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摘要 

  本研究探討利用聚碳酸酯奈米纖維修飾銀奈米粒子，製備三維式表面增強拉曼散射(Surface-
enhanced Raman Scattering, SERS)基板。製備的 SERS 基板具有多維結構，可以有效地增加單位面

積中銀奈米粒的密度，有效增加 SERS 檢測分子的靈敏度，另外，更進一步應用聚碳酸酯奈米纖

維應用到膠體咖啡環測量法上，有效控制膠體咖啡環的大小，進一步提升測量的應用性。 

  研究首先以電紡絲技術，製備聚碳酸酯奈米纖維， 再經由有系統地探討各種製備參數對形成

奈米纖維的影響，更進一步利用掃描電子顯微鏡確認不同參數製備出的聚碳酸酯奈米纖維型態。

探討的參數包括聚碳酸酯溶液濃度、溶劑比、施加電壓和轉速。使以最佳化製備條件製備出的無

節點的聚碳酸酯奈米纖維，其直徑約在 200 - 400 nm範圍內。為了修飾高密度銀奈米粒在製備的

聚碳酸酯奈米纖維上已做為 SERS 的感測基板，聚碳酸酯奈米纖維經過適合的有機溶劑預處理，

以提升先為鬆散度，以及改變纖維表面性質，本研究利用溶解度參數做為參考，經實驗測試發現

甲醇的預處理可以有效提升修飾效率，且不會損傷聚碳酸酯奈米纖維的結構，極大地增加了聚碳

酸酯奈米纖維的銀修飾密度。用 para-Hydroxyl thiophenol (pHTP)測試製備的 SERS 基材效果，其

增強因子可達 107。 

    研究也針對利用聚碳酸酯奈米纖維基板具有高粗糙性的特性，提出利用粗糙度控制咖啡環

(Coffee ring)的尺寸，提升 SERS 的感測性與在現性。研究爭，首先製備與分析物混合的聚乙烯吡

咯烷酮（Polyvinylpyrrolidone, PVP）穩定的銀膠體（Silver colloidal, AgC）溶液，再滴在不同粗糙

度的聚碳酸酯奈米纖維基板，經溶劑揮發後，可形成咖啡環，實驗中更進一步探討銀膠體與樣品

溶液比例、PVP 濃度、聚碳酸酯奈米纖維粗糙度等，優化測量條件。開發的方法並成功的進一步

應用到尿液中苯丙氨酸（Phenylalanine）定量測量上。 

 

 

關鍵詞：聚碳酸酯奈米纖維、銀奈米粒子、聚乙烯吡咯烷酮、苯丙氨酸、銀膠體溶液、咖啡環陣

列和氧化鋅微粒。 
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Abstract 

Three-dimensional surface-enhanced Raman scattering (SERS) substrate was prepared by 

chemical decoration of silver nanoparticles (AgNPs) on electrospun polycarbonate nanofiber 

(PCNFs). The fabricated SERS substrates exhibit a multi-dimensional structure to effectively 

increasing the density of AgNPs in a unit area, which leads to significant improvement of 

sensitivity in SERS detection. Initially, PCNFs were prepared uniformly by electrospinning 

technique. There are a few parameters were systematically examined during preparation PCNFs 

and characterized with scanning electron microscope (SEM) images. Examined parameters 

included the concentration of PC solution, solvent ratio, applied voltage, and rotating speed. 

Using optimized condition, the bead-free PCNFs with a diameter in the range of 200-400 nm 

were produced successfully. The prepared PCNFs material used to decorate silver nanoparticles 

(AgNPs) on it. To increase the efficiency in decoration of AgNPs, PCNFs is subjected to pre-

treatment with some organic solvent. The selection of organic solvent based on Hildebrand 

solubility (HSB) parameter, which is for away from HSB values of PCNFs. Among these 

solvent, Methanol pre-treatment enormously increased loading capacity AgNPs on PCNFs. The 

prepared SERS substrates probed with pHTP and its enhancement factor at 107, which is a one 

order of magnitude larger than conventional substrates. On the other hand, roughened PCNFs 

were used as substrate to control the formation colloidal coffee-ring in size. In this method, 

initially prepared the polyvinylpyrrolidone (PVP) stabilized silver colloidal (AgC) solution 

mixed with analytes. Following deposition of the solution on solid substrate with rough surface, 

coffee rings were formed after evaporation of solvent. The formed coffee-ring were optimized by 

changing the concentration of silver colloidal mixing ratio probe molecules, PVP concentration, 

and substrate roughness. Based on optimized parameter, method to determine phenylalanine 

(phe) level in urine for rapid screening of phenylketonuria (PKU) disorder, under the strong 

chemical interference in uric acid. Zinc oxide micro particles (ZnOMPs) was used to remove 

strong interference of uric acid in urine. Using the optimized conditions, developed method was 

highly feasible for rapid determination of Phe in real samples.  

Keywords: polycarbonate nanofiber, silver nanoparticles, polyvinylpyrrolidone, phenylalanine, 

silver colloidal solution, coffee-ring array, zinc oxide micro particles.  
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Chapter 1 

 Introduction 

1.1 Outline 

Spectroscopy is the study of the measurement and interpretation of spectra arising from the 

interaction of electromagnetic radiation with matter.1,2  Raman scattering radiation interacts with 

molecules to obtain their vibrational and rotational energy information, which can be used to 

solve many problems associated with biological and chemical system. Raman scattering is a 

phenomenon based on inelastic scattering of light, which has been first reported by Indian 

physicist, C. V. Raman in 19283.  

1.2 Rayleigh Scattering and Raman Scattering  

 When a monochromatic light interacts with Matters, elastic and inelastic scattering 

happen. The elastic scattered photon contains same energy with incident photon, known as 

Rayleigh scattering4. The intensity of scattered radiation is related to the fourth power of the 

frequency of incident radiation and proportional to the intensity of incident radiation. 

Meanwhile, the cross section and the concentration of the matter in the beam path also affect the 

scattering intensity. Similar to Rayleigh scattering, Raman scattering is caused by inelastic 

scattering and its intensity behaves the same as Rayleigh scattering. Whereas for an inelastic 

scattering, the energies of the incident and scattered photons are different. The Raman Effect 

probes vibrational levels of the molecule, which depend on the kinds of atom and their bond 

strengths and arrangements in specific molecules. Therefore, a Raman spectrum provides a 

structural “fingerprint” of molecules. For Raman spectroscopy, the polarizability of the molecule 

must change with the vibrational motion. It can be inferred that symmetric vibrations can cause 

more intense Raman intensity unlike IR signals. Each type of molecule has specific vibrational 

energies and so the vibration spectra are considered as fingerprints of the molecules. Molecule 

can vibrate with well-defined frequencies and certain atomic displacements. These are known as 

“normal mode” of vibration. The vibration mode are following symmetric and asymmetric 

stretching, scissoring, rocking, wagging, and twisting. 
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1.2.1 Stokes and Anti-stokes line 

 The Raman effect arises when an incident photon interacts with molecule gives scattered 

photon contain more or less energy than incident photon. If the interaction causes the light 

photon to gain vibrational energy from the molecule than frequency of the scattered light, will be 

higher than that of the incident light known as anti-stokes scattering. At the same time, if the 

interaction caused the molecule to gain energy from the photon then the frequency of the 

scattered light will be lower than that of incident light known as stokes scattering. The proportion 

of stokes’ and anti-stokes’ intensity depend on population of molecules in the ground and excited 

vibrational levels. Thus, most of the Raman scattering occurred stokes, because molecules likely 

to be ground vibrational state at room temperature. At higher temperature, anti-stokes scattering 

will increase relative to stokes scattering. Frequently, Raman scattering is executed at low-

energy side to give stokes scattering but rarely anti-stokes scattering is preferred for instance, to 

avoid interference from fluorescence.  The energy level diagram described in Figure 1.1  
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Figure 1.1 Schematic illustration of light scattering energy level diagram of Rayleigh and 
Raman process.  

1.2.2. Raman instrumentation and Application  

Raman instrument consists of three major components such as source, sample holder, and 

detector.5 Because the high power that a laser source can provide, all Raman spectrometers 

nowadays use laser as light source to amplify the Raman scattered light. The excitation source of 

Raman spectrometer must give an intense monochromatic radiation to excite the target 

molecules. The selection of the laser source must base on the nature of the analyte and its 

stability. Shorter wavelength lasers could produce high intense Raman signals associated with 

fluorescence and sample destructed by short wavelength. Longer wavelength lasers could  

produce fluorescence free Raman signals but the Raman intensities are weaker than lower 

wavelength laser. Raman spectrometer are analyzed variety of samples in solid, liquid, and 

gaseous state. Water is a weak Raman scatterer. Therefore, Raman spectroscopy are highly 
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suitable for analysis of biological samples. The advantages of sample preparation rely on simple, 

less time-consuming and fast in measurements.  

Besides Raman spectroscopy, there are a number of type of spectroscopic methods, such as, 

surface enhanced Raman spectroscopy (SERS), resonance Raman spectroscopy6 (RRS), coherent 

anti-Stokes Raman spectroscopy7 (CARS) and tip-enhanced Raman spectroscopy8 (TERS) have 

been developed for different applications. Among these methods, SERS and TERS are 

considered as sensitive analytical technique because the enhancement effect is associated in these 

techniques. The typical Raman instrument consists optical components as shown in Figure 1.2. 

