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ABSTRACT 

 

Protease activities provide essential physiological functions in the human body, such as 

food absorption, and abnormal protease activities can lead to severe diseases. In order to diagnose 

and monitor these diseases, it is urgent and desirable to develop quantitative detection methods of 

proteolysis. Currently, the surface-enhanced Raman scattering (SERS) technique has received 

much attention due to its multiplexed analysis and signal enhancement. However, SERS 

quantitative analysis remains a challenge because of variable SERS enhancements. To overcome 

this barrier, we introduced an internal standard to minimize the signal variations. In this thesis, 

silver nanocubes (AgNCs) were used as SERS substrates. The short peptide (sequence CQSARW) 

was used to monitor the proteolysis of trypsin. Peptides and internal standards were chemisorbed 

on AgNC surfaces via metal-thiolate bonding. After Raman measurements, the degree of digestion 

was determined by comparing the normalized spectra of the peptide before and after trypsin 

digestion. To demonstrate the application of this technology in drug discovery, we evaluated the 

inhibition capability (IC50) of two known trypsin inhibitors, Ovomucoid and Bowman-Birk 

inhibitor (BBI). It was found that the measured IC50 values of the trypsin inhibitors are at the same 

orders of magnitude as the literature values. 
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NOMENCLATURE 

 

SERS Surface-enhanced Raman scattering 

LSPR Pressure localized surface plasmon resonance 

AgNC Silver nanocube  

2-MES 2-mercaptoethanesulfonate 

BBI Bowman-Birk inhibitor 

IC50 Half maximal inhibitory concentration  
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CHAPTER I  

INTRODUCTION AND LITERATURE REVIEW 

 

1.1 Proteases 

 

Proteases are the enzymes which can catalyze the hydrolysis of peptide bond in the peptides 

or proteins. The reaction catalyzed by proteases is called proteolysis. The catalytic capability of 

proteases brings many functions in human biological systems. For example, dietary proteins are 

cleaved by proteases catalysis in the small intestine and digested to amino acids for cell absorption. 

Also, proteases mediate blood coagulation, immune function, maturation of prohormones, bone 

formation, programmed cell death. Additionally, they participate in many pathological processes 

and serve as biomarkers and targets in medical diagnostics and therapies, such as Alzheimer's 

disease and ovarian cancer.1–5  

Generally, proteases are mainly classified into seven groups, including, serine proteases, 

cysteine proteases, threonine proteases, aspartic proteases, glutamic proteases, metalloproteases, 

and asparagine peptide lyases. Because some types of proteases perform similar mechanisms, there 

are mainly two different mechanisms for all proteases (Fig. 1). First mechanism is that one specific 

amino acid of proteases serves as nucleophilic residue to attack the carbon of peptide bond of 

specific residue, and then break carbon-nitrogen bond to release one peptide chain. Next, water in 

the solution hydrolyzes the intermediate to detach original proteases in order to release the other 

peptide chain. Serine proteases, cysteine proteases, and threonine proteases apply to this 

mechanism. For serine proteases, serine serves as nucleophilic residue to catalyze. Also, cysteine 

and threonine are nucleophilic residues for cysteine proteases and threonine proteases, 
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individually.  Second mechanism is that the active site of proteases to activate water to be 

nucleophile, and water attack carbon of peptide bond of specific residue. Finally, two peptide 

chains are formed by catalysis of proteases. Aspartic proteases, glutamic proteases, and 

metalloproteases apply to second mechanism.2,6 

 

 

 

Figure 1: The mechanisms of hydrolysis catalyzed by different types of proteases.2 

Reprinted from Wikipedia: Protease. 
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With many biological functions, proteases play a pivotal role in numerous biological 

reactions in organisms. When proteases malfunction, some biological functions are not able to 

execute normally, thereby causing some diseases, such as Alzheimer's disease (AD). It is well-

known that human dementia results from Alzheimer's disease (AD) especially in the aging 

population. Although the entire mechanism remains unknown, the disease can be characterized in 

terms of accumulation of proteins and protein fragments in the brain, progressive neuronal loss. 

Recently, some research revealed disbalance of cysteine proteases are the key for treatments in 

AD and other neurodegenerative diseases since cysteine protease inhibitor protects neuronal cells 

from a wide range of attack, thereby causing cell death induced by oligomeric and fibrillar Aβ. It 

is worth to investigate the detailed mechanism of AD for therapeutic development. To do so, a 

reliable and high-throughput detection tool is required. In this thesis, we developed a new platform 

that can quickly determine proteases disbalance or activities.4,5,7 
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1.2 Literature Review: Existing Detection Methods of Proteolysis 

 

A number of detection methods of proteolysis have been developed, including mainly 

colorimetry, electrochemistry, fluorescence and surface-enhanced Raman scattering (SERS). Each 

analytical method has its unique advantages and disadvantages, so we briefly explain these 

analytical methods in the following content. 

(1) Colorimetric assays utilize the property of localized surface plasmon resonance 

(LSPR) of gold nanoparticles (AuNPs) for protease detection. The aggregation of nanoparticle 

alters the LSPR, leading to the solution color change. For example, Xue's group designed peptides 

with repeated arginine residues to induce the aggregation of gold nanoparticles; however, the 

nanoparticles aggregation would gradually collapse after peptide digestions catalyzed by 

proteases. Finally, the color change was observed from purple to red because the nanoparticles 

resuspended.8 Moreover, Chen's group detected the color change by inducing the nanoparticles 

aggregation after proteolysis.9 Overall, detection by naked eyes or by spectrometers for 

quantitative analysis is one advantage of colorimetric assays. Also, LSPR is relatively stable during 

detection compared to photo-bleaching phenomenon observed in fluorescent-based methods. 

