), ileum 

(part 1, I1; about 5 cm) and ileum (part 2, I2; about 5 cm). Every part of intestinal fluid was 

collected by DPBS washing and conducted in chymotrypsin assay by 5.6A/1482p-FITC probe. 

Feeding group owns significant higher amount of chymotrypsin in jejunum (J2) and ileum (I2) 

than in fast group as shown in Fig. 4-25. 

4-5-3. Effect of fasting/feeding treatments to fecal chymotrypsin of mouse 

 The mice were treated with 3 hr fasting and 5 hr feeding and the fecese were collected 

during the process. The feces were conducted with lysis and the supernatant was applied in 

5.6A/1482p-FITC probe activated for 15 min at 37°C. Fig. 4-26 represents the distribution of 

chymotrypsin amount in fecal of each period. As the results showed that the 5
th

 hr of fecal had 

the lowest chymotrypsin activity. 
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4-5-4. Cerulein-induced acute pancreatitis mouse model - analysis by plasma 

amylase and lipase 

 AP was induced by 4 doses of intraperitoneal injections of cerulein (200 μg/kg/2 hr). All 

three groups contain four mice. The control subjects were equally treated with 0.9% NaCl 

(10μL/mg/2 hr for 4 injections). The mice were sacrificed at 8, 10, or 24 hr after the first 

administration of saline or cerulein. Mice were fasted for 6 hr before being sacrifice. Then the 

plasma, duodenal fluid, and pancreas were collected.  

 The collected plasma was analyzed by Fujifilm clinical chemistry analyzer, which of the 

amylase and lipase levels were determined. The plasma amylase of cerulein-induced group 

was significantly higher than saline group over 6 and 12 folds in the 8
th

 and 10
th

 hr sacrificed 

mice, respectively (Fig. 4-27A). Besides, the plasma lipase also showed same phenomenon, 

which cerulein-induced group was significantly higher than saline group over 4 and 6 folds in 

the 8
th

 and 10
th

 hr mice, respectively (Fig. 4-27B). The saline group in each sacrificed time 

had coordinated the amount of plasma amylase (about 4000 U/L) and lipase (about 500 U/L). 

It was noted that both plasma amylase and lipase decrease to normal level as saline group in 

the 24
th

 hr cerulein-induced group. 

4-5-5. Cerulein-induced acute pancreatitis mouse model - analysis by 

chymotrypsin in duodenum and pancreas 

 The intestinal fluid of duodenum were collected and washed by 1 mL DPBS. The 

collected solutions were conducted with 5.6A/1482p-FITC probe to analyze the concentration 

of chymotrypsin in 15 min at 37°C. The amount of chymotrypsin in cerulein-induced mice 

showed significantly decrease in duodenum fluid for all three periods compared with saline 

subjects as given in Fig. 4-28A. The normal level of chymotrypsin is about 45 μg in 

duodenum, and decrease to about 11 μg in cerulein-induced mice. 
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 The pancreas was isolated and lysed to obtain protein in 1 mL of protein extraction 

solution. The total protein was determined by Bio-Rad protein assay. The chymotrypsin 

activity in pancreas was analyzed by 5.6A/1482p-FITC probe activated for 15 min at 37°C. 

The results shown in Fig. 4-28B displayed that chymotrypsin activity significantly increased 

in pancreas of cerulein-induced mice than in saline subjects. It was noted that both in the  

10
th

 hr cerulein-induced mice that chymotrypsin in duodenum fluid and pancreas had the most 

significantly change. 

4-5-6. Cerulein-induced acute pancreatitis mouse model - analysis by fecal 

chymotrypsin 

The feces were collected at each hour for 24 hr time course after the first administration 

of saline or cerulein. The supernatant of feces protein extraction was applied in 

5.6A/1482p-FITC probe (1.25 nM) activated for 15 min at 37°C. Every 5 hr periods were 

classified into one group, the groups were: 0 ~ 4
th

 hr, 5 ~ 9
th

 hr, 10 ~ 14
th

 hr, 15 ~ 19
th

 hr and 

20~24
th

 hr (Fig. 4-29). The saline subject shows cycle change of chymotrypsin activity due to 

activity of diet. The groups of 0 ~ 4
th

 hr, 5 ~ 9
th

 hr and 20 ~ 24
th

 hr from cerulein-induced 

mice had significant lower chymotrypsin activity compared with those of fecal chymotrypsin 

in saline subjects. 
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Figure 4-1. Fluorescence emission spectra of peptide-FITC and adsorption spectra of 

AuNPs 

There is a significant overlap between the emission of FITC (as donor) and the absorbance of 

15 nm AuNPs (2.5 nM, as quencher) implies that energy transfer between the two is a 

significant quenching mechanism.  
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Figure 4-2. Characteristics of citrate-capped AuNPs analyzed by adsorption spectrum 

and DLS 

(A), the maximum adsorption peak of 15 nm AuNPs is around 518 ~ 520 nm. The spectra of 

synthesized AuNPs are the line-1X, and dilute to half of its concentration is line-0.5X. (B), 

the DLS analysis gains the average diameter of citrate-capped AuNPs which is about 21.9 nm. 
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Figure 4-3. Size determination of citrate-capped AuNPs by TEM 

(A), TEM image of citrate-capped AuNPs. The scale bar of left is 20 nm and right is 10 nm. 

(B), histogram of AuNP diameters were determined by analysis of approximately 120 NPs 

located at different regions of the grid. The average diameter is 14.6 nm ± 2.4 nm. 
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Figure 4-4. Adsorption spectra and aggregation levels of citrate-capped AuNPs under 

different salt stress 

(A), the 15 nm AuNPs were treated with various concentrations of NaCl (0 ~ 150 mM) and 

incubated for 30 min at room temperature. Then the adsorption spectra from 400 ~ 700 nm 

wavelengths were recorded. (B), the aggregation level was estimated with the ratio of A625 to 

A525. Over 10 mM NaCl incubated with citrate-capped AuNPs causes significant increment in 

A625 / A525. Error bars (SD) represent data from three independent detections. **, statistically 

significant compared with 0 mM NaCl at p-value < 0.01. 
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Figure 4-5. Aggregation levels of AuNPs with different stabilizers under different salt 

stress 

The citrate-capped AuNPs were mixed with various concentrations of stabilizer and further 

treated with various concentrations of NaCl (0 ~ 150 mM) and incubated for 30 min at room 

temperature. The aggregation level was estimated with the ratio of A625 to A525. (A), 

polyethylene glycol (PEG) as stabilizer and the final concentrations were (0.1 to 5% (w/w)). 

(B), bovine serum albumin (BSA) as stabilizer and the final concentrations of BSA were (0.05 

to 7% (w/w)). Error bars (SD) represent data from three independent detections.  
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Figure 4-6. Adsorption spectra and aggregation levels of citrate-capped AuNPs under 

different pH stress 

The 15 nm AuNPs were adjusted with various concentrations of pH (pH 4.0 ~ 11.0) and 

incubated for 30 min at room temperature. (A), the adsorption spectra of from 400 to 700 nm 

wavelengths of AuNPs under different pH stress were recorded. (B), the aggregation level was 

estimated with the ratio of A625 to A525. Citrate-capped AuNPs with different pH shows no 

effect in A625 / A525. Error bars (SD) represent data from three independent detections. 
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Figure 4-7. UV-Vis spectra study on AuNPs probe of different charges peptide substrate 

After modification of AuNPs probes, the excess peptides substrates were removed and 

suspended in various pH of buffer (pH 4.0, 5.6, 7.4 and 11.0). (A), the positively charged 

modification process of 4.0A/1466p-FITC probe and suspended in buffer. (B), the neutral 

charged modification process of 5.6A/1466p-FITC probe and suspended in buffer. (C), the 

negatively charged modification process of 7.4A/1466p-FITC probe and suspended in buffer. 