 

 Figure 1.2 Schematic diagram of a Raman spectrometer.  
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1.3. Surface Enhanced Raman Scattering (SERS) 

 SERS is nothing but a few order improvement in Raman signal of molecules adsorbed on 

plasmonic metal surfaces usually silver, gold, and copper, which support localized surface 

plasmonic resonances9. The SERS enhancement factor (ratio between the Raman signals from a 

given number of molecules in the presence and in in the absence of the nanostructure) depends 

strongly on the size and shape of the nanostructures that give rise to the effect. The observation 

of enhanced Raman scattering was first reported by Fleischmann et al in 1974 as the pyridine on 

silver electrode showed unexpected increase of Raman scattering10. 

Comprehensive examinations of this enhancement in Raman scattering were given by Jeanmaire 

et al.11 and Albrecht et al.12 in 1977 Jeanmaire et al. tentatively proposed an electromagnetic 

field effect in enhancement of Raman scattering whereas Albrecht et al. speculated the chemical 

enhancement. These two mechanisms are widely accepted in current and these two mechanisms 

are commonly named as Electro Magnetic (EM) enhancement and Chemical Enhancement (CE) 

for SERS spectroscopy.  

1.3.1. Electromagnetic Enhancement 

       Electromagnetic enhancement was accepted to be major mechanisms for Raman 

enchantment resulting from the interaction between the electromagnetic radiation and the mobile 

surface charges in the metal.11 Raman scattering of the molecule located nearby metal surface 

gives 7 to 8 order increase of signal than that of convention Raman scattering owing to 

enhancement effect. The amount of electromagnetic enhancement is independent of the chemical 

nature of the molecules, unlike chemical enhancement.12 It is related to resonances between the 

surface plasmon of the metal nanostructures and number of nearby molecules of metal surface 

subjected to Raman Resonance scattering. Localized surface plasmon resonance (LSPR) is 

collective oscillation of incident radiation frequency with mobile metal electron stimulate 

electric field of the radiation forces the conduction electrons in described in Figure 1.3. This 

occurs in plasmonic (Ag and Au) nanoparticles in the 10–200 nm size range and results in 

amplification of the electric field E near the particle surfaces such that |E|2 can be 100-10,000 

times greater in intensity than the incident field.14 To comprehend the electromagnetic 

enhancement, consider the following criterion size, shape, and material of the nanoscale 
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roughness. The major role in Raman enhancement depends on LSPR, so it is need control all of 

the factors influencing the LSPR to exploit signal strength and reproducibility.  

 

Figure 1.3 Illustration of the Localized Surface Plasmon resonance on metal surface.  

 

1.3.2. Chemical Enhancement 

Comparing with EM effect, the contribution to the total surface enhancement in Raman 

scattering from CE effect is generally less significant. CE effect has been explained by the 

interaction between the electronic states of metal nanostructure and the adsorbed molecule. 

These interactions could be raised by the electronic coupling between molecule and metal 

nanostructure or the formation of adsorbate-metal complexes on the metal nanostructures.15 

Other possible electronic SERS mechanisms involve a resonance Raman effect, which becomes 

operative due to shifted and broadened electronic levels in the adsorbed molecule compared with 

the free one or due to a new (charge transfer) electronic transition in the metal–molecule 

system.16–18  It is believed that for the charge transfer process, the metallic surface assists 

excitations between the highest occupied molecular orbital (HOMO) and the lowest unoccupied 

molecular orbital (LUMO) of the adsorbate molecules. For these excitations to happen the Fermi 

level of the metal should be approximately halfway between the HOMO and LUMO of the 

adsorbate. This mechanism depends on the adsorption site, the geometry of bonding and the 
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energy levels of the adsorbate molecules and can provide useful information especially on the 

chemisorptive interactions between metals and adsorbents.19–21 

1.4. SERS substrates  

 SERS measurements rely on the successful preparation of metal nanostructure. Therefore, 

efforts have been given to the field in preparation of active SERS substrates in the past decade. 

The original substrates for SERS were electrochemically roughened metal electrodes.10 Metallic 

nanoparticles (MNPs) were used shortly after the discovery of the SERS effect and became the 

most studied class of substrates. The research emphasis on nanostructures for SERS is justified 

by the wide possibilities of optimization parameters, since both the frequency and magnitude of 

the maximum field enhancement are strongly dependent on the shape, size and arrangement of 

the metallic nanostructure. In order to obtain high sensitivity, a great deal of effort had been 

devoted to the fabrication of three-dimensional SERS substrates.  

1.4.1. Importance of Electrospunned Nanofiber in SERS 

In general, electrospinning is fiber production method, which uses electric force to pull charged 

cobwebs of polymer solution in order to make a few hundreds of nanometer. Electrospinning is a 

versatile method commonly used to manufacture polymer nanofibers. Collection of electrospun 

nanofibers on drum collector is a technique useful for creating nanofiber structures because it 

allows for the collection of linearly oriented individual nanofibers array and this array can be 

easily transferred substrate. The manufacture of polymer nanofibers by electrospinning has 

received much consideration in this decade.22 Polymer nanofibers exhibit several properties that 

make them favorable for many applications. In particularly, nanofibers have a very large surface 

are to volume ratio, flexibility, and surface functionalities useful criterion to decoration of metal 

nanoparticles (MNPs) and SERS applications.23–27 

1.4.2. Polymer Nanofiber SERS substrates  

The last decade, the preparation of SERS substrates in term of three-dimensional (3D) structures, 

which provides dense package of metal nanoparticles, leads high sensitivity. So that, peoples are 

trying to make 3D structure with different material such as commercially available cellulose 

fiber,28 roughened silicon,29 ZnO nanowire,30 carbon nanotube,31 TiO2 nanostructures,32 and 
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electrospun nanofibers.23,24,33 among this substrate, polymeric nanofibers prepared by 

electrospinning techniques show unique properties in production 3D SERS substrates. For 

example, electrospun nanofibers unique surface nature than cellulosic fibers, flexible than ZnO 

wire. The polymer nanofiber inherent functionality could absorb metal nanoparticles in term of 

effective decoration on it.  

1.5. Aim and outline of the thesis 

 The aim of this thesis, to develop 3D-SERS substrate could sensitivity improvement and large 

enhancement factor, selectively detect biological molecules, which is challenging to current 

analytical problems, stability of substrates, and efficient way to prepare highly roughened 

polymer nanofibers. To satisfy all these requirements, silver mirror reaction and stabilized silver 

colloidal method was used to prepare silver nanostructures. The obtained SERS-active substrates 

were successfully applied in the detection of pHTP, and amino acids. The thesis is divided into 4 

chapters. In chapter 1, contain basic principle of Raman scattering, SERS mechanisms, SERS 

substrates, electrospinnig, three dimensional substrate, and polymer nanofibers. In chapter 2, the 

preparation of three-dimensional SERS substrates via silver nanoparticles via silver mirror 

reaction is shown. Polymer nanofiber used to pretreatment to get maximum decoration silver 

nanoparticles. The surface characterization of the prepared SERS-substrate was carried out by 

means of scanning electron microscope (SEM) images, and SERS intensities. The enhancement 

factor of the prepared SERS-substrates was probed with para-hydroxythiophenol (pHTP). In 

chapter 3, the preparation of narrow rim coffee-ring through silver colloidal solution with 

assistance of polycarbonate nanofibers as rough surface. To optimize the preparation conditions, 

SEM and TEM images, and SERS intensities of phenylalanine (phe) was used. The enhancement 

Raman response 15 time greater than conventional smooth surface such as glass and PC plate. 

The potential application of rough surface of PCNFs was demonstrated with amino acid mixture 

and urine species (such as uric acid, creatinine, urea) detection.  

In chapter 4, we concluded overall view of about this thesis in this Figure 1.4 



 

 
9 
 

 

 

Figure 1.4  Schematic diagram illustrates about overall view of this thesis.  
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Chapter 2 

Three-Dimensional Surface-Enhanced Raman Scattering Substrate 

Fabricated Using Chemical Decoration of Silver Nanoparticles on 

Electrospun Polycarbonate Nanofibers 

2.1 Introduction  

Surface-enhanced Raman scattering (SERS) is an important technique for chemical 

analysis in many application fields.1–4 To ensure a sensitive mean in detection, metallic 

nanostructures are needed to effectively enhance the Raman scattering through the so-called 

electromagnetic5,6 or chemical enhancements.7,8 The successful application of SERS technique 

strongly relies on the activity of SERS substrates. Therefore, researches in the past years have 

been largely focused on the production and characterization of the metal nanostructures to 

improve the sensitivity and reproducibility in SERS detection.9–13 Further sensitivity 

improvements have been approached by arranging active nanostructures to form the so-called 3-

dimentional SERS substrates. For instance, significant improvements have been obtained by the 

metal oxide nanowires,14–16  Nano porous SiO2 microcylinders,17 anodic aluminum oxide,18 

carbon nanotube,19 Nano porous gold,20 paper-based substrate,21,22 and electrospun nanofibers.23–

27 Among these substrates, polymeric nanofibers prepared by electrospinning technique show 

unique properties in production of 3D SERS substrates. For example, electrospun polymeric 

nanofibers can be produced in much larger scale than the semi-conductor based or the 

electrochemical-based manufacturing processes. In addition, the produced SERS substrates are 

general flexible, which is an important property in terms of designing sensing elements. 