However, the colloidal stability of nanoparticles is still difficult to control in a complex matrix. 

The fact that nanoparticles aggregations interfere reactions must be studied.10,11 

(2) Electrochemical assays measure electrical signals produced from oxidation or 

reduction reactions.12 In these assays (Fig. 2), peptides are usually labelled with redox reporters 

and immobilized on the electrodes. Then, peptide hydrolysis led to the detachment of redox 

reporters, thereby decreasing the electrochemical signal.  Additionally, after hydrolysis redox 

reporters are designed to link to the cleaved peptide chain immobilized on the electrode; thus, the 
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increase of electrochemical signal would be observed.11,13–15 In current developments, 

electrochemical assays show high sensitivity, and the sensors can be miniaturized for point-of-care 

applications. However, peptides with electrostatic residues may interfere electrochemical signals 

due to the variation of amino acids in the peptides, especially the chain length of the peptide. 

Therefore, calibrations for a variety of peptides must be carefully studied.11  

 

 

                                   

 

Figure 2: The mechanism of electrochemical assays. (a) Proteolysis of the peptide labelled with 

a redox reporter decreases the electrochemical signal. (b) Proteolysis of the peptide allows a redox 

reporter to link, thereby increasing the electrochemical signal.11 Reprinted from “Recent 

developments in protease activity assays and sensors.” 
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(3) Fluorescence assays: Proteases activities can be measured by detecting fluorescent 

signals of peptide substrates. So far, fluorescence resonance energy transfer (FRET) is widely used 

in protease detections. In FRET, a donor fluorophore in an excited electronic state transfer its 

excitation energy to a nearby acceptor chromophore by long-range dipole-dipole interactions.16 

The typical design of protease FRET detections is shown in Fig. 3. A short peptide consists of a 

FRET donor and a FRET quencher in very close proximity (1-10nm) so that acceptor can quench 

the emission of the fluorescence donor. Then, the donor and the quencher are separated after 

proteolysis, so the FRET phenomenon gradually decreases. In other words, the fluorescence signal 

would appear and increase. Traditionally, organic fluorescent dyes serve as FRET acceptors or 

donors; however, nanomaterials such as gold nanoparticles and quantum dots also are used as 

FRET acceptors or donors in order to increase efficiency.17–19 Additionally, the more complexed 

fluorescent systems have been developed, such as BRET (Bioluminescence resonance energy 

transfer), due to the coupling between fluorescent proteins and enzymatic reactions with 

bioluminescence.20   
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Figure 3: The mechanism of fluorescent assays. (a) Peptides are labelled with organic FRET 

donors and acceptors. (b) Peptides are labelled with organic FRET donors and nanomaterials 

FRET acceptors. (c) Peptides are labelled with nanomaterials FRET donors and organic FRET 

acceptors.11 Reprinted from “Recent developments in protease activity assays and sensors.” 

 

 

 

Among the above-mentioned techniques, many efforts have focused on fluorescent assays 

due to its unique advantages. First, current fluorescence spectrometry can perform fluorescent tag 

of single molecule; thus, fluorescent assays possesses very high sensitivity. Second, fluorescent 

assays can be used in homogeneous or heterogeneous phases; however, colorimetric or 
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electrochemical assays are utilized in only heterogeneous phases due to the presence of 

nanoparticles or electrodes. Photo-bleaching phenomenon is still challenging for fluorescent 

detection. Also, there are some limitations on the peptide length because of FRET donors and 

acceptors in close proximity. Moreover, the label of FRET donors and acceptors is more 

complicated than other two techniques.11,17,21,22 Herein, we used surface-enhanced Raman 

scattering (SERS) to detect protease activity in order to avoid some problems in above-mentioned 

methods and maintain high sensitivity for quantitative analysis. 

 

 

1.3 Surface-enhanced Raman Scattering (SERS)  

 

For the detection of protease activities, surface-enhanced Raman scattering (SERS) is a 

relatively emerging technique that has attracted much attention due to its multiplexed analysis and 

non-destructive detection. Basically, SERS is an extended technique of Raman spectroscopy. 

Therefore, we illustrate Raman spectroscopy and then interpret SERS principle and applications 

in the following content. 

Raman spectroscopy is a scattering technique used to identify vibrational, rotational, and 

other low-frequency modes of molecules by measuring two different frequencies between 

excitation and emission. In principle (Fig. 4), when the monochromatic radiation light strikes at 

sample, the radiation would excite an electron to a higher virtual energy state, and then the electron 

immediately decay to a lower energy state; in the meantime, a scattering radiation would be 

emitted. After emission, most electrons would return to the original energy states, so the frequency 

of most scattered radiation is equal to the frequency of incident radiation. This phenomenon is 
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called Rayleigh scattering or elastic scattering. However, only about 1 part in 10 million of the 

incident photons would not follow elastic scattering since incident radiation interacts with the 

electron dipole of the molecule to change the original frequency of emission radiation. This 

situation is called Raman scattering or inelastic scattering. If the frequency of emission radiation 

is lower than the frequency of excitation, it is Stokes scattering; on the other hand, it is anti-Stokes 

scattering if the frequency of emission radiation is higher than the frequency of excitation.23–26 

 

            

 

Figure 4: The mechanisms of Rayleigh, Stokes, and anti-Stokes scattering, respectively.23 

Reprinted from Raman Spectroscopy. 