(D), the negatively charged modification process of 11.0A/1466p-FITC probe and suspended 

in buffer; however, the spectra of pH 11.0 modification before removal process gained not 

smooth curve. Besides, the UV-vis spectra show that the AuNPs probe is stable in neutral and 

negatively charged environments and the spectra show little red shift in positively charged 

environment. 
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Figure 4-8. The aggregation levels of 1466p-FITC in modification and suspension state 

of differently functionalized pH 

(A), modification state: the 15 nm AuNPs were adjusted with various concentrations of pH 

(pH 4.0 ~ 11.0) and modified with 1466p-FITC to form A/1466p-FITC. (B), suspension state: 

after the removal excess peptide substrates, the A/1466p-FITC probe was suspended in 0.1 % 

BSA solution. The adsorption spectra of 400 ~ 700 nm wavelengths were recorded at both 

states. The aggregation level was estimated by the ratio of A625 to A525. The positively charged 

of pH 4.0 showed serious aggregation. Error bars (SD) represent data from three independent 

detections. 
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Figure 4-9. The aggregation levels of 1477p-FITC in modification and suspension state 

of differently functionalized pH 

(A), modification state: the 15 nm AuNPs were adjusted with various concentrations of pH 

(pH 4.0 ~ 11.0) and modified with 1477p-FITC to form A/1477p-FITC. (B), suspension state: 

after the removal excess peptide substrates, the A/1477p-FITC probe was suspended in 0.1 % 

BSA solution. The adsorption spectra of 400 ~ 700 nm wavelengths were recorded at both 

states. The aggregation level was estimated with the ratio of A625 to A525. The positively 

charged of pH 4.0 and 5.6 show serious aggregation, but the pH 7.4 remains stable. After 

removal- suspension process, the pH 7.4 of AuNPs modification shows aggregation. Error 

bars (SD) represent data from three independent detections. 
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Table 4-1. The function of fluorescence intensity from peptide substrates (pH 8.0) 

 
peptide-FITC R

2
 Supernatant  R

2
 DTT  R

2
 

7.4A/1466p-F y = 64.01x+87.11 0.98 y = 133743x+279.96 0.98 y = 94705x-0.03 0.99 

10.0A/1477p-F y = 65.97x+358.8 0.97 y = 200352x+53.67 1.00 y = 98333x+266 0.99 

5.6A/1482p-F y = 68.91x-64.59 0.99 y = 326424x-320.17 0.99 y = 86764x+164.11 1.00 

 

 

Table 4-2. The ratio of diffferent parts of peptide substrates to total loading peptide 

substrates (pH 8) 

 
1-(

Supernatant

Total
) (%) 

DTT

Total
 (%) (

Supernatant+DTT

Total
) (%) 

7.4A/1466p-F 79.1 59.2 80.1 

10.0A/1477p-F 69.6 59.8 90.1 

5.6A/1482p-F 52.7 50.5 97.8 

 

 

Table 4-3. Conjugation ratio of various peptide substrates per 15 nm AuNPs 

 

Mw of 

p-FITC 

Conjugation 

ratio (%) 

p-FITC 

(μg/mL) 

p-FITC 

(nmole) 

p-FITC/AuNP 

(nmole/nmole) 

7.4A/1466p-F 1301.5  59.2  5.92  4.6  1789.2 

10.0A/1477p-F 1573.8  59.8  5.98  3.8  1494.2 

5.6A/1482p-F 1864.0  50.5  5.05  2.7  1065.5 
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Table 4-4. Zeta potentials of citrate-capped AuNPs and AuNPs probes 

 
Modification (ZP, mV) Purification (ZP, mV) 

 citrate-capped AuNPs -34.7 (±13.8) 
 

7.4A/1466p-FITC -52.2 (±8.25) -17.2 (±6.73) 

10.0A/1477p-FITC -43.4 (±5.73) -15 (±5.03) 

5.6A/1482p-FITC -39.2 (±15.9) -34.3 (±9.02) 
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Figure 4-10. Effect of different stabilizers to proteinase K sensitivity by fluorescence 

assays of 7.4A/1466p-FITC 

(A), the shorty immersed in PEG solution affection. AuNPs probe washed with different 

concentrations of PEG (0.5 to 5% (w/w)) and suspended with 0.1% BSA (w/w) were prepared. 

The 7.4A/1466p-FITC was incubated with fixed concentration proteinase K (100 ng/mL) for 

1 hr at 37°C. The concentration of PEG has no effect to proteinase K activity, except 5% PEG 

is significant lower compared with 0% PEG. (B), the BSA as stabilizer affection. AuNPs 

probe washed with 2% PEG (w/w) and suspended with different concentration of BSA (0.1 to 

7% (w/w)). The 7.4A/1466p-FITC was incubated with fixed concentration proteinase K (100 

ng/mL) for 1 hr at 37°C. The proteinase K activities decrease as the BSA concentrations 

increase. Error bars (SD) represent data from three independent detections. *, statistically 

significant compared with 0% PEG at p-value < 0.05.  
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Figure 4-11. pH optimization of proteinase K sensitivity by fluorescence assays of 

7.4A/1466p-FITC 

The 7.4A/1466p-FITC (1.25 nM) was incubated with fixed concentration proteinase K (100 

ng/mL) for 1 hr at 37°C under various pH (pH 7.4, 8.0, 9.0 and 10.0). Proteinase K has 

optimal activity at pH 9 condition. Error bars (SD) represent data from three independent 

detections. **, statistically significant as p-value < 0.01. 
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Figure 4-12. Concentration optimization of proteinase K sensitivity by fluorescence 

assays of AuNPs probes 

(A), various concentrations of 7.4A/1466p-FITC was incubated with fixed concentration 

proteinase K (100 ng/mL) for 1 hr at 37°C, pH 9.0. Proteinase K has optimal activity at 0.63 ~ 

1.25 nM conditions. (B), various concentrations of 10.0A/1477p-FITC was incubated with 

fixed concentration proteinase K (400 ng/mL) for 1 hr at 37°C, pH 9.0. Proteinase K has 

optimal activity at 1.25 nM condition. Error bars (SD) represent data from three independent 

detections. *, statistically significant as p-value < 0.05. 
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Figure 4-13. Fluorescence assays of proteinase K activated by 7.4A/1466p-FITC 

(A), relationship between proteinase K concentration and changes in fluorescence intensity 

was determined. The 7.4A/1466p-FITC was incubated with various concentrations proteinase 

K (10, 25, 50, 100, 150, 200, 300, 350 and 400 ng/mL) for 1 hr at 37°C, pH 9.0. The result 

showed that delta fluorescence intensity increased with the increasing concentration of 

proteinase K in linear correlation. The linear correlation ranges from 10 to 400 ng/mL 

proteinase K is confident, of which y = 8.32 x + 433.82 and R² = 0.96. (B), the time course of 

proteinase K activity obtained by 7.4A/1466p-FITC incubated with fixed concentrations 

proteinase K (100 ng/mL) for various time (0.25, 0.5, 0.75, 1, 1.5, 2, 3 and 4 hr) at 37°C, pH 

9.0. Error bars (SD) represent data from three independent detections.  
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Figure 4-14. Compare two AuNPs probes sensitivity to proteinase K assays 

(A), relationship between proteinase K concentration and changes in fluorescence intensity by 

two AuNPs probes. The 7.4A/1466p-FITC and 10.0A/1477p-FITC were incubated with 

various concentrations proteinase K (10, 25, 50, 100, 150, 200, 300, 350 and 400 ng/mL) for 

15 min at 37°C, pH 9.0. The 10.0A/1477p-FITC probe has the linear correlation ranged from 

25 to 400 ng/mL proteinase K, of which y = 3.14 x + 6.82 and R² = 0.99; while 

7.4A/1466p-FITC has the range from 10 to 400 ng/mL proteinase K, of which y = 10.56 x + 

396.76 and R² = 0.99. (B), comparison in time course of low concentration proteinase K 

activity between two AuNPs probes. The 7.4A/1466p-FITC and 10.0A/1477p-FITC incubated 

with low concentrations proteinase K (25 ng/mL) for various time (0.25, 0.5, 0.75, 1, 1.5, 2, 3 

and 4 hr) at 37°C, pH 9.0. Error bars (SD) represent data from three independent detections. 
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Figure 4-15. Proteinase K activity assay by AuNPs probe (5.6A/1482p-FITC) 

(A), the time course of proteinase K activity was obtained by 5.6A/1482p-FITC incubated 

with fixed concentrations proteinase K (1 and 5 ng/mL) for various time (5, 10, 15, 20, 25, 30, 

45, 60, 75 and 90 min) at 37°C, pH 9.0. (B), relationship of concentration and intensity was 

determined. The 5.6A/1482p-FITC was incubated with various concentrations proteinase K 

(0.1, 0.25, 0.5, 0.75, 1, 2.5, 5, 7.5, 10, 12.5, 15, 17.5, 20, 22.5 and 25 ng/mL) for 15 min at  