Moreover, the diameters of the nanofibers and the spaces between nanofibers can be easily tuned 

by the parameters used in the electrospinning process to match the requirement in production of 

sensitive SERS substrates.  

Electrospinning technique has been developed for several years to prepare nanofibers for 

uses in the fields of catalysis,28,29 drug delivery,30–32 antimicrobial,33 and tissue engineering.34,35 

Successful applications of the electrospun nanofibers to prepare 3D SERS substrates have been 

also achieved in the past. For instance, poly(methyl methacrylate) (PMMA),36 poly(ethylene 
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oxide) (PEO),37 polyacylonitrile (PAN),38 poly(N-vinylpyrrolidone) (PVP),39 and 

poly(allylamine hydrochloride) (PAH)40  all have been used to prepare nanofibers for SERS 

applications.  The incorporation of metal nanoparticles was achieved by either reduction of metal 

salts doped nanofibers or decoration of metal nanoparticles on the surface of the prepared 

nanofibers. By addition of metal salts in the polymer solution prior to electrospinning, the 

formed metal nanoparticles are embedded inside the nanofibers, which largely reduce the SERS 

activity of the metal nanoparticles. In addition, the amount of metal ions doped into the polymer 

solution is generally limited. Hence, the formed metal nanoparticles are small in size with a low 

packing density to limit the SERS applications. Alternatively, metal nanoparticles can be 

decorated on the surface of prepared nanofibers to increase the sensitivity in SERS detection. 

However, due to the hydrophobicity nature of the polymer nanofibers, the metal nanoparticles 

are difficult to adsorb on the nanofibers with sufficient packing density. Attempts have been 

made by either using crucial chemical reaction to functionalize the surface of nanofibers or 

plasmon etching technique to alter the surface properties of the nanofibers. Although successful 

results have been demonstrated in these methods, the tedious and requirement of sophisticated 

equipments hinder the spreading of these techniques. 

To reserve the advantages of electrospun nanofibers and to eliminate the problems 

associated in preparation of nanofiber-based SERS substrates, polycarbonate (PC) was selected 

and used to decorate silver nanoparticles (AgNPs) for construction of 3D SERS substrates. PC 

exhibits properties of stable, biocompatible, good mechanical and optical properties. Meanwhile, 

the presence of carbonate functional group helps in adsorption of AgNPs on the PC surface. The 

schematic diagram in production of PC nanofibers (PCNFs) is shown in Figure 2.1. These 

prepared PCNFs were used as solid support to further decorate AgNPs by silver mirror reaction 

(SMR).  
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Figure 2.1 Schematic diagram of electrospinning system used in this work. 

 

2.2. Experimental 

2.2.1. Reagents 

 Poly (Bisphenol A carbonate) (PC, molecular weight ~ 64,000) were purchased from 

Sigma (St. Louis, MO). Silver nitrate and Dimethylformamide (DMF) purchased from J. T. 

Baker (Phillipsburg, NJ), tetrahydrofuran (THF) obtained from Mallinckrodt Chemicals (St. 

Louis, MO). Ammonia hydroxide and glucose purchased from Acros Organics (Phillipsburg, NJ) 

and sodium hydroxide (NaOH) accessed from Showa chemical Co., Ltd. Para-

hydroxythiophenol (pHTP) was obtained from Sigma (St. Louis, MO) and used without further 

purification. Methanol was obtained from Echo Chemical (Toufen, Taiwan). Deionized Milli-Q 

water was used to prepare all the aqueous solutions. All reagents used in the studies were reagent 

grade.  
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2.2.2. Instrumentations 

 A nanofiber was prepared by using electrospinning machine purchased from MECC CO., 

LTD. (model: NANON-1A, Fukuoka, Japan). The electrospinning instrument contains a 6 mL 

plastic syringe with an 18-gauge stainless-steel needle, an electrical controlled drum collector 

and a high voltage supply to generate an electric field. The solution-feeding rate was kept 1.2 

mL/hr for all the production of PCNFs. The distance between collector and needle was kept at 5 

cm apart for all the productions in this work. SERS spectra were collected by a Triax 320 Raman 

system (Jobin-Yvon Inc., Longjumeau, France), which was equipped with a 35 mW, 632.8 nm 

He/Ne laser (JDS Uniphase Co., Milpitas, CA) and a liquid-nitrogen-cooled Ge CCD array 

detector (Jobin Yvon Inc.). The spectral resolution was 0.06 nm. All the spectra were acquired 

with an exposure time of 1 s with one accumulation for all the measurements, unless specified. 

2.2.3. Preparation of PCNFs-based SERS substrate  

PC solution was prepared by dissolving PC pellets into a solvent formed by mixing THF 

and DMF in different volumes. By keeping to the collection time of 3 hrs, the applied voltage 

and spinning speed of collection drum were examined by their impacts to the formation of 

PCNFs. The formed PCNFs film was transfer from the collection drum and fixed onto   

polyethylene terephthalate (PET) thin film by a double- sided 3M scotch tape. These films were  

sized to 1.5 cm x 0.5 cm and arranged parallel to each other with 2 mm spacing between 

polystyrene-foam holders. This foam holder was then suspended into silver mirror reaction 

(SMR) solutions for decoration of AgNPs. SMR solution was composed of two solutions. The 

first solution is silver nitrate solution, which contains desired concentration of silver nitrate, 10 

mM NaOH, and 150 mM ammonia hydroxide. The other solution is a reducing solution, which 

contains 0.5 M glucose. Both solutions were kept in ice-water bath before using. By addition of 3 

mL reducing solution in 10-mL silver nitrate solution in an ice-water bath, PCNFs films were 

suspended in this mixture. This container was moved to a pre-heated 55oC water bath for a 

specified reaction time. PCNFs films were then removed from the reaction solution and rinsed in 

water and then in methanol subsequently. The prepared substrates were soaked in 1 mM 

methanoic pHTP solution for 1 hr to chemisorb pHTP on the AgNPs. After rinsing in methanol 

and then air-dried, substrates were subjected to SERS measurements.  
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2.2.4. Water Bath 

YIH DER BH-130 D (Yihder Instrument Co., Ltd., Taipei, Taiwan) was used throughout this 

study. 

2.2.5. Raman Spectrometer 

The Raman spectra were measured by Triax 320 Raman system (Jobin-Yvon, Inc., Longjumeau, 

France), equipped with 632.8-nm He/Ne laser line as excitation source (JDS Uniphase 

Corporation, Milpitas, CA) and a liquid-nitrogen cooled Ge array detector (Jobin-Yvon, Inc.). 

The 5X objective lens used thorough out this study. The laser power was 35 mW, and exposure 

time was 1 sec for measurement of p-HTP. 

2.2.6. Field Emission Scanning Electron Microscopy (FE-SEM) 

Scanning electron microscopy (SEM) images were obtained with JSM-6500F (JEOL, Ltd., 

Tokyo, Japan) field emission scanning electron microscope (FE-SEM) operating with 

accelerating voltage of 10 kV.  

2.2.7 Software 

  All Raman spectra were evaluated using OMNIC E.S.P 5.2 and the data were analyzed using 

OriginPro 8.  

2.3. Results and Discussion  

2.3.1. Effect of PC concentration in preparation of PCNFs 

To initiate the production of PCNFs, PC solutions with concentrations of 11 % to 15 % 

(w/v) were prepared. 25% (v/v) DMF and 75% (v/v) THF was used to dissolve PC. By applying 

a voltage of 30 KV with a drum rotating speed of 1000 rotations per minute (rpm), the prepared 

substrates were scanned by SEM and the obtained images are shown in Figure 2.2. As can be 

seen in these images, beads can be found in the PCNFs films prepared with a PC concentration 

lower than 12%. Once the PC concentration reaches 13%, isolated nanofibers could be obtained 

and the diameters of the nanofibers are in the range of 200 to 400 nm. Further increase of the PC 

concentration, PCNFs could be successful produced. However, the high viscosity of the PC 
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solution disturbs the production of continuous nanofibers as clogging of the syringe tip happened 

more frequent in higher concentration of PC. Therefore, 13% PC was selected for further studies 

as it could be influence by the other parameters for production of PCNFs.  

 

Figure 2.2 SEM images of electrospun PCNFs with a PC concentration of 11% (a) 13% (b) 15% 
(c) at mixed solvent of 75% THF in DMF was used to form the PC solution.  

 

2.3.2. Effect of solvent in preparation of PCNFs 

THF and DMF are commonly used solvent to dissolve PC with relative high solubility. 

Therefore, these two solvents were used to study the influences of solvents. 13% (w/v) PC 

solutions were prepared with solvents composed of 0%, 25%, 75%, and 100% THF in DMF. By 

applying a voltage of 30 KV with a drum rotating speed of 1000 rpm for 3 hrs in production, the 

prepared substrates were scanned by SEM and the obtained images are in Figure 2.3. In this 

figure, PC beads can be clearly seen in the SEM images shown in Figures 2.3a and 2.3b when 

0% and 25% THF were used. When 75% THF was used, isolated PCNFs could be successfully 

produced as can be seen in Figure 2.3c. However, when 100% THF was used, fine nanofibers 

were produced but irregularly beads were observed on the SEM in Figure 2.3d. These 

observations indicate that solvent used in the formation of PC solution plays an important role as 

it alters the physical properties of the PC solution and hence, the electrospinning process 

significantly.   
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Figure 2.3 SEM images of PCNFs prepared with 13% (w/v) PC solution. The solvent used to 
form PC solution was varied a 0% (a), 25% (b), 75% (c), and 100% THF (d) in DMF.  