 

 

 

For inelastic scattering, due to obvious frequency change between excitation and emission, 

it represents the energy difference between initial and final energy states that corresponds to 
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rotational or vibrational modes of the molecule; thus, Raman spectroscopy provides information 

about rotational or vibrational modes of the molecule. The Raman spectrum of molecules obtained 

by Raman spectroscopy is like a structural fingerprint by which molecules can be identified. 

Overall, Raman spectroscopy has several advantages over the above-mentioned techniques. For 

example, organic and inorganic compound can be detected in the form of solids, liquids, polymers 

or vapors. Also, Raman is non-destructive detection and not interfered by water due to very low 

Raman signal for water. On the contrary, fluorescent sample or impurities may interfere with the 

Raman spectrum. Most importantly, the Raman effect is very weak due to approximately 1 of 107 

photons by Raman scattering.27 Overall, Raman spectroscopy is an advantageous technique; 

however, the weak Raman effect blocks the development of its applications. In order to improve 

this disadvantage, surface-enhanced Raman scattering (SERS) was invented to overcome this 

weakness. 

Basically, the function of SERS is to enhance Raman scattering when analyte molecules 

are close to rough metal surfaces or nanostructures. The enhancement factor for Raman intensity 

can achieve up to 8 orders of magnitude. It means SERS not only has high sensitivity but also has 

a majority of capabilities Raman spectroscopy possesses. As a result, SERS is widely used for the 

technologies development of highly sensitive detection, especially in analytical chemistry and 

biomedical engineering.28,29   

Regarding the mechanism of SERS, electromagnetic theory and chemical theory were 

proposed to reasonably explain the enhancement of Raman scattering. For electromagnetic theory, 

the localized surface plasmons are excited as incident radiation strikes the surface. When the 

frequency of localized surface plasmons resonates with the radiation, the electric field is 

maximized. Since plasmon oscillations must have the direction which is perpendicular to the 
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surface, the roughed surfaces or nanoparticles provide the area to produce plasmon oscillations 

with perpendicular directions. For chemical theory, when photons strikes metal surface, electrons 

in the metal are excited to cause charge transfer between the metal surface and chemisorbed 

molecules. The fact that the molecules may stay in the new excited-vibrational state renders 

Raman-scattered photons, leading to chemical enhancements.28–31  

Additionally, SERS substrates are a parameter to control enhancement factor. For current 

SERS detection methods, silver (Ag) and gold (Au) are used as the SERS substrates since they 

have dielectric properties to sustain strong plasmon resonances in the visible range. Also, the 

enhancement of Raman scattering usually occurs in the presence of nanostructures, so silver or 

gold nanoparticles are enormously utilized in SERS detections.30 

Overall, SERS possesses very low detection of limit due to high enhancement factor, and 

it applies to colloidal solution or solid film. Besides, multiplexed analysis is its unique advantage 

over other techniques. Since Raman spectrum provides information about many vibrational modes 

of many species, distinct vibrational signals can be identified as different species in complexed 

system. Compared to other techniques, SERS can detect and analyze more complicated system, 

such as bio-reactions with enzyme catalysis. With these merits, this project utilized SERS 

technique to detect protease activities.       
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1.4 SERS-based Protease Assays 

 

Due to SERS unique advantages, prior studies have designed various types of SERS 

substrates to detect protease activities. These SERS platforms have successfully measured 

proteolysis for qualitative analysis. For example, gold nanoparticles (AuNPs) labeled with 4-

mercaptobenzoic acid (4-MBA modified AuNPs) has been used as the SERS substrates (Fig. 5).32 

To detect serine proteolysis, the positive charged peptide with 9 arginine amino acids are cleaved 

into smaller arginine fragments by thrombin. In the absence of thrombin, SERS substrates would 

aggregate because the strong electrostatic attraction between peptide and negatively charged 4-

MBA modified AuNPs. The aggregations of SERS substrates form electromagnetic “hot spots”, 

so large electromagnetic coupling effect exist between AuNPs in the aggregate, leading to the 

enhancement of 4-MBA Raman signal. Contrarily, peptide chains are hydrolyzed into arginine 

fragments in the presence of thrombin. Because of weak electrostatic interaction between 

fragments and 4-MBA modified AuNPs, the degree of AuNP aggregation reduced, thereby 

minimizing enhancement factor. Thus, the SERS substrates can be used to detect proteolysis by 

measuring the intensity change of Raman signal.32 
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Figure 5: The mechanisms of SERS biosensor for thrombin based on enzymatic assays.32 

Reprinted from “A “turn-off” SERS-based detection platform for ultrasensitive detection of 

thrombin based on enzymatic assays.”  

 

 

Moreover, Hu’s group proposed a new SERS platform using the opposite effect compared 

to the above SERS substrates (Fig. 6).33 The designed peptide chain was divided into positive and 

negative charged fragments after trypsin digestion. When mixing peptide and 4-MBA modified 

AuNPs, peptide chain with cysteine amino acid can bind to AuNPs through Au-S bond.  After 

digestion, cleaved peptide with cysteine would bind to 4-MBA modified AuNPs, inducing SERS 

substrates aggregate due to strong electrostatic interaction between positively charged peptide and 

negatively charged AuNPs. The aggregations increase the hot spots, improving the enhancement 
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of Raman signal. On the other hand, there is weak electrostatic interaction between SERS 

substrates labeled with intact peptides, so the reduction of hot spots lowers enhancement factors.33    

 

     

 

Figure 6: The mechanisms of SERS-based enzyme assay for trypsin.33 Reprinted from “A 

simple and universal “turn-on” detection platform for proteases based on surface enhanced 

Raman scattering (SERS).” 