37°C, pH 9.0. Delta fluorescence intensity increased with the increasing concentration of 

proteinase K in linear correlation and saturated in higher concentration. The linear correlation 

ranged from 0.1 to 12.5 ng/mL proteinase K was confident, of which y = 570.36 x + 209.17 

and R² = 0.99. Error bars (SD) represent data from three independent detections. 
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Figure 4-16. Comparison between AuNPs and activated AuNPs probe in gel 

electrophoresis 

The gel appearance indicated that the migration difference of citrate-capped AuNPs, lane (1); 

5.6A/1482p-FITC, lane (2); and the AuNPs probe activated by chymotrypsin, lane (3) and 

proteinase K, lane (4). The 5.6A/1482p-FITC probe were incubated with chymotrypsin (0.5 

μg/mL) and proteinase K (0.5 μg/mL) for 15 min at 37°C. The agarose gels (1.5%) were run 

in a horizontal electrophoresis system for 30 min at 110 V in 0.5X TBE buffer.  
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Figure 4-17. Gel electrophoresis of AuNP and 5.6A/1482p-FITC probe activated by 

proteinases 

(A), the gel appearance under white light indicated that the migration difference of 

citrate-capped AuNPs, lane (1); 1482 peptide-FITC, lane (2); 5.6A/1482p-FITC, lane (3); 

1482 peptide-FITC digested by chymotrypsin, lane (4); 5.6A/1482p-FITC activated by 

chymotrypsin, lane (5); 1482 peptide-FITC digested by proteinase K, lane (6); and 

5.6A/1482p-FITC activated by proteinase K, lane (7). The 5.6A/1482p-FITC probe and 1482 

peptide-FITC (10 μg/mL) were incubated with chymotrypsin (0.5 μg/mL) and proteinase K 

(0.5 μg/mL), respectively for 15 min at 37°C. The agarose gels (1.5%) were run in a 

horizontal electrophoresis system for 30 min at 110 V in 0.5X TBE buffer. (B), the UV-light 

excited fluorescence band of 5.6A/1482p-FITC without activated by proteinase is very weak 

accounted for unbounded peptide substrates caused by overloading. Both free and bound 

peptide substrate are cleaved by proteinase at same position.  
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Figure 4-18. pH optimization of chymotrypsin sensitivity by fluorescence assays of 

10.0A/1477p-FITC 

The 10.0A/1477p-FITC was incubated with fixed concentration chymotrypsin (200 ng/mL) 

for 1 hr at 37°C under various pH (pH 6.0, 7.0, 7.4, 8.0, 9.0 and 10.0). The optimal activity of 

chymotrypsin is at pH 8 condition. Error bars (SD) represent data from three independent 

detections. **, statistically significant as p-value < 0.01. 
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Figure 4-19. Comparisons of two AuNPs probes sensitivity to chymotrypsin assays 

(A), relationships of concentration and intensity were determined and compared between 

7.4A/1466p-FITC and 10.0A/1477p-FITC probes. The 7.4A/1466p-FITC and 

10.0A/1477p-FITC were incubated with various concentrations chymotrypsin (25, 50, 100, 

150, 200, 300, 400 and 500 ng/mL) for 1 hr at 37°C, pH 8.0. The 10.0A/1477p-FITC probe to 

detect chymotrypsin acquires confident linear correlation while 7.4A/1466p-FITC probe 

shows very low sensitivity. The 10.0A/1477p-FITC probe detects chymotrypsin ranging from 

25 to 500 ng/mL, of which it y = 6.75 x + 87.34 and R² = 0.96. (B), comparison in time 

course of fixed concentration chymotrypsin (200 ng/mL) activity between two AuNPs probes 

and the detection time various from 15 min to 4 hr at 37°C, pH 8.0. Error bars (SD) represent 

the data from three independent detections. 
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Figure 4-20. Chymotrypsin activity assay by AuNPs probe (10.0A/1477p-FITC) 

The 10.0A/1477p-FITC probe was incubated with various concentrations chymotrypsin (25, 

50, 100, 150, 200, 300, 400 and 500 ng/mL) for 30 min and 1 hr at 37°C, pH 8.0. The 

10.0A/1477p-FITC probe detects chymotrypsin in 1 hr ranging from 25 to 300 ng/mL, of 

which it y = 8.69 x - 136.31 and R² = 0.99. Shorten the detection time to 30 min also gains a 

perfect linear correlation ranging from 25 to 300 ng/mL, of which y = 5.07 x - 105.87, R² = 1. 

Error bars (SD) represent data from three independent detections. 
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Figure 4-21. AuNPs probes (10.0A/1477p-FITC) specificity to serine proteases 

Serine protease like trypsin was compared with chymotrypsin. The 10.0A/1477p-FITC probe 

was incubated with various concentrations trypsin (50, 100, 200, 300, 400, 500 and 600 

ng/mL) and chymotrypsin (25, 50, 100, 150, 200, 300, 400 and 500 ng/mL) for 1 hr at 37°C, 

pH 8.0.The linear correlation ranging from 200 to 600 ng/mL trypsin is confident, of which y 

= 0.62 x - 76.48 and R² = 0.99; while detection of chymotrypsin ranging from 25 to 500 

ng/mL, of which it y = 6.75 x + 87.34 and R² = 0.96. Compared with the specificity of 

chymotrypsin, trypsin shows relatively low about 10 folds fluorescence intensity change. 

Error bars (SD) represent data from three independent detections. 
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Figure 4-22. BTEE assay of chymotrypsin 

Various concentrations of chymotrypsin (100 ~ 1000 ng/mL) reacted with BTEE and obtained 

a change in absorbance at 256 nm wavelength (A256). The BTEE assays acquires a linear 

correlation range from 200 ~ 600 ng/mL, of which y = 7E-05x + 0.0034 and R² = 0.995. Error 

bars (SD) represent the data from three independent detections. 
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Figure 4-23. Chymotrypsin activity assay by AuNPs probe (5.6A/1482p-FITC) 

(A), the time course of chymotrypsin activity obtained by 5.6A/1482p-FITC incubated with 

fixed concentrations (1 and 5 ng/mL) for various time (5 to 75 min) at 37°C, pH 9.0. (B), 

relationships of concentration and intensity in different reaction tine are determined The 

5.6A/1482p-FITC was incubated with various concentrations chymotrypsin (0.1, 0.25, 0.5, 

0.75, 1, 2.5, 5, 7.5, 10, 12.5, 15, 17.5, 20, 22.5 and 25 ng/mL) for 15 and 30 min 37°C, pH 8.0. 

The linear correlation ranged from 0.25 to 10 ng/mL chymotrypsin was confident, of which y 

= 506.69x - 90.82 and R² = 0.99. Error bars (SD) represent the data from three independent 

detections. 

  

0

2000

4000

6000

0 20 40 60 80

Δ
 F

lu
o

re
s
c
e

n
c
e

 I
n

te
n

s
it
y
 

Time (min) 

1 ng/mL chymotrypsin 5 ng/mL chymotrypsin
(A) 

(B) 



 

91 

 

 

 

 

 

 

 

Figure 4-24. Isolated mouse islets and beta-cells of islet 

(A), the image shows pancreatic islet stained by dithizone and the size is about 250 μm in 

diameter (scale bar in the photogram represents 120 μm). (B), the image shows beta-cells of 

islets stained by dithizone and the size is about 20 μm in diameter (scale bar in the photogram 

represents 20 μm). 
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Figure 4-25. The distributions of intestinal chymotrypsin in fasting/feeding mouse 

analyzed by 5.6A/1482p-FITC 

The intestine was divided into five parts: duodenum (D), jejunum (J1 and J2), ileum (I1 and 

I2). Every part of intestinal fluid was collected by 1 mL DPBS washing and applied 

5.6A/1482p-FITC (1.25 nM) probe to assay chymotrypsin activity in 15 min at 37°C. The 

mice were divided into fasting and feeding groups. Feeding group owns significant higher 

activity of chymotrypsin in jejunum (J2, about 79 μg) and ileum (I2, about 19 μg). Error bars 

(SD) represent the data from three independent detections. *, statistically significant as 

p-value < 0.05. 
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Figure 4-26. Fasting/Feeding effect to fecal chymotrypsin analyzed by 5.6A/1482p-FITC 

probe 

The mice were treated with 3 hr fasting and 5 hr feeding, and during this process the feces 

were collected. There were 8 ~16 samples collected in each period of time and the feces were 

conducted with protein extraction and the supernatant were applied in assays by 

5.6A/1482p-FITC probe. The distributions of relative chymotrypsin activity in feces of each 

period are shown and the 5
th

 hr of feces had the lowest chymotrypsin activity. Each circle (○) 

represents a collected feces, and the black bar represents the median. 
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Figure 4-27. Plasma amylase and lipase of mouse with induced acute pancreatitis 

AP of mouse was induced by cerulein, which control injected with saline instead. The mice 

were sacrificed at 8 (8
th

, C8), 10 (10
th

, C10), or 24 (24
th

, C24) hr after the first administration 

of saline or cerulein. (A), the plasma amylase of cerulein-induced group is significantly 

higher than saline group over 6 and 12 folds in the 8
th

 (C8) and 10
th

 hr (C10) mice, 

respectively. The saline group in each sacrificed time has coordinate amount of plasma 

amylase (about 4,000 U/L). (B), the plasma lipase of cerulein-induced group is significantly 

higher than saline group over 4 and 6 fold in the 8
th

 (C8) and 10
th

 hr (C10) mice, respectively. 