 

2.3.3. Effect of drum rotating speed and applied voltage in preparation of PCNFs 

Another two parameters, drum rotating speed and applied voltage, were also explored on their 

impacts to the fabrications of PCNFs. Theoretically, the higher the speed of the collection drum 

produces finer PCNFs. Therefore, three drum rotating speeds were examined using a 13% PC 

solution (dissolved in 75% THF) and an applied voltage of 30 KV. The produced PCNFs were 

scanned by SEM and shown in Figures 2.4 a and 2.4 b with a rotating speed of 250 rpm and 2000 

rpm, respectively. Along with the SEM image shown in Figure 2.4c for which a rotating speed of 

1000 rpm was applied, the effect of the rotating speed is not as distinct as the fabricated PCNFs, 

which exhibited similar diameter of the produced nanofibers. However, the chance to obtain 

finer PCNFs requires a higher rotating speed as can be seen in Figure 2.4 b.  

 The influences of applied voltage in the formation of PCNFs were also examined by 

keeping the drum rotating speed to 1000 rpm and the PC solution to 13% (in 75% THF). Applied 

voltage of 15 KV, 25 KV and 30 KV were examined and the SEM images of the produced 
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PCNFs are shown in Figure 2.4c and 2.4d for 15 kV and 25 kV, respectively. Along with the 

image shown in Figure 2.4 c for an applied voltage of 30 KV, the formed PCNFs exhibit a 

broader range of fiber diameter when lower voltage was applied. Once the applied voltage was 

increased, the variation of the diameter of the produced fibers is also less. These results indicate 

that high voltage applied is favored in production of PCNFs.  Therefore, 30 KV was used in later 

studies. 

 

Figure 2.4 SEM images of PCNFs. It was prepared by keeping applied voltage to 30 KV but 
varying the drum rotating speed to 250 rpm (a) and 2000 rpm (b). keeping drum rotating speed to 
1000 rpm but varying the applied voltage to 15 KV (c) and 25 KV (d).   

 

2.3.4. Basic properties of the PCNFs-based SERS Substrate 

To characterize the prepared PCNFs-based SERS substrates, several used materials were 

first acquired from their Raman spectra. These examined materials included the neat PC pellets, 

the PCNFs prepared by 13% (w/v) PC solution in solvent mixture of 75 %(v/v) THF in DMF, 

Ag@PCNFs, solid pHTP, 10% (w/v) pHTP methanoic solution, and pHTP adsorbed on 

Ag@PCNFs. The obtained Raman spectra are plotted in Figure 2.5 As can be seen in this figure, 
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the spectrum of solid PC shows some absorption bands at 1606, 1235, 1180, 1112, 890, and 710 

cm-1, in which their locations and band shapes are similar to the reported values.41 However, 

these bands were not observable in electrospun PCNFs. After decorating with AgNPs on the 

PCNFs, the spectral features of Ag@PCNFs are still not distinct. This reveals that the prepared 

Ag@PCNFs are free of spectral interference in SERS measurements. The prepared Ag@PCNFs 

substrates were further probed with pHTP and the obtained SERS spectrum of pHTP is plotted in 

Figure 2.5 along with the conventional Raman spectra of solid pHTP and 10% (w/v) methanoic 

solution of pHTP. Based on the detected spectra of pHTP, our prepared SERS substrate showed 

a large increase of the SERS intensity. The spectral features in the detected spectra of pHTP such 

as 1590, 1508, 1166, 1072, 1002, 823, 630 cm-1 also match the spectra reported in the 

literature.42,43 For optimization of the preparation procedures, the band located at 1073 cm-1 was 

used for quantitative evaluation of the SERS performances.  

 

Figure 2.5 Raman spectra of PC Pellet, PCNFs, Ag@PCNFs, solid p-HTP, 10% (w/v) methanol 
solution of pHTP, and pHTP-Ag@PCNFs. PCNFs substrate was prepared by 13% PC with an 
applied voltage of 30 KV. Ag@PCNFs was prepared in 50 mM silver nitrate for 6 min of 
reaction time.  
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2.3.5. Effect of pre-treatment of PCNFs in decoration of AgNPs  

To further improve the adsorption of AgNPs, a pre-treatment step was applied to increase 

the adsorption of AgNPs on PCNFs. This treatment used an organic solvent to partially swell the 

surface of the PNCFs without destroying the structure of nanofibers. The swelled nanofibers and 

the trapped organic solvent in the swelled nanofibers improve the adsorption of AgNPs on 

PCNFs. To find the most suitable pre-treatment solvent, Hildebrand solubility parameter was 

used as criterion.44 This parameter is commonly used to estimate the solvent-solute interaction 

and is a good indicator to select suitable solvent for pre-treatment of PCNFs. Solubility 

parameter is commonly used to select suitable solvents as the analytes are more soluble in 

solvent if their solubility parameters are closer to each other. Based on the literature, Hildebrand 

solubility parameters for THF and DMF are 19.0 and 24.1 MPa1/2, respectively.44 For PC, 

Hildebrand solubility parameter falls in the range of 19  to 22 MPa1/2.45 Because solubility 

parameter of THF is closer to that of PC, THF dissolves PC better than DMF. Considering the 

function of pre-treatment, organic solvent cannot have a solubility parameter too close to that of 

PC in order to avoid destroying the PCNFs. Also, organic solvent with polar functional group is 

favored to increase the adsorption of AgNPs. Therefore, alkyl alcohols of methanol, ethanol, 

butanol and hexanol were selected and their corresponding solubility parameters are 29.3, 26.0, 

23.3, and 21.8 MPa1/2, respectively.41,44 In these used solvents, the solubility of PC follows the 

order of hexanol > butanol > ethanol > methanol.  

To examine the effect of pre-treatment in organic solvent, electrospun PCNFs were 

soaked into these solvents at different soaking time. These PCNFs were further decorated with 

AgNPs by SMR. The SMR reaction time was kept at 6 min in a SMR solution with 50 mM silver 

nitrate. After being probed with pHTP, SERS spectra were acquired and the band intensity at 

1073 cm-1 was calculated to correlate with soaking time in these solvents as plotted in Figure 

2.6a. As can be seen in this figure, methanol and ethanol can influence the effectiveness in 

adsorption of AgNPs as the SERS intensities were increased significantly but large errors were 

found when ethanol was used. For butanol and hexanol, the closeness of the solubility 

parameters to that of PC caused serious damage to PCNFs as the destroyed PCNFs can also be 

visually observed. Comparing the SERS intensities by pre-treatment with methanol and hexane, 

the hydroxyl group improves the adsorption of AgNPs clearly. The hydrophobic nature of 
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hexane limits the adsorption of AgNPs after PCNFs being treated with hexane. Based on these 

results, methanol is suitable for pre-treatment as SERS intensity was significantly increased and 

the soaking time in methanol only affects the SERS intensity slightly. Three substrates with pre-

treatment of methanol were scanned by SEM to examine any damage to PCNFs and the packing 

density of AgNPs after pre-treated with methanol. The obtained images are shown in Figures 2.6 

b to 2.6d for soaking in methanol at 0 min, 15 min, and 30 min, respectively. As can be seen in 

Figure 2.6b, the non-treated substrate did not contain high adsorption density of AgNPs. Once 

the PCNFs were pre-treated with methanol, the packing density of AgNPs was largely increased 

as can be seen in Figure 2.6c or 2.6d. 

 

Figure 2.6 (a) SERS of pHTP on substrates prepared with pre-treatment in methanol (■), ethanol 
(●) butanol (▲), and hexanol (▼) for different pre-treatment times. (b-d) scanning electron 
microscope image of Ag@ PCNFs prepared with pre-treatment in methanol for 0 (b), 15 (c), and 
30 (d) minutes.  

2.3.6. Effect of silver nitrate concentration in decoration of AgNPs on PCNFs 

The concentration of silver nitrate in SMR solution was examined to optimize the condition for 

decoration of AgNPs. By varying the concentration of silver nitrate to 10 mM, 30 mM or 50 
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mM, Ag@PCNFs prepared with different reaction time were probed with pHTP. The obtained 

pHTP band intensity at 1073 cm-1 was calculated and plotted in Figure 2.7a. As can be seen in 

this figure, the higher concentration of silver nitrate gave a higher SERS intensity. To observe 

the formed AgNPs on the PCNFs, substrates prepared with 50 mM silver nitrate with reaction 

time of 2 min, 6 min or 10 min were scanned by SEM. The obtained SEM images are shown in 

Figure 2.7b and 2.7c for a reaction time of 2 min or 10 min, respectively. Along with the SEM 

image as shown in Figure 2.6c, the particle size of AgNPs on the PCNFs increases with reaction 

time. The substrates of Ag@PCNFs prepared with 10 mM or 30 mM silver nitrate solutions and 

at a reaction time of 6 min were also scanned by SEM and the obtained images are in Figure 2.7d 

and 2.7e, respectively. Only few particles can be observed with 10 mM silver nitrate. The 

increase of silver nitrate to 30 mM increases the packing density of AgNPs with a  similar size to 

the AgNPs prepared with 50 mM silver nitrate (refer to Figure 2.6c). The low packing density of 

AgNPs decorated by 10 mM silver nitrate indicates that the Ag seeds initially formed on the 

PCNFs were lower. Even with longer reaction time, the attracted particles are still low. On the 

other hand, the distribution density of AgNPs is strongly related to the concentration of silver 

nitrate and be effective in seeding the PCNFs surface.  
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Figure 2.7 (a) SERS intensities of pHTP on substrates prepared in 50 (■), 30 (●), 10 (▲) mM of 
silver nitrate for different reaction time.(b,c) SEM images of Ag@PCNFs prepared in 50 mM 
silver nitrate with a reaction time of 2 (b) and 10 (c) minutes. (d,e) SEM images of Ag@PCNFs 
prepared in 10 (d) and 30 (e) mM silver nitrate with a reaction time of 6 minutes. 