 

 

As a whole, these SERS-based assays exhibited successfully the qualitative analysis of 

proteolysis detection. For medical applications, quantitative analysis is urgent desire to provide 

accurate information to diagnose. So far, SERS-based assays with quantitative detection are rare 

and uncertain since enhancement factors of SERS substrates vary with location. Therefore, it 

remains a great challenge to design stable SERS-based protease assays with convincing 

quantitative analysis.     
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1.5 SERS with Quantitative Analysis 

 

The challenge of quantitative SERS analysis is that the local nanostructures and the 

coupling between SERS substrates severely influence the enhancement factors by several orders 

of magnitude. Even though the molecules are evenly distributed on the surface of metal 

nanoparticles, the intensities of SERS signal are not uniform. In this case, the SERS intensities are 

not proportional to the concentrations of target molecules. In other words, we cannot use SERS 

intensities to reflect concentration of target molecules. Thus, the SERS quantitative analysis was 

restricted.34,35  

In order to satisfy quantitative analysis, internal standards were often introduced in SERS 

substrates. Briefly, internal standards are non-reactive reference molecules with high Raman 

responses in systems. As analyte molecules and internal standards are simultaneously adsorbed on 

the surface of metal nanoparticles, both molecules on the surface experience in the same 

environment. In other words, the SERS signals of both molecules have the same enhancement 

factors at each location even enhancement varies with location.  Due to non-reactive property, the 

challenge of uneven enhancement can be overcome by normalizing SERS intensity of internal 

standards.35 So far, with the addition of internal standards, our group successfully performed SERS 

quantitative detection for aldol condensation reaction (Fig. 7).35 4-mercaptophenol (MP) and 4-

nitrothiophenol (NTP) are used as internal standard and reactant. Both reactants and internal 

standards were adsorbed on the particle surfaces via thiol-gold interactions. In colloidal solution, 

the aldehyde group on the nanoparticle reacted with acetone at alkaline condition via aldol 

condensation reaction. The relative intensities of the product are obtained by normalizing SERS 
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intensities of internal standards (Fig. 8). This quantitative analysis allows to monitor the kinetics 

of the chemical reactions and further explore the reaction mechanism.35 

 

 

 

 

 

 

Figure 7: Schematic of the aldol condensation kinetic assay.35 Reprinted from “Quantitative 

surface-enhanced Raman spectroscopy for kinetic analysis of aldol condensation using Ag–Au 

core–shell nanocubes.” 
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Figure 8: 3D SERS spectrum with time evolution during the aldol condensation reaction.35 

Reprinted from “Quantitative surface-enhanced Raman spectroscopy for kinetic analysis of aldol 

condensation using Ag–Au core–shell nanocubes.” 

 

 

 Overall, our group fabricated successfully a SERS-based assay to satisfy quantitative 

requirement. Therefore, in this thesis, I adopted the same concept and replace aldol condensation 

reaction with proteolysis to achieve quantitative detection of protease activities. 
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1.6 Experimental Design 

 

According to the above SERS-based assay from our group35, my project also introduced 

the internal standards in the same manner to satisfy quantification. Here, I investigated the 

proteolysis reaction. For the proof-of-concept, I investigated the classic trypsin enzyme (23.8 

kDa). Briefly, trypsin is a common serine protease and is produced in the pancreas. Its main 

function is to digest protein product into smaller peptide for absorption into the blood stream. 

Trypsin has histidine-57, aspartate-102 and serine-195 to form catalytic triad (Fig. 9). Initially, 

these three residues have electrostatic interactions to relay charge to increase nucleophilicity of the 

active site serine; thus, oxygen in the serine attacks the peptide bond to cause extra electrons on 

the carbonyl oxygen due to high nucleophilicity. Next, the extra electrons on the oxygen can 

reform a carbon-oxygen double bond so that carbon-nitrogen bond is broken to release first protein 

residue. Also, the nitrogen in the first protein residue receives a hydrogen from the histidine 

nitrogen. Then, the second protein residue is released by water attack in the same manner as serine. 

Besides, the function of aspartate residue located in the catalytic pocket is to attract and stabilize 

the positively charged residue, such as lysine and arginine. In other words, trypsin has digestion 

specificity at lysine and arginine.36–38  
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Figure 9: The mechanism of proteolysis by trypsin.36 Reprinted from “Getting intimate with 

trypsin, the leading protease in proteomics.” 

 

 

 

In our experiment, target peptide sequence we tested is CQSARW (749.84 Da). With the 

catalysis of trypsin, the peptide chains are cleaved at the carboxyl side of arginine (R) and 

separated into a shorter peptide chain (sequence CQSAR) and a tryptophan (W) amino acid. For 

intact and cleaved peptide chains, the cysteine (C) provides a metal-thiolate linkage between silver 

nanocube (AgNC) and peptide. Additionally, only tryptophan (W) in the peptide sequence has 

strong SERS signal due to aromatic side chains. In this case, the cleaved peptide chains without 

tryptophan would have weak SERS signal; thus, the existence of tryptophan signal can represent 

intact peptide chains. In other words, the intensity change of tryptophan signal reflects the degree 

of proteolysis by trypsin. For quantitative analysis, the internal standard we used is 2-
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mercaptoethanesulfonate (2-MES) in this assay since SERS signal of 2-MES does not overlap with 

the signal of target peptide. 