The saline group in each sacrificed time has coordinate amount of plasma lipase (about 500 

U/L). Plasma amylase and lipase of the 24
th

 hr (C24) cerulein-induced group decrease to 

normal level. Error bars (SD) represent data from three independent detections. **, 

statistically significant as p-value < 0.01. 
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Figure 4-28. Chymotrypsin in duodenum and pancreas of mouse with induced acute 

pancreatitis 

AP was induced by cerulein, which control injected with saline instead. The mice were 

sacrificed at 8 (8
th

, C8), 10 (10
th

, C10), or 24 (24
th

, C24) hr after the first administration of 

saline or cerulein. (A), the intestinal fluid of duodenum were collected and washed by 1 mL 

DPBS. The 5.6A/1482p-FITC probe were used to analyze the concentration of chymotrypsin 
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in 15 min at 37°C. The activity of chymotrypsin in cerulein-induced mice shows significantly 

decrease in duodenum fluid for all three periods compared with saline subjects. The normal 

level of chymotrypsin is about 45 μg in duodenum, and decrease to about 11 μg in 

cerulein-induced mice. The 10
th

 (C10) cerulein-induced mice have the lowest chymotrypsin 

activity in duodenum fluid. (B), the pancreas was isolated and extracted total protein. The 

chymotrypsin activity in pancreas was analyzed by 5.6A/1482p-FITC probe. The normal level 

of chymotrypsin is about 1.1 ng/total protein (mg) in pancreas, and increase to about 3 

ng/total protein (mg) in cerulein-induced mice. Chymotrypsin activity significantly increases 

in pancreas of cerulein-induced mice than saline subjects. The 10
th

 (C10) cerulein-induced 

mice have the most significantly increase in chymotrypsin activity in pancreas. Error bars (SD) 

represent the data from three independent detections. * and **, statistically significant as 

p-value < 0.05 and < 0.01, respectively. 
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Figure 4-29. Fecal chymotrypsin activity of mouse with induced acute pancreatitis 

AP was induced by cerulein, which control injected with saline instead. The feces were 

collected at each hour for 24 hr time course after the first administration of saline or cerulein. 

The feces were conducted with protein extraction and the supernatant were applied in assays 

by 5.6A/1482p-FITC probe. Every 5 hr periods were classified into one group, there were five 

groups conducted into comparison. The 0~4
th

 hr, 5~9
th

 hr and 20~24
th

 hr groups of cerulein 

induced mice have significant lower fecal chymotrypsin activity compared with those of in 

saline subjects. Error bars (SD) represent data from three independent detections. **, 

statistically significant as p-value < 0.01. 
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V. Discussion 

5-1. Establishment of activated fluorescent self-assembly AuNPs 

probes 

5-1-1. Characteristic of AuNPs 

Fluorescence activatable probes are comprised of the fluorophore (donor, D) and the 

quencher (acceptor, A) [Lakowicz, 2006]. The donor applied in this probe is FITC, and 

the quencher is AuNPs. RET occurs between a donor (D) molecule in the excited state 

and an acceptor (A) molecule in the ground state. As shown in Fig. 4-1, the FITC (D) 

molecules emit at shorter wavelengths (515 nm) that was almost overlapped by the 

absorption spectrum of the AuNPs (A).  

There is the lowest scattering constant in spherical NPs below 40 nm in diameter 

and therefore they are with the highest potential to quench fluorescence. An effective 

distance below 2 nm between the AuNP and fluorophore demonstrates the best 

quenching ability [Swierczewska et al., 2011]. Therefore, the AuNPs size for probes is 

desired to be 15 nm which below 40 nm. In this study, the synthesized AuNPs size is 

determined by UV-vis spectrum and applied in eq (5) [Haiss et al., 2007]:  

𝑑 = exp (𝐵1
𝐴𝑠𝑝𝑟

𝐴450
− 𝐵2)                          (5) 

The numerical data was like given in Fig. 4-2A was then applied in eq (5), which 

Aspr is the absorbance at the SPR peak, A450 is the absorbance at 450nm, B1 = 3.00 and 

B2 = 2.20. The diameter of synthesized AuNPs is about 13.8 ± 1.1 nm. The size of 

AuNPs was analyzed by TEM, of which the average diameter is about 14.6 ± 2.4 nm as 

shown in Fig. 4-3. The DLS results also showed that the synthesized AuNPs was 

monodisperse as shown in Fig. 4-2B. 

The extinction coefficient of different size of AuNPs could be applied with eq (3) 

(Liu et al., 2007): 
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ln 𝜀 = 𝑘𝑙𝑛𝐷 + 𝑎                             (3) 

Where 𝜀 is extinction coefficient in M
-1

cm
-1

, D is the core diameter of the NPs, and 𝑘 = 

3.32, 𝑎 = 10.8. The 𝜀  is 3.94   10
8

 M
-1

cm
-1 

for 15 nm AuNPs in diameter. The 

concentration of 15 nm AuNPs could determine by Bear’s law (A = εbC) and obtained molar 

concentration about 5 nM. Furthermore, the number density of the particles (N, NPs/mL) can 

be determined by eq (6) [Haiss et al., 2007]: 

N =
𝐴450×1014

𝑑2[−0.295+1.36𝑒𝑥𝑝(−(
𝑑−96.8

78.2
)

2
)]

                      (6) 

The 15 nm AuNPs synthesized in this study has the N = 1.  ± 0.2  1011 NPs/mL. 

5-1-2. Stability of citrate-capped AuNPs and improvement 

The AuNPs owns LSPR spectrum strongly depending on the size of NPs; therefore, the 

changes of size of AuNPs due to aggregation could be observed in the spectrum showing an 

absorption red shift [Ghosh and Pal, 2007]. The aggregation level estimated by the absorption 

spectra of AuNPs which the change of decreasing in A525 and increasing in A625 [Chuang et al., 

2010]. Citrate-capped AuNPs are considered less stable of which surrounded by an EDL due 

to adsorbed citrate and chloride anions [Stankus et al., 2011]. According to DLVO theory, the 

stability of AuNPs is comprised by two forces: repulsive electrostatic forces and attractive van 

der Waals forces. As the ion strength is increased in the medium, the thickness of EDL 

decreases due to screening of the surface charge. This causes the decrease in VR, and the 

increases the susceptibility of the dispersed particles to form aggregates [Wu et al., 2011]. The 

citrate-capped AuNPs conducted with salt stress assays in this study and estimated the 

stability under different ion strength. The salt stress assays were performed with sodium 

chloride as source of salt. As the results in Fig. 4-4A, the adsorption spectra of citrate-capped 

AuNPs changed due to the addition of salt. The aggregation parameter (A625 /A525) indicates 

that the salt concentration above 10 mM NaCl caused aggregation, and the A625 /A525 value 
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above 0.3 is considered unacceptable colloid suspension (Fig. 4-4B). The result is agreed with 

Jans & Huo that citrate-capped AuNPs tend to aggregate at a salt concentration higher than 10 

mM NaCl due to the disruption of EDL [Jans et al., 2012].  

Moreover, the pH effect to AuNPs also is considered in this study. The synthesized 

citrate-capped AuNPs is pH 5.6 and the pH was adjusted to different pH by HCl or NaOH 

properly. As shown in Fig. 4-6A, the adoption spectra of different pH AuNPs showed no red 

shift and the aggregation parameter (A625 /A525) also proved no significant difference (Fig. 