 

2.3.7. Evaluation of enhancement Factor 

The enhancement factor (EF) was calculated using the following equation: 

EF = (ISERS / IRaman)×(Nbulk / Nads) 

Where the ISERS is the intensity of phenyl ring stretch of pHTP at 1073 cm-1 and the IRaman is the 

intensity for the same band in the Raman spectrum in 10% (w/v) methanoic solution of pHTP. 

The Nbulk is the number of pHTP in the laser beam path in measuring IRaman, which was 

calculated from the 10% (w/v) pHTP in the laser beam path (beam area × beam path). The Nads is 

the number of pHTP molecules in the cross section of the laser beam, which were deposited on 

Ag@PCNFs with a surface density of 500 ng/cm2. The calculated EF is found to be 4.9 (±1.1) 

×107.  
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2.4. Conclusion 

 In this work, a highly sensitive 3D SERS substrate was prepared by decoration of AgNPs 

on PCNFs. PCNFs with suitable structures were fabricated successfully through a thorough 

examination of the parameters in production of PCNFs. The optimal condition for the 

preparation of PCNFs found in this work includes an applied voltage of 30 KV, a drum rotation 

speed of 1000 rpm, and PC solution of 13% (w/v) in mixed solvent of 75% THF and 25% DMF. 

To decorate AgNPs on PCNFs, a pre-treatment in organic solvent was examined and the results 

indicated that methanol is most suitable to swell the PCNFs without serious damage to the 

PCNFs structures. Significant improvement in adsorption of AgNPs was obtained after being 

treated with methanol. The condition to decorate AgNPs on the pre-treated PCNFs was also 

studied and the results indicated that Ag@PCNFs SERS substrates were successfully obtained 

with 50 mM of silver nitrate solution for a 6 min reaction time. The prepared Ag@PCNFs SERS 

substrates are sensitive to detection as the determined enhancement factor approaches to 7 orders 

in magnitude compared to the signal obtained by conventional Raman scattering method. 
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Chapter 3 

Controllable Coffee-ring Formation on Polycarbonate Nanofiber for 

Sensitive and Selective SERS Detection of Phenylalanine in Urine 
 

3.1. Introduction  

Surface-enhanced Raman Scattering (SERS) is the phenomenon in which Raman 

scattering for molecules adsorbed or nearby the roughened surfaces of noble metals (such as Cu, 

Ag, and Au) can be enhanced several orders. The enhancement of Raman scattering are usually 

explained with the mechanisms of electromagnetic field effect1–3 and chemical effect.4–6 to 

obtain metal nanostructures for SERS measurements, active nanostructures are commonly 

immobilized on a solid support and act as SERS substrates for measurement of compounds by 

soaking or deposition. For instance, metal nanostructures of silver and gold have been decorated 

on solid support of polymer nanofiber,7,8–11 paper,12,13 glass,14,15 and other.16–19 Although 

reported sensitivities for this type of substrates were promising, the short life-time based SERS 

substrates caused by surface oxidation of metal nanostructures and the tedious fabrication 

procedure limit the spread of this type of techniques for practical applications. Colloidal solution 

based metal nanostructures can be simply prepared by wet chemical methods and are readily 

available for mass production. The assistance of stabilizing agents, life time of colloidal 

solutions can be extended over several weeks and even months.20,21 However, the density of 

metal nanostructures in the colloidal solution is generally low for preventing coagulations, which 

seriously decrease the sensitivity in SERS measurements as the observed sensitivities are usually 

1 or 2 order lower compared to substrate type.22–24  Several methods have been proposed to  

improve the sensitivities of colloidal solutions based measurements; such as,   heat induced 

SERS sensing method,25,26 solvent induced hotspot,27 elasticity induced stretchable 

membrane,28,29 and coffee ring formation.30–32  among these, methods based on coffee ring effect 

exhibit both high sensitivity, reproducibility and a simple process to increase hot spot effect. 

Formation of coffee ring involves a spontaneous process in which surface solvent evaporation 

replaces the solvent molecule, while bringing solute to concentrating pinning to substrate contact 

surface. The pinned solute molecules and the metal nanostructures are closely packed in 



 

 
34 
 

arrangement leading to increase in the hot spot effect for SERS measurements.33 Coffee ring is a 

versatile phenomenon and has been observed with wide varieties of materials such as metal 

colloidal,34 polymer,35 biomolecules,36,37 and others.38,39,40 For SERS applications, metal colloids 

are used to form drops on appropriate solid supports. After solvent evaporation, suspended 

particles are deposited at the periphery to form a coffee ring which is related to  capillary action 

and weak Marangoni flow of the solvent.41–46  Therefore, the contact angle for a drop on the 

substrate strongly influences the size of the formed coffee ring. On the other hand,  ring size is 

determined by the roughness47,48 and hydrophobicity49 of the surface of the solid support. 

Moreover, chemical composition in the liquid drop could enable to changes of the surface 

tensions.50,51  to control the formation of coffee ring and to enhance SERS intensity, these 

parameters were studied in this work for improving sensitivity in SERS measurements. As 

shown in Figure 3.1, parameters of roughness and chemical composition were focused to bring 

down size of the formed coffee ring. Polycarbonate (PC) was selected for its hydrophobic 

property, which increases contact angle thereby reducing the size of coffee ring. Besides, the 

surface roughness of PC nanofiber (PCNFs) was altered through different concentration PC 

solution.  The prepared PCNF films are in three-dimensional structures; that surface roughness 

could be controlled through diameter of the nanofibers and the air pockets within structures to 

alter the contact angle of aqueous drop. Moreover, the influences of chemical composition of the 

droplet to formation of coffee ring was also examined by varying concentrations of the species in 

the sample drops. 

To investigate performances of the formed coffee ring with different conditions for SERS 

detection, phenylalanine (Phe) was selected because it is key molecule in terms of 

phenylketonuria (PKU) disorder.52–54 Also, it is a challenge to determine this compound in low 

level under strong interferences in the urine matrix. Determination of Phe requires a sensitive 

detection as its concentration in urine is between 0.3-3.5 µM for healthy adults55 and maybe as 

high 100 µM for PKU disorder infants.56   
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Figure 3.1 Schematic diagram in controlling the formation of coffee ring through varying the 
surface roughness and ingredient in the sample drop. 

 

3.2. Experimental Section 

3.2.1. Chemicals  

Poly (bisphenol A carbonate) (PC, MW~ 45,000) was obtained from Sigma (St. Louis, MO). 

Dimethylformamide (DMF) was purchased from J. T. Baker (Phillipsburg, NJ), 
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Polyvinylpyrrolidone (PVP, MW1,300,000) and Trisodium citrate were purchased from Janssen 

(Beerse, Belgium), and L-phenylalanine (Phe, 98.5%) was obtained from Acros Organics 

(Phillipsburg, NJ). Silver nitrate was purchased from ProChem (Rockford, IL), USA. 

Tetrahydrofuran (THF) was obtained from Mallinckrodt Chemicals (St. Louis, MO). Methanol 

was obtained from Echo Chemical (Toufen, Taiwan). Deionized Milli-Q water was used to 

prepare all aqueous solution. All chemicals were used as received without further purification. 

3.2.2. Apparatus  

Electrospinning equipment was purchased from MECC Co. (NANON-1A, Fukuoka, Japan). It 

contains a 6-mL plastic syringe with an 18-gauge stainless-steel needle, an electrical controlled 

drum collector and a high voltage supply to generate an electric field. The solution-feeding rate 

was kept 1.2 mL/hr and the distance between collector and needle was kept at 5 cm for all the 

productions. SERS spectra were collected by a Triax 320 Raman system (Jobin-Yvon Inc., 

Longjumeau, France), which was equipped with a 25 mW, 632.8 nm He/Ne laser (JDS Uniphase 

Co., Milpitas, CA) and a liquid-nitrogen-cooled Ge CCD array detector (Jobin Yvon Inc.)and its 

spectral resolution was 0.06 nm. All spectra acquired with an exposure time of 1 s for 1 

accumulation, unless otherwise specified. 

3.2.3. Preparation of silver colloidal solution   

Method to prepare silver colloidal (AgC) solution was modified from literature methods using 

citrate, PVP as reducing and stabilizing agent, respectively.57–62 To preparing AgC solution, 50 

mL aqueous solution contains 1 mM silver nitrate and different concentration of PVP (0 to 

0.75%(w/v)) was first prepared in conical flask. For the sake of convenience, PVP concentration 

is described as 0 to 0.75% only here on. The solution was boiled on hotplate at 10 minutes, then 

1 mL of 1% (w/v) tri-sodium citrate aqueous solution was added drop wise. Furthermore, the 

solution was heated to a gentle boil and kept for 15 minutes with mild stirring. The final prepared 

AgC solution showed pale greenish brown color. Prepared AgC solution was stored in 

refrigerator until further usage. To abridge the description, AgC solution prepared with addition 

of x% PVP was abbreviated as AgCX.  
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3.2.4. Preparation of Polycarbonate Nanofiber.  