After explaining individual conditions in our experiment, we illustrate all experimental 

procedures in detail from Fig. 10. First, intact peptide (CQSARW) is cleaved into shorter peptide 

(CQSAR) and tryptophan (W) in the presence of trypsin in aqueous solution. The peptide solution 

in initial and final reaction states mixed with internal standards is added on the solid film of silver 

nanocubes (AgNCs), respectively. After several washing and drying, these two SERS substrates 

that represent initial and final reaction states are detected by Raman spectroscopy. Due to the 

addition of internal standard, the reaction degree of proteolysis can be calculated by normalizing 

the signal of internal standard and comparing normalized intensity of target peptides. In this 

situation, the trypsin activities are monitored and determined in this SERS assay.  

 

 

 

Figure 10: Schematic of SERS-based enzymes assay for trypsin. 
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CHAPTER II  

EXPERIMENTAL SECTION 

 

2.1 Materials 

 

1,5-Pentanediol 98% (PD) were purchased from Acros Organics. Silicone oil, 

polyvinylpyrrolidone avg. MW 55000 (PVP), copper(II) chloride, Trypsin from bovine pancreas, 

trypsin inhibitor from chicken egg white (Type II-O), trypsin-chymotrypsin inhibitor from Glycine 

max (soybean), Tris buffer, and 2-mercaptoethanesulfonate (2-MES) were purchased from Sigma-

Aldrich. Silver nitrate 99.9995% and sodium hydroxide pellets 98% were purchased from Alfa 

Aesar. L-Ascorbic acid 99.9% was purchased from Fisher Chemical. Peptide (CQSARW) 98.73% 

was purchased from NeoScientific. 

 

2.2 Silver Nanocube (AgNC) Synthesis Procedure 

 

We synthesized silver nanocubes (AgNCs) by following the polyol method.39,40 First, 

silicone oil bath with magnetic stirring was prepared and fixed at 190 °C. 20 mL of 1,5-Pentanediol 

(PD) was heated in the silicone oil bath with temperature control by thermometer. As the 

temperature of PD solution increased to approximately 130 °C, 250 µL silver nitrate solution (0.2 

g, in 10 mL PD containing ∼0.02 mg CuCl2 seeding agent) was added to initiate redox reaction. 

After 30 seconds, 500 µL PVP solution (0.2 g, in 10 mL PD) was injected to the reactor. After one 

minute, we repeated to inject 500 µL silver nitrate solution and 500 µL PVP solution every minute. 
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Once the solution became dark green, the solution was cooled down to stop reaction. Next, the 

nanocube solution was washed with 200 proof ethanol at least 4 times in order to remove the 

reactant and PD. Finally, the nanocube solution are purified by passing through 0.22 µm filter at 

least 5 times, and suspended in 50 mL ethanol. 

 

 

2.3 Procedure for SERS-based Trypsin Assay 

 

300µL AgNC in ethanol were washed with double deionized (DDI) water three times, and 

then suspend in 200µl DDI water. Also, a glass slide was covered with aluminum foil. Then, 15µL 

AgNC solution was added on aluminum foil at specific location as one spot, and a microscope 

glass slide usually was occupied by 12 spots for AgNC. After evaporating solution, AgNC would 

deposit on aluminum foil and form a circular pattern. The peptide digestion was performed in Tris 

buffer. 5µL of 0.5mg/ml peptide solution was mixed with 25µL of 1X Tris buffer. 5µL of 1mg/ml 

trypsin solution and 5µL DDI water were added to the peptide solution, and then incubated at room 

temperature (23°C) for 4 hours. For the control experiment, the trypsin solution was replaced with 

the DDI water. For trypsin inhibition experiments, trypsin inhibitor solutions were added to the 

peptide solutions to reach the desired inhibitor concentrations. 34µL of 20µM 2-MES dissolved in 

water was added to 18µL reacted solution at t=0hr and t=4hr. After digestion, pipetted 15µL of 

peptide solution on each printed SERS spot, and then dried the solution at 50°C. Then, pipetted 

15µl DDI water on each printed spot three times to wash the salt and residual proteins. Finally, the 

SERS spectra of these printed spots were acquired using Raman microscope.  
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2.4 Instruments 

 

Thermo Scientific DXR Raman microscope (Thermo Fisher Scientific, Inc.) with 780 nm 

diode laser excitation is used to measure Raman spectra. This Raman microscope is equipped with 

a Rayleigh rejection filter, a high-resolution (∼2 cm-1) diffraction grating, and a CCD detector. 

The laser focused on top surface of deposit AgNCs through 50X dark field objective. All spectra 

were measured at 5 mW laser power with an integration time of 5 seconds and 8 accumulations in 

the range of 300 cm-1 and 1874 cm-1. 

 

2.5 Spectral Data Analysis 

 

The spectral data were pre-processed with background subtraction in the Raman in-built 

software, followed by baseline subtraction and spectral normalization in the Raman Processing 

software of MATLAB 2013b (MathWorks, Inc., Natick, MA). A spectrum peak at 1040 cm-1 

represents the internal standard (2-MES), and a spectrum peak at 877 cm-1 represent the tryptophan 

(W) at the C-terminus.  For quantification, the intensity of peptide at 877 cm-1 was normalized by 

the intensity of internal standard at 1040 cm-1. 