4-6B). On the whole, it is clearly that ionic strength plays vital role in inducing AuNPs 

aggregation but pH has no effect. 

To stabilize citrate-capped AuNPs, ligands or capping agents should be applied. The 

citrate-capped AuNPs can be functionalized by thiol ligands easily that pseudo-covalently 

bind (~45 kcal/mol) to the AuNPs surface [Bastús et al., 2011]: peptides [Harkness et al., 

2012], proteins, DNA and carbohydrate moieties [Housni et al., 2008]. AuNPs stabilized with 

an inert macromolecule such as BSA, gelatin, or PEG could avoid undesired or non-specific 

labeling to other components in the biological system [Thobhani et al., 2010]. Therefore, the 

stabilizers investigated in this study are PEG and BSA. Fig. 4-5A shows that it is need above 

2% PEG to stabilize AuNPs under 25 mM NaCl stress and 5% PEG could further tolerance 50 

mM NaCl without serious aggregation. PEG provides steric barrier to stabilize AuNPs with 

increasing ionic strength; however, the PEG solution could be high viscosity with high 

content of PEG. Meanwhile, the BSA via salt-bridge to conjugate on AuNPs surface, and thus 

could cause the steric barrier to protect AuNPs from getting to close with neighboring AuNPs 

to interact and aggregate [Brewer et al., 2005]. Therefore, as low as 0.1% BSA could stabilize 

AuNPs under physical condition (150 mM NaCl) as given in Fig. 4-5B.  
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5-1-3. Effect of peptide substrate charges on AuNPs probes 

 The importance of peptide sequence design as ligands for conjugating on AuNPs is 

known [Fanun, 2010], but not suitable for protease activity detecting probe. For different 

target protease, the peptide sequence must limit to possible hydrolysis substrates. The 

reasonable thought is to consider overall effect instead of particular amino acid residue. It is 

proposed that peptide-modified AuNPs aggregation can be controlled by the electrostatic 

charge of peptides [Tullman et al., 2007]. Therefore, the charges of peptide substrates effect 

are investigated in this thesis. The pI of peptides determines the charges at function of pH 

(Table 3-1). UV-Vis spectra studies on A/1466p-FITC probe were given in Fig. 4-7. Fig. 

4-7A represents the positively charged modification process and it is clear that positive 

charges caused aggregation but tunable upon to the environment of strong negatively charged 

(buffer of pH 11.0). Fig. 4-7B shows the neutral charged modification process and it indicates 

that postnatal environment alter the stability of 5.6A/1466p-FITC probe. In addition the buffer 

of pH 4.0 caused the adsorption spectra red shift obviously. Fig. 4-7C indicates the negatively 

charged modification process and it shows more tolerable to postnatal environment change 

than neutral charged modification probe. The UV-vis spectra show that the AuNPs probe is 

stable in neutral and negatively charged environments and the spectra also show little red shift 

in positively charged environment. Fig. 4-7D also represents the negatively charged 

modification process; however, the spectra of pH 11.0 modification before removal process 

gained not smooth curve, which might cause by tense ionic strength to AuNP during adjusting 

pH previously. Our results show corresponding to the results reported by Tullman et al. [2007]; 

however, they indicated that the disruption of EDL due to positively charges induced 

irreversible aggregation which is reversible in this study. The possible reason is that 

1466p-FITC is -2 charged at pH 11.0 (Table 3-1) providing enough repulsive force to 

increase the EDL and alter aggregation to dispersion in this study. This UV-vis study provides 
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an important rule that during modification the peptide ligands should present in neutral or 

negatively charges. 

 Is the influence of peptide charges during conjugation could continuously affect the 

stability of AuNPs probes in postnatal environment after purification? It is known that neutral 

or negatively charges of peptide during modification lead to dispersion when positively 

charges peptide leads to aggregation. Hence, the results in Fig. 4-8A shows for A/1466p-FITC 

probe that pH 4.0 modification caused serious aggregation. Besides, Fig. 4-9A shows for 

A/1477p-FITC probe that pH 4.0 and 5.6 modification caused serious aggregation. But after 

purification, the postnatal environment is pH 5.6 cause effect on pH 7.4 modification of 

A/1477p-FITC probe as shown in Fig. 4-9B. The results mentioned above indicate that only 

neutral or negatively charges peptides conjugate to AuNPs would lead to stable AuNPs probe 

and conquer resulting positively charges postnatal environment. 

5-1-4. Conjugation of peptide substrates to AuNPs 

How many peptide substrates per AuNPs are there after conjugation? During the 

modification, the peptides substrates were existed either on the AuNPs or in the discarded 

supernatant. Because of the fluorophore modified with peptide substrates, the amount of 

peptide substrates in each possible part could estimate by fluorescence intensity (Table 4-1). 

Although 1482p-FITC shows significant low conjugation rate in supernatant supplement 

method, the DTT direct method shows that all of the peptide-FITC own about 50 ~ 60 % 

conjugation rate. Table 4-2 shows that peptide substrates in supernatant and DTT discard 

could not match the initial loading amount, especially 1466p-FITC and 1477p-FITC. The 

disagreement indicates the loss of peptide substrates during purification and less strong 

pseudo covalent to AuNPs. Therefore, the DTT discard direct method was chosen to estimate 

the conjugation ratio. 
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Lévy [2004] reported that 12 nm AuNPs - CALNN conjugated ratio is 791 

peptides/AuNPs or 1.67 peptides/nm
2
; for another method they gained 919 peptides/AuNPs or 

1.93 peptides/nm
2
. Olmedo et al. [2008] reported that 12.5 nm AuNPs - CLPFFD, CLPDFF, 

and CDLPFF conjugated ratios are 460, 420, and 203 peptides/AuNPs, respectively. Guerrero 

et al. [2012] reported that 12 nm AuNPs-CK conjugated ratio is 122 peptides/AuNPs and 12 

nm AuNPs-CLPFFD is 75 peptides/AuNPs [Guerrero et al., 2012]. Our results show that 15 

nm AuNPs to 1466p-FITC, 1477p-FITC and 1482p-FITC conjugated ratios are 1789.2, 

1494.2, 1065.5 peptides/AuNPs or 5.4 4.5 3.2 peptide/nm
2
, respectively (Table 4-3). 

Compared with others work, our results show very high conjugation ratio of peptide on the 

AuNP surface; in other words, the synthesized probes is compact packed monolayers by 

peptides. The advantages of dense packed monolayers have two: (1) more loading peptides 

mean higher chances for proteases to identify and activate the AuNPs probes, (2) compact 

coverage usually make AuNPs probes more stable compared with citrate-capped AuNPs. 

The zeta potential indicates the degree of repulsion between adjacent, similarly charged 

particles in dispersion. Colloids with high zeta potential (negative or positive) are electrically 

stabilized while colloids with low zeta potentials tend to coagulate or flocculate. A value of 

25 mV (positive or negative) can be taken as the arbitrary value that separates low-charged 

surfaces from highly-charged surfaces [Greenwood and Kendall, 1999]. Zeta potential of 

citrate-capped AuNPs and AuNPs probes were analyzed (Table 4-4). The dense package of 

AuNPs probes show improvement in stability which have larger negative zeta potentials (-39 

~ -52 mV) compared with citrate-capped AuNPs (-34.7 mV). The results indicate higher 

conjugation rate of peptide substrates provide steric stabilization effect. However, the values 

of zeta potential are neither coordinated to pI of peptide substrates nor conjugation rates of 

which the lower pI expected to have larger negative zeta potential and the denser the 

conjugated peptide substrates forming relatively stable particles. AuNPs process with 
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purification could make extraordinary difference that 7.4A/1466p-FITC and 

10.0A/1477p-FITC probes show smaller negative (-15 ~ -17 mV). The 5.6A/1482p-FITC 

probe remain approximately the same level of zeta potential (-39.2 to -34.3 mV). The results 

could distinguish 5.6A/1482p-FITC probe of three AuNPs probes that has the best stability; 

although the 5.6A/1482p-FITC probe has lowest conjugation rate, the peptide charges seem to 

provide strong exclusive force leading to dispersion stable. 

 Besides, the size of citrate-capped AuNPs also determinate the fate of modification, 

which is the size larger than 25 nm AuNP is hard to self-assembly with peptide substrates 

without aggregation even processed under the principle mentioned above. 