PCNF  films were prepared based on our previously developed method using electrospinning 

instrument.11 In brief, the mixed solvent of tetrahydrofuran (THF) and dimethylformamide 

(DMF) (3:1) in volume of 10 mL was used to dissolve different weight of PC pellets. If 1.8 g of 

PC pellets dissolved in 10 mL of 3:1 (THF:DMF) named 18% PC solution. After PC dissolved 

well, solution was loaded in syringe tube. A drum collector (1000 RPM) was used to collect 

PCNFs. The spinning parameters, such as voltage, collector distance, and feed rate were fixed at 

30 KV, 50 mm, and 1.2 mL/hr, respectively. The three hours spinning time produce self-standing 

PCNF films.   

3.2.5. Detection procedure  

Detection and characterization purpose, a mixture of Analyte and AgC solution with a designed 

volume ratio was first prepared, and then 10 µL of this mixture was pipetted carefully on the 

surface of PCNF film. The formed liquid drop on PCNF film was dried at 10 minutes in 70oC 

oven and subsequently, Raman spectra were acquired. 

3.3. Results and Discussion 

3.3.1. Characteristics of prepared AgC solution and prepared PCNF film 

In the formation of coffee ring for SERS detection, the properties of used AgC solution and solid 

support of PCNF film are critical. Therefore, the morphologies of silver nanoparticles (AgNPs) 

in AgC solutions prepared without and with addition of different concentration of PVP solutions, 

such as AgC0, AgC0.15, AgC0.3 and AgC0.45were first examined by UV/Vis spectra. As shown in 

the figure 3.2A, the surface plasmonic resonance (SPR) bands observed at 420 nm, which has 

been, confirmed the formation of AgC solution. The formed AgC solution of AgC0 shows the 

SPR band at 420 nm and after addition of PVP, the SPR band was slightly changed with 

wavelengths of 427, 417, and 411 nm for AgC0.15, AgC0.3 and AgC0.45, respectively. Also 

increasing the PVP concentration proportional to SPR band intensity interestingly, based on the 

above observation, a small amount of PVP assists the aggregation of AgNPs as AgC0.15 SPR 

band shifted from 420 nm to 427 nm. Furthermore, increase of PVP concentration, formed 

AgNPs became smaller as their SPR bands showed blue shift. The shorter wavelength of SPR 
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band shows that PVP effectively interacts with AgNPs due to high concentration of PVP; it can 

block the surface of AgNPs completely to prevent further growth or coagulation to form larger 

size AgNPs.  

For analytical consideration, the long-term stability of AgNPs were studied. As shown in Figure 

3.2B, the variation of SPR band intensities of AgC0, AgC0.15, AgC0.3 and AgC0.45 changed 

slightly in the first two days; then remained similar over a period of 10 days. These results 

suggested that PVP stabilized AgC solutions can be used for long period. Additionally, AgNPs 

solution (AgC0, AgC0.3) were characterized by TEM, resulting of AgC0 formed AgNPs revealed 

as the particle size ca. 60 nm, large differences in particle size and  some particles are coagulated 

as shown in the figure 3.2C. In similar, PVP added solution of AgC0.3, narrow distribution of 

particle size and some rod-like nanostructures were appeared. Based on the magnified TEM 

image in insert Figure 3.2D, formed particle size is ca. 50 nm. These results indicate that addition 

of PVP not only stabilized AgNPs but also regulate the particle size of AgNPs have smaller size 

distribution.  

To explore our previous studies of PCNFs films morphologies are influences,11 the solid support 

of PCNF films were only varied in their production concentration of PC solution in this frame 

work. The PCNF films were prepared with PC solutions varying from 5% to 18% were studied 

for their surface morphologies characterized by SEM. Nevertheless, the concentration of PC 

solution needs to be higher than 13% in order to obtain bead-free PCNF film. As shown in figure 

3.2E shows the SEM images of 11% PCNF film exhibited numbers of beads with fine nanofibers 

could be observed and above 13% of PCNFs film were observed the bead-free nanofibers could 

be obtained. Moreover, the 18% of PCNF film shows figure 3.2F. Bead-less nanofibers were 

formed and loosely packed nanofibers of diameter ranged from 200-500 nm.  
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Figure 3.2 (A) UV/Vis spectra of AgC solution of with and without addition of PVP. (B) 
Variation of SPR band intensities of AgC solutions with different storage time. The examined 
solutions were AgC0 (■), AgC0.15 (●), AgC0.3(▲), and AgC0.45(▼). (C) TEM images of AgNPs 
in solution of AgC0(C) and AgC0.3(D). (E) SEM image of PCNF film prepared with PC 
concentration of 11%. (F) SEM image of PCNF film prepared with 18% PC solution. 

 

3.3.2. Effect of substrate on formation of coffee ring  

The size of coffee ring is critical in terms of sensitivity for SERS measurements as the proximity 

of AgNPs in outer band of coffee ring related to ring size. For instance, a small ring concentrates 

more analytes and shorten the distance between AgNPs, hence, increase hot spot effect. 

According to literature,47,48 surface roughness and solid support material affect contact angle of 

the liquid drop and consequently, the size of the formed coffee ring. Before examining the effect 
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of roughness, PCNF film was first prepared with 18% PC solution and used as solid support to 

obtain the spectral information by coffee ring effect. Solution of AgC0.3 was  mixed with 1 mM 

Phe in equal volume to form the mixture of Phe-AgC0.3. After depositing 10 µL of Phe-AgC0.3 on 

the PCNF film and dried, SERS spectra were acquired. The obtained SERS spectrum of Phe-

AgC0.3 on 18% PCNF film (Phe-AgC0.3@PCNF) was plotted in Figure 3.3A along with liquid 

spectrum of Phe-AgC0.3, solid Phe, PCNF film and AgC0.3 on PCNF film (AgC0.3@PCNF). 

Based on liquid spectra of Phe-AgC0.3, Phe could not be detected effectively without formation 

of coffee ring. Once it forms coffee ring on PCNF film, spectrum could be obtained with high 

quality and the spectral feature of Phe matched well with its conventional Raman spectrum. The 

conventional Raman spectrum of solid phenylalanine shows some absorption bands at 1656, 

1585, 1062, 1002, 932, 860, 706, and 622 cm-1, in which their locations and band shapes are 

similar to the reported values.67 To ensure any possible spectral interferences from AgC or 

PCNFs film, PCNF film and AgC0.3@PCNFs spectra were also acquired. Some weak spectral 

features were observable for AgC0.3@PCNFs but not in PCNF film.  

To examine the formation of coffee ring with respect to surface roughness, a series of PCNF 

films were produced using PC solution with concentration ranging from 5% to 18% PC solution. 

A mixture of Phe-AgC0.3 (1 mM Phe, volume ratio is 1:1) was used for characterization. 

Additionally, glass plate and PC plate were also used for comparing with PCNF films in 

formation of coffee rings. The mixture contain 10 µL deposited on PCNFs then drying in oven, 

SERS spectra were acquired from outer band and center of the coffee rings. The photos of the 

formed coffee rings on different solid supports are shown in Figure 3.3B. The formed coffee 

rings on PC and glass in term of diameter is larger than PCNFs film. However, some dark area 

was observed towards inside coffee rings when PCNF films were produced with a PC 

concentration lower than 13%. Based on observed SEMs for PCNF film produced with a 

concentration of 11%, beads were formed on the surface of the PCNF films. These beads may 

hinder movement of AgC solution during solvent evaporation and leads dark spots inside the 

coffee rings. These coffee rings were subjected for SERS measurements in dark band and center. 

Results are plotted in Figure 3.3C. As shown in figure, much more intense SERS bands with 

smaller variations were observed in PCNF film produced from concentration of 13-18% PC 

solutions than PC concentration range of 5-11%. Therefore, observed SERS intensities were 

almost 15 times stronger than  in glass and PC plates. The weak SERS intensities of glass and PC 
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plate are mainly caused by the low efficiency in formation of compact coffee ring as seen in the 

photos Figure 3.3B. These results prove that increase of surface roughness reduced the size of 

the coffee ring, which improve SERS signals significantly.  

 

Figure 3.3  (A) Raman spectra of PCNFs, AgC0.3@PCNFs, solid phenylalanine, 1 mM Phe-
AgC0.3 solution, and Phe-AgC0.3@PCNFs. (B) Photos of formed coffee ring (C) SERS intensities 
at 997 cm-1 for Phe detected by formation of coffee ring on solid supports as examined in (B). 
SERS intensities were taken in the dark band (●) and center (■).  