 

𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 =  
𝐼877𝑐𝑚−1

𝐼1040 𝑐𝑚−1
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Also, "degree of digestion" was defined by dividing normalized intensity at t=0hr to 

normalized intensity t=4hr. Its physical meaning is 1 minus real degree of reaction, unreacted 

degree of proteolysis. As all peptides are completely cleaved, the degree of digestion is close to 0. 

When most peptides are intact without digestion, the degree of digestion remains about 1. 

Although degree of digestion should be equal to 1 minus the normalized intensity ratio in original 

definition, we still used "degree of digestion" to represent unreacted degree of proteolysis in the 

following content.  

 

𝐷𝑒𝑔𝑟𝑒𝑒 𝑜𝑓 𝑑𝑖𝑔𝑒𝑠𝑡𝑖𝑜𝑛 =  
𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑎𝑡 𝑡 = 4 ℎ𝑟

𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑎𝑡 𝑡 = 0 ℎ𝑟
 

 

 

For degree of digestion at the concentration range of trypsin inhibitors, logistic with four 

parameters in the OriginPro 9.1 software (OriginLab Corp., Northampton, MA) was used to fit the 

curve. The equation of logistic with four parameters is shown as follows, including A1, A2, x0, 

and p fitted constants. Y is the response corresponding to the degree of digestion, and x is the 

concentration of trypsin inhibitors. A1 and A2 refer to the asymptote value on bottom and upper 

plateau, corresponding to the minimum and maximum response, respectively. p is the slope factor 

on linear region of the curve between bottom and upper plateau. x0 is the middle response between 

minimum and maximum response, corresponding to IC50.
41 

 

𝑌 =  A2 +
(𝐴1 − 𝐴2)

(1 + (𝑥/𝑥0)^𝑝)
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CHAPTER III  

RESULTS AND DISCUSSIONS  

 

3.1 Analytical Principle 

 

We first analyzed the characteristic Raman peaks of peptide and 2-MES. Comparing the 

Raman spectra of peptide on AgNC (Fig. 11B) and bare AgNC (Fig. 11D), the peptide exhibited 

their characteristic bands at 757 cm-1, 877 cm-1, and 1010 cm-1 that are associated with the terminal 

amino acid, tryptophan (W). The bands at 756 cm-1 and 1010 cm-1 correspond to the ring breathing 

vibrations of indole ring, and the band at 875 cm-1 represents the H-scissoring on indole ring.42 

Also, the spectrum of internal standards on AgNC (Fig. 11C) showed the characteristic bands of 

2-MES are located at 789 cm-1 and 1040 cm-1, corresponding to C-S (sulfonic group) stretching 

vibration and symmetric n(SO3
-) stretch, respectively.43 In the following analysis, we investigated 

these characteristic SERS peaks of peptide and 2-MES. 
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Figure 11: SERS spectra of (A) peptide and 2-MES on AgNC (B) peptide on AgNC (C) 2-

MES on AgNC (D) bare AgNC. (B) tryptophan representing intact peptide has the characteristic 

bands at 757 cm-1and 877 cm-1. (C) internal standard (2-MES) has the characteristic bands at 789 

cm-1and 1040 cm-1. The spectra data were pre-processed with background and baseline subtraction 

and were offset in y-axis for visualization.  

 

According to Fig. 11, the Raman bands of the peptide at 757 cm-1 and 1010 cm-1 partially 

overlap with the background signals from the bare AgNC. However, there is no significant 

interference for the peptide band at 877 cm-1 compared with other spectra. Therefore, we chose the 



 

27 

 

band at 877 cm-1 to represent peptide signal in our assay. For 2-MES, both characteristic bands at 

789 cm-1 and 1040 cm-1 could represent the signal of the internal standard. Because the band at 

789 cm-1 exhibited the higher intensity, we first used this band as the reference to normalize the 

peptide signal. The normalized intensity of the peptide is defined as the ratio of the intensity at 877 

cm-1 to the one at 789 cm-1.  

 

 

𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 =  
𝐼877𝑐𝑚−1

𝐼789 𝑐𝑚−1
 

 

 

To quantify the degree of trypsin digestion, we compare the peptide intensities at t=0 hr to the 

peptide signals after 4 hr digestion.  

 

 

𝐷𝑒𝑔𝑟𝑒𝑒 𝑜𝑓 𝑑𝑖𝑔𝑒𝑠𝑡𝑖𝑜𝑛 =  
𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑎𝑡 𝑡 = 4 ℎ𝑟

𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑎𝑡 𝑡 = 0 ℎ𝑟
 

 

 

To evaluate the reliability of our assay, the control experiments were performed in the 

absence of trypsin for 4 hours, and the degree of digestion should be approximately one. However, 

we observed significant data fluctuation when using the 789 cm-1 as the reference peak. (Table 1) 

In contrast, the variation of the degree of digestion could be minimized by using 1040 cm-1 as the 

reference. We observed the intensity variation of the peak at 789 cm-1 was about one order of 
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magnitude higher than the variation of the peak at 1040 cm-1. In this case, the characteristic band 

at 789 cm-1 is more sensitive to the SERS environment. Therefore, the reference peak at 1040 cm-

1 was applied to the following quantitative analysis. The normalized intensity of peptide is re-

defined as the ratio of the intensity at 877 cm-1 to the one at 1040 cm-1. 