5-1-5. Optimize the sensitivity of AuNPs probes to proteases 

Proteinase K is a very high specific activity protease; therefore, proteinase K was used as 

tools to optimize the experiment conditions. Although the synthesized probes form dense 

packed monolayers, the stability was still concerned. The purified 10.0A/1477p-FITC probes 

are poor to tolerance ionic strength change unless process with stabilization. The possible 

reasons are the pI of 1477p-FITC is high leading to positively charges which easily to induce 

aggregation and the purification leads to ionic environment changes of which citrate solution 

to nonionic solution. For improving stability of AuNPs probes, the stabilizers such as PEG 

and BSA are used; however, do these stabilizers cause negative effect to the sensitivity of 

AuNPs probe to proteinase? The purification process consist of two times centrifugation, thus 

there would be the need of wash buffer and suspended buffer. The wash buffer determined to 

use PEG solution; hence the shorty immersed in PEG solution affection is confirmed in Fig. 

4-10A. The concentration of PEG has no effect to proteinase K activity, except 5% PEG is 

significant lower compared with 0% PEG. It points out that shorty immersion would not 

cause PEG adhesion on AuNPs probes, but high content of PEG still rise the possibility of 

PEG remain. The suspension buffer is BSA solution as efficient stabilizer to NPs and BSA 
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hydrodynamic diameter is about 7 nm [Yohannes et al, 2010]. It is clear that the increase of 

BSA concentrations was with the proteinase K activities decrease (Fig. 4-10B). The results 

might due to the BSA is a substrates of proteinase K and high content of BSA increase the 

steric barrier of proteinase K to hydrolysis peptide substrates on AuNPs. Consequently, the 

2% PEG solution is for purification and 0.1%BSA solution is for suspension and stabilization 

for processed AuNPs. 

The optimal pH of proteinase K sensitivity to 7.4A/1466p-FITC is pH 9.0 (Fig. 4-11). 

The quenching effect of AuNPs to fluorophore (D) is distance dependence; therefore, the 

concentration of AuNPs probe is important. To identify the optimal concentration of AuNPs 

probes, two AuNPs were applied and with various concentrations of proteinase K. The 

7.4A/1466p-FITC probe detecting proteinase K (100 ng/mL, for 1 hr at 37°C) shows the 

optimal concentrations are 0.63 ~ 1.25 nM (Fig. 4-12A). Besides, the 10.0A/1477p-FITC 

probe detecting proteinase K (400 ng/mL, for 1 hr at 37°C) owns the optimal concentrations is 

1.25 nM (Fig. 4-12B). Both of the results show that higher or lower concentration lead to 

lower proteinase K sensitivity responded on fluorescence intensity change; which corresponds 

to the hypothesis of higher concentration AuNPs probes may lead to negative impact on 

fluorescence emission by quenching. The lower concentration AuNPs probes has the same 

phenomenon that could explain by insufficient peptide substrates for proteinase K to perform. 

5-1-6. Establishment of proteinase K activity assay by AuNPs probes 

There are three AuNPs probes conduct in this thesis, the differences between three of 

them are the length and charges of peptide substrates (Table 3-1). The first investigated probe 

is 7.4A/1466p-FITC probes. The linear correlation ranged from 10 to 400 ng/mL proteinase K 

for 1 hr detection time is confident, of which y = 8.32 x + 433.82 and R² = 0.96 (Fig. 

4-13A) ;and the time course of proteinase K activity also given in Fig. 4-13B. Yang et al. 

[2011] provided that middle region of peptides contains four alanine (AAAA) could promote 
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peptide assembly into densely packed monolayer on AuNPs. The repeating amino acid reissue 

also applied by Kim et al. [2008], and that they used four glycine (GGGG) as linker to 

cysteine (C). Wang et al. [2010] also used three glycine (GGG) as linker in design. The 

10.0A/1477p-FITC probe is designed by the combination idea of mentioned advantages of 

repeating amino acid reissue and glycine is chosen instead of alanine for the simplest structure 

which can fit into hydrophilic or hydrophobic environments. The purpose of five glycine 

(GGGGG) is to play the role of linker and to liberate the steric barrier formed by dense 

packed monolayer of peptide substrates on AuNPs. It is expected to increase the sensitivity of 

protease to the 10.0A/1477p-FITC probe. As shown in Fig. 4-14A, both AuNPs probes have 

great linear correlation between fluorescence intensity change and proteinase K concentration. 

The 7.4A/1466p-FITC probe has the linear correlation ranged from 25 to 400 ng/mL 

proteinase K for 15 min detection time, of which y = 3.14 x + 6.82 and R² = 0.99; while 

10.0A/1477p-FITC has the range from 10 to 400 ng/mL proteinase K for 15 min detection 

time, of which y = 10.56 x + 396.76 and R² = 0.99. Besides, comparison in time course of low 

concentration proteinase K (25 ng/mL) activity between two AuNPs probes also was given in 

Fig. 4-14B. The results clearly indicate that proteinase K is more sensitive to 

10.0A/1477p-FITC responding on the fluorescence intensity change increases above three 

folds under the same conditions.  

So far, we conclude that increasing length of peptide substrates with glycine is efficient 

to increase sensitivity by decrease steric barrier. However, the 10.0A/1477p-FITC probe is not 

easy to synthesize due to its’ high pI value and less stable for easily positively charged. For 

the purpose of conducting the principle of design peptide substrate for various proteases, the 

challenge of high pI of peptide substrate is likely to face with. Therefore, the linker of glycine 

(GGGGG) is replaced by aspartic acid (DDDDD). The function of aspartic acid only 

discusses in the aspect of locating at far end from AuNPs could help forming stable packed 
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monolayer [Olmedo et al., 2008]. In this study, the five D residues provide a simple chain like 

five G but with strong negatively charges. Therefore, the chain of aspartic acid (DDDDD) as 

the linker not only decreases the steric barrier but also decreases the pI of peptide substrates, 

and that is 1482p-FITC. The 5.6A/1482p-FITC is more stable due to negatively charge 

expected increasing the EDL of AuNPs probe. The conjugation ratio also shows lower than 

10.0A/1477p-FITC, the explanation is corresponded with Olmedo et al. [2008]. It indicated 

that D inducing the exclusion of more molecules of absorbed citrate (due to the repulsive 

interaction between D residues and citrate carboxylates). Because the stability of 

5.6A/1482p-FITC probe is improved this probe could suspend without stabilizer and stand the 

experiment salt stress (data not shown). Hence, the sensitivity of 5.6A/1482p-FITC probe is 

expected to increase without the BSA interference. The time course of proteinase K activity is 

given in Fig. 4-15A. The 5.6A/1482p-FITC shows the linear correlation ranged from 0.1 to 

12.5 ng/mL proteinase K for 15 min detection time was confident, of which y = 570.36 x + 

209.17 and R² = 0.99 (Fig. 4-15B). The detection limit is sharply down to pg/mL level 

compared with 10.0A/1477p-FITC only for ng/mL level in shorter detection time (15min). 

 

5-2. AuNP and the morphology change analysis  

5-2-1. Gel electrophoresis analysis 

The morphology change of AuNPs after modification and 5.6A/1482p-FITC probe 

activated by proteinases could be observed in gel electrophoresis. The migration differences 

of citrate-capped AuNPs, 5.6A/1482p-FITC and the AuNPs probe activated by chymotrypsin 

and proteinase K are clearly shown in Fig. 4-16. With the hydrolysis of peptide substrates, the 

molecular weight of AuNPs probe decreases and shows higher mobility. The UV-light could 

excite the FITC fluorophore; therefore, the quench phenomenon was confirmed in Fig. 4-17B. 
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The UV-light excited image of 5.6A/1482p-FITC without activated by proteinase still 

presented with very weak fluorescence band, which the band were considered the unbounded 

peptide substrates. Both free and bound peptide substrate were cleaved by proteinase were 

given. Besides, the bands of hydrolyzed peptide substrates has lower mobility could explained 

by the loss of five Asp (D) which have very strong negatively charges.  