 

3.3.3. Effect of PVP concentration on the formation of coffee ring 

The formed coffee ring size affected by surface tension of the liquid drop. On the other hand, 

PVP concentration in AgC may affect formation of coffee ring. To examine PVP concentration 

effect, AgC solutions with addition of 0 to 0.75% PVP were mixed with 1 mM Phe solution in 

equal volume to form the mixture for liquid drops deposited on 18% PCNFs film. After drying, 
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the formed coffee rings were subjected to do SERS measurements.  The formed coffee rings 

from Phe-AgC0.15, Phe-AgC0.3 and Phe-AgC0.45 were first cross-scanned from one end of the ring 

to other. Results are plotted in Figure 3.4A. It shows the formed coffee ring size is around 2 mm 

in diameter for any of the examined solutions. On the other hand, PVP did not affect size of the 

formed coffee ring significantly. However, Systematic analysis of the PVP concentration effect 

due to larger variation SERS intensities, the formed coffee rings with different PVP 

concentrations were scanned from their dark band region and at the center. Results were plotted 

in Figure 3.4B. it shows, a maximal SERS intensity was observed in 0.3% PVP due to higher 

AgNPs density after drying. For instance, same amount of Phe and AgNPs in the liquid drop of 

Phe-AgC0.3 and Phe-AgC0.6 but the amount of PVP in liquid drop of Phe-AgC0.6  is twice   that of 

Phe-AgC0.3. After drying, the densities of Phe and AgNPs should be higher for Phe-AgC0.3 than 

that of Phe-AgC0.6. Ideally, the PVP concentration should be as low as possible to have highest 

density of AgNPs and better concentrating of phe. However, a minimal PVP amount is required 

to stabilize AgNPs and to regulate the formation of AgNPs for matching SERS enhancement 

effect. Among these PVP concentration, 0.3% gave best SERS result as shown in Figure 3.4B. 

To observe the formed coffee rings with different PVP concentration, coffee rings formed on 

18% PCNF films were scanned by SEM. The obtained images are plotted in Figures 3.4C to 3.4F 

for AgC0, AgC0.15, AgC0.3, and AgC0.45, respectively. As   seen in these images, no clear band 

could be observed for coffee ring formed without addition of PVP (Figure 3.4C, AgC0). After 

addition of PVP into AgC solution, bands could be clearly seen and the width of the band of the 

coffee ring was increased with the amount of PVP, which come to an understanding with 

previous conclusions.  
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Figure 3. 4  (A) Peak intensity at 997 cm-1 for 1 mM Phe obtained from the formed coffee rings 
in 0.15%(●), 0.3%(■), and 0.45%(▲). (B) Peak intensities at 997 cm-1 for 1 mM Phe detected 
with AgC stabilized with different concentration of PVP in dark band (●) and center (■). (C-F) 
SEM images of 0%(C), 0.15%(D), 0.3%(E), and 0.45%(F) PVP stabilized AgC solution. 

 

The dilution value has play critical role while mixing of water (analyte) and AgC to form a 

suitable coffee ring with higher SERS response, the solution of AgC0.3 was used and diluted with 

different volume of water. 5 mM Phe solution was mixed with   diluted AgC solution by a 

volume ratio of 1:9. The Phe concentration in the liquid drop was 0.5 mM as same as in previous 

studies. Because AgC0.3 was used for all dilutions, the densities of AgNPs in the PVP remained 

the same but the absolute amount of AgNPs/PVP in the liquid drop varied. These mixtures were 

deposited on 18% PCNF films then dried to form coffee rings for SERS measurements. The 
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obtained SERS intensities at dark band region and center are plotted against the dilution value, 

which is defined as VAgC/(VAgC+VH2O)×100%, as shown in Figure 3.5.A maximal SERS 

intensity was obtained for a dilution factor of 55.6%. With a smaller dilution value, the SERS 

intensity decreased rapidly. This reveals that used amount of PVP is not sufficient to form dark 

bands for detection. With a dilution factor larger than 55.6%, the SERS intensities are slightly 

decreased. In considering the densities of AgNPs in the PVP are the same for all the mixtures, 

the slight decrease of SERS intensities with higher dilution value could be caused by the lower   

concentration of Phe as solution with higher dilution value contains more PVP in the liquid drop. 

The modest decrease of SERS intensities also reveals concentration of Phe is not the major 

contributor to the SERS intensity but the hot spot effect. Insert Figure 3.5, the photos of the 

formed coffee rings were presented. As shown in these photos, the darkness of the outer region 

of the coffee ring was increased with increasing   dilution value, while the width of the dark band 

remained similar.  
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Figure 3.5 Peak intensities at 997 cm-1 for Phe located in the center (■) and dark band (●) of the 
coffee rings. 5 mM Phe solution was mixed with diluted AgC0.3 with a volume ration of 1:9. The 
inserts are the photos of the formed coffee rings with different dilution values.  

 

3.3.4. Quantitative aspects 

The linearity of the SERS response of Phe was examined by mixing 1:1 volume ratio of AgC0.3 

with Phe solution. The concentration of Phe was recorded in x-axis before mixing. The 

intensities of band located at 997 cm-1 was used to correlate with Phe concentration as shown in 

Figure 3.6. As shown in figure, a linear relationship could be obtained in the concentration 

region lower than 500 µM with a regression coefficient (R2) of 0.997. The estimated detection 

limit based on three times of noise level was ca. 2.35 µM. This low detection limit indicates that 
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method developed in this work significantly improve sensitivity in SERS detection by 

controlling the formation of coffee ring.  

 

Figure 3.6 Band intensities at 997 cm-1 on the dark area for the coffee ring formed by mixing 
equal volume of AgC0.3 solution and different concentration of Phe on 18% PCNF film. Phe 
solutions were with (●) and without (■) pre-treatment of ZnO powder.  

 

3.3.5. Spectral interference from urine matrix 

In terms of practical detection in Phe, influences from interference species in the urine matrix 

were also explored. Possible interfering species were examined first including amino acids and 

some metabolites. First, individual interfering species were detected alone using the optimized 

condition. The obtained spectra for amino acids are plotted in Figure 3.7A and the metabolites 
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are plotted in Figure 3.7B. As shown in Figure 3.7A, amino acids could not be effectively 

detected with the exception of tryptophan. Fortunately, the phe band at 997 cm-1 is not spectrally 

interfered by tryptophan. In the analysis of the major metabolites in urine as shown in Figure 7B, 

spectral features of uric acid, creatinine and urea could be observed but not ammonia. In terms of 

spectral interferences, only uric acid exhibits a weak broad band at the band position used for 

quantitative analysis of Phe.  

 

Figure 3.7 SERS spectra of amino acids (A) and other main species (B) in urine sample. Spectra 
were detected on the ring of the coffee ring formed on PCNF film. 1 mM solution of each 
species was used to mix with AgC0.3 by equal volume. 10 µL of the mixture was used to form the 
coffee ring on PCNF film.  

To further examine the chemical interferences from these compounds, interfering species were 

added into Phe solution to estimate their influences. Results showed in Table 3.1. according to 

table, amino acids did not have strong chemical interferences to the detection of Phe. But, 
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compounds of uric acid, creatinine and urea cause a serious of suppression of the Phe band 

intensities. These results indicated that these species are capable of adsorbing on the surface of 

AgC to occupy the active sites and hence, suppressing the SERS intensity of Phe. To overcome 

this problem, ZnO powder was employed to adsorb the major component of uric acid in urine 

samples.  

Table 3.1 Recoveries in detection of phenylalanine under interference of commonly existed 
species in urine 

Interference 
Intensity a 

at 997 cm-1 

Recovery 
(%) 

Intensity b  

at 997 cm-1 

Recovery 
(%) 

pH of 
solution 

contain 50 
µM 

None 
1047 

(±74) 
   6.95 

Urea 
989 

(±58) 

94.4 

(±5.5) 

616 

(±19) 

18.8 

(±3.2) 
6.34 

Creatinine 
441 

(±28) 

42.1 

(±2.7) 
0 0 6.73 

Uric acid 
176 

(±43) 

16.8 

(±4.1) 
0 0 6.99 

Ammonia 
1171 

(±218) 

111.8 

 (±20.8) 

2467 

 (±378) 

75.3  

(±62.5) 
6.90 

Serine 
919 

(±10) 

87.8 

(±1.0) 

1139 

(±61) 

34.7 

 (±10.1) 
6.75 

Alanine 
1108 

(±31) 

105.8  

(±3.0) 

1340 

(±82) 

40.9  

(±13.6) 
6.96 

10 mM 

NaOH  

930 

(±40) 
89.55    

10 mM  

NaOH/UA 

30  

(±20) 
2.99    

10 mM 
HNO3/UA 172  16.42    
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(±48) 

 

a: Mixture contains 50 µM of phenylalanine and 50  µM of interference; b: Mixture contains 50 

µM phenylalanine and 250 µM of interferences. 

According to literature, ZnO is an excellent material to interact with uric acid, while remains its 

solid form.63–65 Therefore, different amount of ZnO powder were added to the mixtures of 

sample solution for 10 minutes. Following centrifugation, 100 µL of the supernatant was pipetted 

to mix with AgC solution to form coffee rings. Two examinations were performed to find 

desirable amount of ZnO and influences of ZnO to the SERS intensities of Phe. Uric acid 

solutions in concentration of 50 µM, 100 µM and 200 µM were examined then to study 

capability of ZnO in removing uric acid. Different amounts of ZnO powder were added into 

these solutions. After centrifugation, supernatants were used and detected through coffee ring 

formation. The obtained SERS spectra are plotted in Figure 3.8A and the relationship between 

the band intensity of uric acid at 1333 cm-1 and added amount of ZnO are plotted in Figure 8B. 