 

 

𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 =  
𝐼877𝑐𝑚−1

𝐼1040 𝑐𝑚−1
 

 

 

 

Table 1: The degree of digestion with standard errors for control experiments in the absence 

of trypsin based on two reference peaks (2-MES) and two peptide peaks. (n=6) 

 

Degree of digestion 

Reference peak (cm-1) 

789 1040 

Peptide peak 
757 2.154 ± 0.321 1.058 ± 0.054 

(cm-1) 
877 1.993 ± 0.456 0.964 ± 0.050 
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3.2 SERS Analysis of Trypsin  

 

With reliable analytical principle, we investigated proteolytic activities in the presence of 

trypsin. For proteolytic conditions, the common protocols of trypsin digestion in mass 

spectroscopy indicate that the ratio of trypsin and peptide is 1:20 to 1:100 (w/w); here we adopted 

1:20 (w/w) for the ratio of trypsin and peptide in all experiments.44Also, the peptide digestion were 

performed for 4 hours in the addition of 0.25 mg/ml trypsin. Then, the peptide solution at t=0hr 

and t=4hr mixed with internal standards (2-MES) was added on the AgNC spots. Finally, the SERS 

substrates for t=0hr and t=4hr were measured by Raman spectroscopy.  

Through the above-mentioned analytical principle, the raw SERS spectra were processed 

and shown in Fig. 12. After normalizing the Raman spectra by the peak at 1040 cm-1, there are 

obvious intensity changed at 757 cm-1, 877 cm-1, and 1010 cm-1 after digestion (t=4hr). The 

decrease of the intensities demonstrated that the peptides were cleaved by trypsin. Meanwhile, it 

clearly explained the peak at 877 cm-1 is chosen to stand for the peptide due to partial overlap 

between the peaks at 757 cm-1and 1010 cm-1 and the adjacent reference peaks at 789 cm-1 and 1040 

cm-1 (Fig. 11). The normalized intensity at 877 cm-1 in initial reaction is approximately 0.5, and 

the normalized intensity is close to zero after 4 hours. By dividing these two normalized intensities, 

the degree of digestion (approximately 0.11) is used to quantify trypsin activities.  
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Figure 12: The SERS spectra of printed SERS substrates at t=0hr and t=4hr. Blue and red 

curves represent SERS spectrum at t=0hr and t=4hr, respectively. Black dashed box shows the 

change of normalized intensity of peptide between initial and final reaction states. 
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3.3 SERS Analysis of Trypsin Inhibitors 

 

Protease inhibitors which block the function of proteases also play an essential role in the 

biology. Especially for HIV diseases, they can bind to viral HIV-1 proteases to prevent viral 

replication.45,46 Herein, we investigated the performance of this SERS assay in the presence of 

trypsin inhibitors. The trypsin inhibitors used in our experiment are the trypsin inhibitors from 

chicken egg white type II-O (~28 kDa), Ovomucoid. At the fixed trypsin concentration (0.25 

mg/ml), Fig. 13 shows the normalized intensity ratios on the concentration range of trypsin 

inhibitors from 0.01 to 100µM and exhibits a reasonable sigmoidal trend. The degree of digestion 

at low concentrations of trypsin inhibitors is below 0.3, and the degree of digestion at high 

concentrations is approximately one. Also, there is a dramatic change between 4 to 20 µM trypsin 

inhibitors. This overall trend is the same as particular drug or other inhibitors used in biological 

processes. Usually, the half maximal inhibitory concentration (IC50) is commonly used to explain 

the potency of inhibitors in a specific biological reaction. The definition of IC50 is the concentration 

of an inhibitor when its response is the middle of top and bottom plateaus. According to the 

literature41,47, logistic with four parameters is a common equation used in pharmaceutical field to 

fit the data to obtain parameters including IC50. The equation of logistic with four parameters is 

shown as follows, including A1, A2, x0, and p fitted constants. Y is the response corresponding to 

the degree of digestion, and x is the concentration of trypsin inhibitors. A1 and A2 refer to the 

asymptote value on bottom and upper plateau, corresponding to the minimum and maximum 

response, respectively. p is the slope factor on linear region of the curve between lower and upper 

plateau. x0 is the middle response between minimum and maximum response, corresponding to 

IC50.  
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𝑌 =  A2 +
(𝐴1 − 𝐴2)

(1 + (𝑥/𝑥0)^𝑝)
 

 

 

For Ovomucoid, we fitted the curve to acquire that minimum degree of digestion =0.241, 

maximum degree of digestion=1.03, IC50=7.21 µM.. Furthermore, we tested the second trypsin 

inhibitor, trypsin-chymotrypsin inhibitor from Glycine max soybean (8 kDa), Bowman-Birk 

inhibitor (BBI). According to the Fig. 13, the protease activities of BBI show the similar sigmoidal 

curve from 6 to 400 µM trypsin inhibitors. In the same fitting manner, the degree of digestion on 

the bottom and upper plateau are 0.423 and 0.999 and the IC50 is 30.61 µM for Bowman-Birk 

inhibitor (BBI).  
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Figure 13: The degree of digestion with standard errors at the range of inhibitor 

concentrations. Black squares (n=12) and red circles (n=10) represent Ovomucoid and Bowman-

Birk inhibitor (BBI), respectively.  
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3.4 Discussions 

 

In our SERS assay, there is no process of trypsin removal before peptide solution was 

added on AgNCs spots. When added on AgNCs spots, the molecules in the solution including 

trypsin, peptide, and internal standards would diffuse on the AgNCs surface, parts of trypsin with 

positively charged amino acids were attracted on the AgNCs surface through electrostatic 

interactions. In this situation, trypsin probably would compete with the adsorption of peptide and 

internal standards to influence the detection results. Upon further considerations, we found that 

trypsin is a larger molecule (23.8 kDa) compared to peptides and internal standards, which leads 

to low diffusion rate before adsorption on the AgNCs surface. More importantly, the electrostatic 

interactions between AgNCs and trypsin are less than the Ag-S covalent bond for peptide and 

internal standard, so the adsorption of peptide or internal standard would replace original trypsin 

adsorption. Overall, based on these two points, the competitive adsorption of trypsin can be 

ignored in our SERS assay. Additionally, trypsin was removed with several washings on AgNCs 

spots before Raman measurements in order to avoid the interference of trypsin signal. 