 

5-3. Establishment of chymotrypsin activated fluorescent 

self-assembly AuNPs probes 

5-3-1. Establishment of chymotrypsin activity assay by AuNPs probes 

The AuNPs probes conducted in further also could apply in detecting chymotrypsin 

activity. The optimal pH of chymotrypsin sensitivity to 10.0A/1477p-FITC is pH 8.0 , as 

shown in Fig. 4-18 [Norris et al., 1970; Wilcox, 1970]. Although three probes have same 

cleavage sites to chymotrypsin, Fig. 4-19A still indicates that 7.4A/1466p-FITC probe has 

very low sensitivity to chymotrypsin responding on the low fluorescence intensity change. In 

the meantime, the 10.0A/1477p-FITC probe acquires confident linear correlation ranged from 

25 to 500 ng/mL chymotrypsin for 1 hr detection time, of which it y = 6.75 x + 87.34 and R² = 

0.96. Fig. 4-19B gives the results of corresponding to the concentration results; that the 

10.0A/1477p-FITC probe shows time correlated to delta fluorescence intensity, while 

7.4A/1466p-FITC probe shows very low increase instead. Again, increasing the length of 

peptide substrates shows improvement of chymotrypsin to activate the AuNPs probe. The 

10.0A/1477p-FITC probe could reduce the detection time from 60 min to 30 min with a 

perfect linear correlation range from 25 to 300 ng/mL chymotrypsin, of which y = 5.07 x - 

105.87, R² = 1 (Fig. 4-20). The specificity of 10.0A/1477p-FITC probe also investigated, and 

that serine protease like trypsin was applied. Trypsin has one cleavage site in 1477p-FITC. 

Although the results showed that the linear correlation ranged from 200 to 600 ng/mL trypsin 
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is confident, of which y = 0.62 x - 76.48 and R² = 0.99, but relatively low about 10 fold 

fluorescence intensity change compared with chymotrypsin (Fig. 4-21). 

To lower the detection limits and in short detection time, the 5.6A/1482p-FITC applied. 

Fig. 4-23A acquires time course of various concentrations of chymotrypsin relation to delta 

fluorescence intensity. The 5.6A/1482p-FITC has the linear correlation ranged from 0.25 to 

10 ng/mL chymotrypsin for 15 min detection time is confident, of which y = 506.69x - 90.82 

and R² = 0.99 (Fig. 4-23B). The same as proteinase K assays, the 5.6A/1482p-FITC could be 

a high sensitivity probe to chymotrypsin activity within pg/mL level in 15 min. 

5-3-2. BTEE assays of chymotrypsin 

Commonly, the chymotrypsin assay conduct is conducted with measuring an increase in 

A256 resulted from the hydrolysis of BTEE. Fig. 4-22 shows that the BTEE assay could 

acquire a linear correlation range from 200 ~ 600 ng/mL chymotrypsin in 5 min, of which y = 

7E-05x + 0.0034 and R² = 0.995.  

Draw a conclusion that the 7.4A/1466p-FITC probe could not apply in chymotrypsin 

assay due to its’ poor sensitivity. And there is no significant advantage of 10.0A/1477p-FITC 

probe compared with BTEE assays, which only has lower detection limit but takes longer 

time to achieve. The 5.6A/1482p-FITC probe could take great ahead in detection limit within 

15 min compared with BTEE assay. 
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5-4. Application in animal experiments 

5-4-1. Distributions of chymotrypsin in intestinal fluids 

 Chymotrypsin is produced in the acinar cells of the pancreas as the inactive precursor, 

chymotrypsinogen. Chymotrypsinogen is carried in the pancreatic juice through the 

pancreatic duct into the duodenum and then can be activate by trypsin and be active. 

Chymotrypsin is usually used as an indicator for evaluating pancreatic function [Bermudes et 

al., 2011; Kadhim et al., 2010] and related to pancreatic diseases [Goldberg, 2000; Piotrowski 

et al., 2003; Shimada et al., 2000]. Hence, the 5.6A/1482p-FITC probe is used to analyze 

chymotrypsin activity and estimate the function of pancreas. The pancreas isolation is 

confirmed with dithizone (DTZ) staining (Fig. 4-24 A and B) of islet which size is about 250 

μm in diameter [Li et al., 2009; Lin et al., 2007]. The distributions of chymotrypsin in small 

intestinal contents of mouse are shown in Fig. 4-25. The chymotrypsin activity distribution 

trend is corresponding to other species like pig [Low, 1982], goslings [Shih and Hsu, 2006] 

and chickens [Kadhim et al., 2010; Ren et al., 2012], while mice data are never proposed 

before. The diet controls are investigated and the results indicate that feeding group owns 

significant higher amount of chymotrypsin in jejunum (J2, about  9 μg) and ileum (I2, about 

19 μg) than that in fast group.  

The fecal chymotrypsin was also investigated. The crucial point is that only one feces of 

mouse is needed to conduct the analysis that is impossible for ordinary chymotrypsin assays 

due to detection limit limitation. The AuNPs probe (5.6A/1482p-FITC) could successfully 

analyze the fecal chymotrypsin within 15 min. Fig. 4-26 represents the distributions of 

relative fecal chymotrypsin activity in each period of fasting and feeding process. As the 

results showed that fecal chymotrypsin corresponding to intestinal chymotrypsin under diet 

controls, the highest and lowest periods have over 2 folds chymotrypsin activity difference. 
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5-4-2. Cerulein-induced acute pancreatitis mouse model-analysis by plasma 

amylase and lipase 

AP could be induced by repeated cerulein injections and higher frequencies of cerulein 

injections will lead to rapid formation of pancreatic fibrosis [Aghdassi et al., 2011; Feng et al., 

2012]. Therefore, the cerulein-induced AP mouse model in this study was established by 4 

doses of intraperitoneal injections of cerulein (200 μg/kg/2 hr). The diagnosis of AP is by the 

plasma amylase and lipase levels which would increase above three times the upper limit of 

the normal reference values [Munoz and Katerndahl, 2000]. The plasma amylase of 

cerulein-induced group is significantly higher than that of saline group over 6 and 12 fold in 

the 8
th

 and 10
th

 hr mice, respectively (Fig. 4-27A). Meanwhile, the plasma lipase of 

cerulein-induced group is significantly higher than that of saline group over 4 and 6 fold in 

the 8
th

 and 10
th

 mice, respectively (Fig. 4-27B). The normal reference value of plasma 

amylase is about 4,000 U/L and lipase is about 520 U/L. The cerulein-induced AP results are 

corresponding to Lugea et al. [2006] model that serum amylase is about 30,000 U/L at the 7
th

 

hr and the reference value is about 4,000 U/L. It is noted that both plasma amylase and lipase 

decrease to normal level as saline group in the 24
th

 hr mice of cerulein-induced. For the 

results of cerulein-induced AP model, the 12
th

 hr could achieve maximal pancreatic injury and 

recover spontaneously after the 24
th

 to 48
th

 hr [Aghdassi et al., 2011]. The cerulein-induced 

AP mice model established by Tsai et al. [2011] also showed the evaluation of plasma 

amylase and lipase level in the 24
th 

hr and decreased in 30
th 

hr. However, the plasma amylase 

and lipase are decreasing to normal level in the 24
th 

hr in this study. The amylase levels with 

pancreatitis vary depending on the severity of the diseases [Munoz and Katerndahl, 2000]. 

Therefore, the decreasing phenomenon could conclude to mild AP induced in this model 

which could recover in short term. Felius et al. [2003] indicated that cerulein administration 

induced mild pancreatitis and the interval between injections is not frequently enough might 

lead to less severity. 
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5-4-3. Cerulein-induced acute pancreatitis mouse model-analysis by 

chymotrypsin 

 Chymotrypsin activity as the indicator to estimate the occurrence of pancreatitis usually 

refers to fecal chymotrypsin [Molinari et al., 2004]. However, intestinal fluid of duodenum 

was analyzed in this study. The cerulein-induced AP mice’s duodenal contents were collected 

with proper fasting ahead before sacrificed and analyzed by 5.6A/1482p-FITC probe. The 

amount of chymotrypsin in cerulein-induced mice showed significantly decrease in duodenum 

fluid for the 8
th

, 10
th

 and 24
th

 hr periods compared with that of saline subjects as given in  

Fig. 4-28A. The normal level of duodenal chymotrypsin is about 45 μg and decrease to about 

11 μg in cerulein-induced mice. This is the first time that duodenal chymotrypsin is viewed as 

a reliable index of AP in cerulein-induced mice model. Chymotrypsin activity decreases in 

duodenum result from acinar cell injury leading to pancreas malfunction. 