As   shown in Figure 3.8A, intense SERS bands of uric acid could be observed. After treatment 

of proper amount of ZnO, the spectral feature of uric acid diminished. Based on Figure 3.8B, the 

needed amounts to fully remove uric acid for 50 µM, 100 µM and 200 µM uric acid are around 

2%, 4% and 8%, respectively. Based on these results, 1% ZnO can remove 25 µM of uric acid 

from the liquid sample. To further study the influence of ZnO in detection of Phe, 50 µM Phe 

solution was treated with different amount of ZnO and the obtained SERS intensity of Phe at 997 

cm-1 is plotted against the added amount of ZnO as shown in Figure 3.8C. As shown in this 

figure, the addition of ZnO reduce Phe intensity, but Phe intensity remains at around 80% of 

non-treated Phe intensity. These results indicate that interaction between Phe and ZnO is weak. 

On the other hand, the addition of ZnO can effectively remove uric acid without suppressing Phe 

signal too much. To further examine any cross interaction between uric acid and Phe, sample 

solution contained 50 µM Phe and 50 µM uric acid was examined. After treated with 2% ZnO, 

SERS intensity of Phe is still reached 80% of the original intensity as shown in Figure 3.8D. 

These results indicate that the cross interaction was weak between Phe and uric acid so that the 

Phe signal was still around 80%. 
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Figure 3.8 (A) SERS spectra of different concentration of uric acid before and after treatment of 
ZnO powder. (B) SERS spectra of 50 µM UA, 50 µM Phe, solution of 50 µM Phe/50 µM UA 
before and after treatment of 2% ZnO powder. (C) SERS intensity at 1133 cm-1 for 50 µM (▲), 
100 µM (●), and 200 µM UA (■) after treatment of different amount of ZnO powder. (D) SERS 
intensity of Phe at 997 cm-1 for detection of 50-µM Phe solution after treatment of different 
amount of ZnO powder.  

 

3.3.6. Application in detection of Phe in urine samples 

To evaluate the accuracy of this developed method, aqueous solution contains 50 µM Phe and 50 

µM uric acid was used as unknown sample. Three methods were used to estimate the accuracy in 

determination of Phe concentration including direct detection with a correction of recovery rate 

and standard addition method with one and two point’s additions.  The obtained concentration of 

Phe in the mixture of Phe/uric acid was 7.4 (±2.1) µM, 42.4 (±7.5) µM and 52.6 (±2.5) µM for 

recovery correcting method, one-point and two-point standard addition method, respectively. 
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These results indicate that Phe concentration can be determined accurately. To further 

examination the feasibility of this developed method in determination of Phe in real-world 

samples, urine samples were collected from three adult volunteers for 24 hours then used for 

examinations. According to literature,66,67 the found concentration of uric acid in urine sample is 

in the range of 0.6 mM to 6 mM. The required ZnO powder in order to remove such high 

concentration of uric acid, it can cause problem in obtaining a clear supernatant. Therefore, urine 

samples were diluted 10 times before analysis. Based on our previous results, 1% ZnO removes 

25 µM uric acid. Considering that 6 mM is the highest uric acid found in the literature, 24% ZnO 

powder can remove all of the uric acid if urine is 10 times diluted. Therefore, 30% ZnO was used 

to cleaning up uric acid from urine. After ZnO treatment, the concentration of Phe was estimated 

through direct method with correction by recovery rate, one or two points standard addition 

methods. The obtained concentration of Phe in the urines was 50.0 (±0.03) µM and 40.7 (±9.2) 

µM for one-point and two-point standard addition method, respectively. The accuracy in 

determination of Phe in three urine was also estimated from spiking of 50 µM phe and the 

obtained recovery was 100.06 (±11.5) percentage. 

3.4. Conclusion  

In this work, we successfully prepared coffee-ring on PCNFs using PVP silver colloidal solution 

to determination phenylalanine to address PKU issues. The prepared silver colloidal solution is 

very stable, cheap, facile preparation. The probing method is reliable, quick deposition, and 

sampling in micro-volume, which will be making instant SERS substrates. The highly rough 

PCNFs substrate could be produced in large scale and limited area used for detection of analytes. 

PVP has a critical role in the formation coffee-ring over PCNFs, due to hydrophobicity to 

minimal contact angle succeeding tiny coffee ring. This method could be sensitive enough for 

analyzing with PKU patients’ urine samples. In addition, this method can be executed in large 

scale at relatively low cost for real-world application in detection of chemical and biological 

species.  
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Chapter 4  

Conclusion 
In this thesis, silver mirror reaction and silver colloidal solution method have been 

applied to prepare silver nanoparticles on/using polycarbonate nanofibers (PCNFs) as substrate 

for application of surface-enhanced Raman scattering (SERS). This study also identified a 3D 

SERS substrate fabrication and controllable coffee-ring detection, which provided several 

advantages including high sensitivity, reproducibility, non-destructive, and microanalysis.  

In the second chapter, Silver decorated on a three-dimensional polycarbonate nanofiber as SERS 

substrate was developed to increase sensitivity of probe molecules. To eliminate the uncertainty 

associated with conventional SERS substrates in terms of evenness, reproducibility, and 

sensitivity, a facile and flexible 3D SERS substrate prepared by simple organic solvent pre-

treated PCNFs used to decorate AgNPs via silver mirror reaction. The preparation of 

polycarbonate nanofiber was tuned with assistant of instrument parameters such as voltage, 

rotating speed at the same time polymer concentration, solvent ratio. To characterized above-

mentioned parameters using scanning electron microscope (SEM). Using the optimized 

condition, the bead-free PCNFs with a diameter in the range of 200–400 nm were successfully 

produced. The prepared PCNFs used to pre-treatment for effective decoration of silver 

nanoparticles (AgNPs). Based on Hildebrand solubility parameter, solvent selection as methanol 

for effective pre-treatment give densely decoration silver nanoparticles via chemical decoration 

method of silver mirror reaction. Results indicated that methanol was the most suitable solvent to 

effectively decorate AgNPs on PCNFs. By probing with para-hydroxythiophenol (pHTP), 

prepared SERS substrates of Ag@PCNFs provided an enhancement factor to the order of 7, 

which is at least an order of magnitude larger than the reported values in the literature for SERS 

substrates prepared with the electrospinning technique. 
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There are some points to successfully completion of chapter 2 are,  

1. PCNFs was fabricated successfully through examination of parameters electrospinning 

instrument, such as voltage, and rotation speed. 

2. To decorate AgNPs on PCNFs, pre-treatment of methanol was found suitable to increase 

the adsorption of AgNPs on PCNFs without serious damage to PCNFs structure.  

3. Improved reproducibility, evenness, and an enhancement factor approaches to 7 orders in 

magnitude. 

In the third chapter, the proposed method based on coffee-ring effect was developed for 

improving the sensitivity, simplicity, and robustness in SERS for determination trace level 

analytes. A facile procedure to make constructive coffee ring on PCNFs to form surface-

enhanced Raman scattering substrate array was proposed and examined. As prepared coffe-ring  

array was applied to detect phenylalanine. In addition, the formed coffee-ring array on-site 

detection of phenylalanine in urine prior to simple ZnO treatment. In this method, initially 

prepared the Polyvinylpyrrolidone (PVP) stabilized silver colloidal (AgC) solution mixed with 

analytes. Following deposition of the solution on solid substrate with rough surface, coffee rings 

were formed after evaporation of solvent. The  formed coffee rings not only concentrates the 

analyte but also reduces  space between silver nanoparticles (AgNPs) to enlarge  hot spot effect 

and therefore, SERS sensitivity  has been significantly improved. To amplify the coffee-ring 

effect, both surface roughness of solid support and PVP content in the AgC solution were 

examined. These results obviously indicated that increase of surface roughness reduced the ring 

size of the formed coffee ring, while   addition of PVP not only stabilizes   AgNPs, but also 

improved the formation of compact coffee rings. By applying this proposed method to determine 

the phenylalanine (Phe) level in urine for rapid screening of phenylketonuria (PKU) disorder, 

strong chemical interference with uric acid of major component in urine. Using these optimized 

conditions, both sensitivity and reproducibility in SERS measurement were significantly 
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improved. Based on quantitative analyses,   developed method was highly feasible for rapid 

determination of Phe in real samples. 

There are some points to successfully completion of chapter 3 are,  

1. we successfully prepared coffee-ring array on PCNFs using PVP silver colloidal solution 

to determination phenylalanine to address PKU issues. 

2. The probing method is reliable, quick deposition, and sampling in micro-volume, which 

will be making instant SERS substrates.  

3. Controllable coffee ring formation using roughened PCNF gives close arrangement 

AgNPs increase hotspots.  

4. This method could be sensitive enough for analyzing with PKU patients’ urine samples. 

In addition, this method can be executed in large scale at relatively low cost for real-

world application in detection of chemical and biological species.  

 

In conclusion, Three-dimensional PCNFs were used as solid support for fabrication of 

SERS substrates. By treating with methanol, highly dense silver nanoparticles could be decorated 

on the PCNFs for sensitive detection of p-HTP detection. In the second direction, roughened 

PCNFs were used to control coffee-ring to improve sensitivity and reproducibility SERS 

substrate for detection of phenylalanine. The major problems of SERS have been identified and 

useful efforts towards development of reproducible SERS substrates with high enhancement for 

practical applications.  Our research focused on the detection of real samples and with proper 

enhancement mechanism. In the future direction, using prepared device detection of currently 

existing problems with chemical detection. 
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