In biological systems, protease inhibitors also participate in the proteolysis to inhibit the 

protease activities in order to protect from viral replication. Therefore, we tested two trypsin 

inhibitors to demonstrate the availability of our SERS assay. For Ovomucoid, its function in 1 mg 

can inhibit approximately 1mg of trypsin with digestion of 10,000 Nα-Benzoyl-L-arginine ethyl 

ester (BAEE) unit for 1mg peptides.48 From Fig. 13, Ovomucoid in our SERS assay exhibit 

inhibitory capabilities at the IC50 = 7.21 µM. According to the literatures49,50, the IC50 of 

Ovomucoid for inhibition of sea urchin egg trypsin is 1.1 µM (Table 2). Thus, these similar IC50 

values validated our SERS assay. On the other hand, Bowman-Birk inhibitor (BBI) we used in a 
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mg can inhibits ≥0.5 mg trypsin with activity of ~10,000 BAEE per mg peptides.51  Our results 

showed Bowman-Birk inhibitor (BBI) in our SERS assay exhibit inhibitory capabilities at the IC50 

= 30.61 µM. According to the prior research49,50, the IC50 value of BBI is 6 µM for the inhibition 

of sea urchin egg trypsin (Table 2). Comparing our experimental data, it was found out both IC50 

values exhibit the same orders of magnitude for two trypsin inhibitors. Overall, our SERS assay 

successfully demonstrates the feasibility in the detection of protease activities in terms of these 

two trypsin inhibitors.  

In the literatures, the IC50 values for various trypsin inhibitors were obtained by monitoring 

hydrolysis of β-casein. The extent of hydrolysis is determined through measurements of the 

absorption at 280-290 nm in the clear filtrate due to acid precipitation of the unaltered casein. In 

their assay procedures, the mixture contained 0.5mM BAEE and 0.2M Tris buffer (pH=8), and 

one unit of trypsin enzyme can hydrolyze 1 μmol of BAEE per minute. 

     

 

Table 2: The IC50 of various trypsin inhibitors for sea urchin egg trypsin.49 

 

Trypsin inhibitors IC50 (μM) 

Chicken Ovomucoid 1.1 

Bowman-Birk inhibitor 6 

Soybean trypsin inhibitor 0.006 
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It is worth noting that all experiment data were collected from the interday experiments. 

The low interday variation demonstrates the reliability of our quantitative SERS analysis. Our 

SERS assay is convincing and reliable for proteolysis detection. With further modifications in the 

future, this SERS assay will be implemented for proteases activities in medical fields.  

Although our SERS assay successfully demonstrates quantitative detection of proteolysis, 

current endpoint detection limits the applications on kinetic detection that may provide more 

information of the enzymatic mechanism. For example, the rate constant of aldol condensation 

reaction could be acquired via colloid SERS substrates.35 In order to satisfy the transient detection, 

reaction phase must be changed from aqueous solution to colloidal solution because peptides 

chemisorbed adsorbed on AgNCs should continuously exhibit SERS signal. Thus, reactions must 

occur near the surfaces of AgNCs in colloidal solution. In this situation, the reaction near surface 

restricts the degree of freedom of reaction region and enzymes. In other words, adjacent peptides 

on AgNCs would not be cleaved simultaneously by proteases due to large molecule weights, 

leading to lower catalytic efficiency of proteases. Moreover, proteases sequences contain many 

amino acids with charges, so proteases adsorption on AgNCs probably causes unstable colloidal 

phase, thereby leading to AgNCs aggregation. These potential problems should be addressed in 

the future modification of our SERS assay, especially for kinetic detection. 
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CHAPTER IV  

CONCLUSION   

 

Due to high signal enhancement and multiplexed analysis, SERS overcame limitations on 

other techniques and is widely used to detect various processes or reactions in pratice. Herein, we 

utilized SERS to detect and investigate the protease activities that are related to some diseases, 

such as Alzheimer's disease. For the design of our SERS assay, trypsin was chosen to be our target 

protease and deposit AgNCs are our SERS substrates. Also, quantitative analysis for protease 

activities is required in our SERS assay for medical applications.  The introduction of internal 

standards provides reference probes on AgNCs to satisfy quantitative detection. With the catalysis 

of trypsin in 4 hours, our SERS assay clearly observed the decrease of peptides signal according 

to SERS spectra. By normalizing the characteristic peak of internal standard 1040 cm-1 and 

comparing normalized peptide peak at 877 cm-1 between t=0 and t=4hr, the degree of digestion 

was approximate 0.11, which represents high degree of reaction. Furthermore, the two trypsin 

inhibitors, Ovomucoid and Bowman-Birk inhibitor (BBI), were also involved in the reaction to 

test the feasibility of our SERS assay. Ovomucoid and Bowman-Birk inhibitor (BBI) in our SERS 

assay exhibit reasonable inhibitory trend with the IC50 = 7.21 µM and 30.61 µM, respectively. 

Overall, we successfully invented a new SERS assay to detect protease activities with quantitative 

analysis.  
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