 AP is initiated in the acinar cells and the proteolytic enzymes play a crucial role by 

inducing pancreas autodigestion. There are several evidences from experiment models 

suggested that premature activation of trypsinogen represents a critical indicating event that 

leads to acinar cell damages, tissue destruction, and self-digestion of the organ [Baumann et 

al., 2007; Lugea et al., 2006]. Therefore, the prediction is that chymotrypsin activity of 

pancreas would activated by trypsin of premature trypsinogen with AP model. The 

chymotrypsin activity in pancreas of cerulein-induced AP mice was analyzed by 

5.6A/1482p-FITC probe. The results in Fig. 4-28B respond the perdition that chymotrypsin 

activity is significantly higher increase in pancreas of cerulein-induced mice than that of 

saline subjects. There are few works discussed the rise activity of chymotrypsin in pancreas 

with AP. In the cerulein-induced rat model that chymotrypsin activity increase about 3 times 

than normal reference [Piotrowski et al., 2003]. The chymotrypsin activity changed in this 

study also gained the same results, which was that chymotrypsin activity rise about 3 folds 

with AP subjects. It is noted that both in the 10
th

 hr cerulein-induced mice that chymotrypsin 
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in duodenum fluid and pancreas have the most significantly change. The phenomenon also 

respond to the severity of AP would reach maximal pancreatic injury at the 12
th

 hr [Aghdassi 

et al., 2011]. The chymotrypsin activity in duodenum also corresponds to chymotrypsin in 

pancreas in this model. 

Compare with the results of plasma amylase and lipase to chymotrypsin activity in 

duodenum, pancreas. All protease activity perform significantly change in the 8
th

 to 10
th

 hr 

since first injection of cerulein, but amylase and lipase level reduce to normal level while 

chymotrypsin level still remain abnormal. Hence, the recover phenomenon determined by 

plasma amylase and lipase level confirms the drawback of this diagnosis method to AP which 

easily underestimates the possibility of AP during diagnosis. At the meantime, the 

chymotrypsin activity in duodenum provides a direct index to estimate the pancreatic injury; 

however, the disadvantage is not easy to obtain duodenal fluid as plasma does. 

The cerulein-induced AP mouse model also conducted fecal chymotrypsin estimation. 

Continuously 24 hr feces collection provided a time course of digestion and chymotrypsin 

activity change in AP model. The continuously cerulein injection could cause the mice 

stomach ache and unwilling to eat; hence, beforehand fasting might encourage mice eating 

willing. Besides, the feces exist large individual difference or digestion rate difference. 

According to above results that 5 hr seems a determinate period of response time; therefore, 

every 5 hr periods of collections were classified into one group. The saline subject shows 

cycle change of chymotrypsin activity due to the activity of diet. The groups of 0 ~ 4
th

 hr, 5 ~ 

9
th

 hr and 20 ~ 24
th

 hr of cerulein induced mice had significant lower fecal chymotrypsin 

activity compared with those of in saline subjects (Fig. 4-29). However, it is hard to 

distinguish the cause of low fecal chymotrypsin from low diet activity or AP occurrence. The 

recommend of viewing fecal chymotrypsin as an indicator of AP is to ensuring high diet 

activity condition. The advantage of fecal chymotrypsin compared with duodenal 
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chymotrypsin is the feasible of sample collection; herein, fecal chymotrypsin should be 

conducted with long term and multiple sample collection to elevate the accuracy. 

  

  



 

115 

 

VI. Conclusions 

There are three AuNPs probes conduct in this thesis, the differences between three of 

them are the length and charges of peptide substrates. An important rule during modification 

is that the peptide ligands should present in neutral or negatively charges that leading to stable 

AuNPs probe and conquer resulting different charges by postnatal environment. Our results 

report that established AuNPs probes are dense packed monolayer with 1000 ~ 1800 

peptides/AuNPs. 

The first investigated probe is 7.4A/1466p-FITC probes. The linear correlation ranged 

from 10 to 400 ng/mL proteinase K for 1 hr detection time is confident. Repeating amino acid 

reissue (GGGGG) plays the role of linker and liberates the steric barrier formed by dense 

packed monolayer of peptide substrates on AuNPs. The results clearly indicate that  

proteinase K is more sensitive to 10.0A/1477p-FITC which increases above 3 folds under 

same conditions responding on the fluorescence intensity change. For the purpose of 

conducting the principle to design peptide substrate for various proteases, the challenge of 

high pI of peptide substrate is likely to face with; hence, aspartic acid (DDDDD) replacement 

as linker decreases the pI of peptide substrates. The 5.6A/1482p-FITC shows the linear 

correlation ranged from 0.1 to 12.5 ng/mL proteinase K for 15 min detection time is 

confident. 

Chymotrypsin is usually used as an indicator for evaluating pancreatic function and that 

is related to pancreatic diseases. The established probes also applied in chymotrypsin assays. 

The 7.4A/1466p-FITC probe is not suitable for chymotrypsin assay due to its’ poor sensitivity. 

There is no significant advantage of 10.0A/1477p-FITC probe compared with BTEE assays 

(usually for chymotrypsin activity assays), which only has lower detection limit but takes 

longer time to achieve. The 5.6A/1482p-FITC could be a high sensitivity probe to 
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chymotrypsin activity within pg/mL level in 15 min. The 5.6A/1482p-FITC could take great 

ahead in detection limit (0.25 to 10 ng/mL chymotrypsin) within 15 min detection time 

compared with BTEE assay. 

The 5.6A/1482p-FITC probe is used to analyze chymotrypsin activity and estimate the 

function of pancreas. The distributions of intestinal chymotrypsin of mouse under diet 

controls were investigated and the results indicate that feeding group owns significant higher 

amount of chymotrypsin in jejunum (J2, about  9 μg) and ileum (I2, about 19 μg) than in that 

of fasting group. The distributions of fecal chymotrypsin under fasting and feeding process 

show same trend with intestinal chymotrypsin that the highest chymotrypsin activity period is 

2 folds higher than in the lowest period. 

 The cerulein-induced AP mouse model in this study was established. The plasma 

amylase and lipase of cerulein-induced group are significantly higher that of than saline group 

over 3 folds in the 8
th

 and 10
th

 hr mice, respectively. It is noted that both plasma amylase and 

lipase decrease to normal level as saline group in the 24
th

 of cerulein-induced mice. The 

duodenal fluid was analyzed in this study. The amount of chymotrypsin in cerulein-induced 

mice shows significantly decrease in duodenum fluid for the 8
th

, 10
th

 and 24
th

 hr compared 

with that of the saline subjects. The normal level of duodenal chymotrypsin is about 45 μg, 

and decrease to about 11 μg of cerulein-induced mice. Duodenal chymotrypsin as a reliable 

index of AP in cerulein-induced mice model is first proven in this study. The occurrence of 

trypsin preactivation in pancreas that causes chymotrypsinogen activation was also identified. 

The chymotrypsin activity significantly increases about 2.5 times in pancreas of 

cerulein-induced mice than that of the saline subjects. The chymotrypsin activity in 

duodenum also corresponds to chymotrypsin in pancreas in this model, which both the 10
th

 hr 

cerulein-induced mice have the most significantly change of chymotrypsin activity. 

Fecal chymotrypsin also conducted to estimate the AP model in this thesis. Continuously 
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24 hr monitoring shows that 0 ~ 4
th

, 5 ~ 9
th

 and 20 ~ 24
th 

hr of feces from cerulein induced 

mice have significant lower chymotrypsin activity compared with those of fecal chymotrypsin 

in saline subjects.  

The results of plasma amylase and lipase are compared with chymotrypsin activity in 

duodenum, pancreas and feces. Measuring the amylase and lipase level in plasma/serum 

would easily underestimate the possibility of AP during diagnosis. The elevation of 

chymotrypsin activity in pancreas proves the preactivation of trypsin in AP. At the meantime, 

the chymotrypsin activity in duodenum provides a direct index to estimate the pancreatic 

injury; however, the disadvantage is not easy to obtain duodenal fluid as plasma does. The 

fecal chymotrypsin provides a noninvasive method to evaluate AP occurrences. However, the 

distinguishment of low diet activity or AP leading to relative low fecal chymotrypsin should 

be carefully eliminated. 

 Overall, the AuNPs probes established in this study could be viewed as a stable and 

efficient protease activity detecting platform. The possibility of chymotrypsin activity as 

indicator to AP are further distinguished in duodenum, pancreas and feces. The designed 

guidelines provide in this work, are expected for wide development by simply replacing the 

efficient peptide substrates for different protease targets; therefore, the assay by this platform 

could be applied in clinical or industrial routine detections and make the achievements 

procured this study being more profitably and valuably. 
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