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ABSTRACT 

 

 

MANIPULATION OF DYNAMICS IN A DROPLET FOR LABEL-

FREE DETECTION OF PROTEINS USING SURFACE-ENHANCED 

RAMAN SCATTERING AND PROTEIN MELTING PROFILES 

 

Detection and identification of biomacromolecules have critical importance in many fields 

ranging from biotechnology to medicine. Surface-enhanced Raman scattering (SERS) is an 

emerging technique for the label-free detection and identification of biological molecules 

and structures with its fingerprinting properties and high sensitivity. However, there are a 

number of obstacles for its applications for biological macromolecules due to the 

complexity of biological samples. In this report, manipulation of microscopic processes in 

play during the drying of a sessile droplet to influence the nanoparticle-macromolecule 

packing, which has dramatic effect on SERS performance, before the SERS acquisition is 

demonstrated. A process known as the “coffee ring phenomenon” jams all particles and 

molecular species to the edges of the droplet during drying. This uncontrolled process has 

dramatic effects on a SERS experiment, using colloidal metal nanoparticles as substrates, 

by sweeping everything to the edges and influencing the packing of nanoparticles in the 

droplet area.  

 

In this study, the dynamics of silver nanoparticles-protein structures in a drying droplet 

was explored under two different experimental conditions and the effects of these 

conditions on SERS performance were investigated. Denaturation profiles of proteins with 

SERS were also investigated and obtained data was used to detect proteins in multiple 

protein mixtures. Negatively and positively charged proteins were used as model 

biomacromolecules in this study. A detection limit of 0.05 μg/mL is obtained for the model 

proteins with using one of the presented methods.  
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ÖZET 

 

 

PROTEİNLERİN İŞARETLEYİCİ MOLEKÜL KULLANMADAN 

YÜZEYDE ZENGİNLEŞTİRİLMİŞ RAMAN SAÇILMASI VE 

PROTEİN ERİME PROFİLİ İLE TAYİNİ İÇİN BİR DAMLACIK 

İÇERİSİNDEKİ DİNAMİKLERİN MANİPÜLASYONU  

 

Biyomakromoleküllerin tanısı ve tayini tıptan biyoteknolojiye kadar bir çok alanda kritik 

bir öneme sahiptir. Yüzeyde zenginleştirilmiş Raman saçılması (YZRS) “parmak izi” 

özelliği ve yüksek hassasiyette bir teknik olmasıyla biyolojik moleküllerin işaretleyici 

molekül kullanmadan tanı ve tayininde kullanılan ve gelişmekte olan bir yöntemdir. 

Ancak, biyolojik moleküllerin karmaşık yapılarından dolayı, tekniğin uygulanmasında bir 

takım zorluklar vardır. Bu raporda, yüzey üzerinde kendiliğinden kuruyan bir damlanın 

içerisinde meydana gelen mikroskopik olaylar amaç doğrultusunda değiştirilmeye 

çalışılmıştır. Bu değişimin nanoparçacık-makromolekül paketlenmesini ve dolaylı olarak 

yüzeyde zenginleştirilmiş Raman saçılmasını nasıl etkilediği gösterilmiştir. Damlanın 

kuruması sırasında gerçekleşen ve “kahve halkası” olayı olarak bilinen süreç damlanın 

içerisideki bütün parçacıkları ve molekül türlerini damlanın kenarına sürükler ve o bölgede 

istif eder. Bu control dışı süreç nanoparçacıkların alt katman olarak kullanıldığı YZRS 

deneyine, bütün parçacıkları damlanın kenarına sürükleyip nanoparçaıkların paketlenme 

derecesini belirlemesinden dolayı büyük etki eder.  

 

Bu çalışmada, kuruyan bir damla içerisindeki gümüş nanoparçacık-protein yapılarının 

dinamiği iki farklı deneysel durum altında araştırıldı ve bu durumların YZRS üzerine etkisi 

incelendi. Seçilen proteinlerin denatürasyon profilleri YZRS tekniği ile incelendi ve elde 

edilen veriler çoklu protein karışımlarından protein tespiti için kullanıldı. Negatif ve pozitif 

yüklü proteinler model biyomakromoleküller olarak kullanıldı. Raporda verilen 

metodlardan biri ile model proteinlerin tayin sınırı 0.05 μg/mL olarak tespit edildi.  
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1.  INTRODUCTION 

 

 

The word of „Nano‟ means „dwarf‟ in Greek, and donates a factor of 10
-9

. It is used as a 

prefix primarily in the metric system and frequently encountered in science for prefixing 

units of time and length such as nanoseconds (ns) or nanometer (nm). Nanometer (nm) 

refers to a length unit of 10
-9

 meter. In order to comprehend this length unit better, Figure 

1.1 shows a simple comparison of different natural materials that gives a prior knowledge 

about the size of matter. 

 

 

 

Figure 1.1. Comparison of different structures in a range from micro to nano-length scale 

 

Human beings have unconsciously started to benefit from nanotechnology since ancient 

times. They realized the interesting features of gold colloids in 4
th 

century B.C. in Egypt 

[1]. They used gold colloids in steel, glasses and paintings. The Lyscurgus Cup, which is 

one of the famous examples of these products, was made in 5
th

 century B.C. in Rome.  

 

Michael Faraday is the first scientist who realized the different optic properties of colloidal 

gold suspension from the bulk material in history.  In his experiment, he reduced the 
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AuCl4
- 
by phosphorus in CS2 and realized that the color of colloidal gold is reddish and 

different from the color of gold in macro scale. After that, he suggested that there are tiny 

gold particles in obtained suspension [2].  In 1959, Richard Feynman first suggested the 

idea of nanoscience with his famous talk “There is plenty of room at the bottom”. He 

claimed that it was possible to interfere in the materials have size in atomic scale by 

constructing new compatible tools [3]. The term of “Nanotechnology” was first used by a 

Japanese scientist from Tokyo Science University, Norio Taniguchi, after 15 years later.  

In his paper, he defined the term of “Nanotechnology” as “Nano-technology mainly 

consists of the processing, separation, consolidation, and deformation of materials by one 

atom or by one molecule.” [4]. Today, this definition was replaced with the common 

definition of nanotechnology which is “the technology deals with structures sized between 

1 and 100 nm”. However, this simple definition is not adequate to define the unique 

physical properties of nanomaterials. Note that, our macro world has been dominated by 

Newtonian mechanics. However, when the size of the materials decrease to the nano-scale, 

the physical laws of Newton are not sufficient to explain the behavior of nanostructures 

and interaction between them and “Quantum Mechanics come into play” [5]. Therefore, a 

detailed definition of nanotechnology according to NASA, “The creation of functional 

materials, devices and systems through control of matter on the nanometer length scale (1-

100 nanometers), and exploitation of novel phenomena and properties (physical, chemical, 

biological, mechanical, electrical...) at that length scale” was accepted. The concept and 

idea of nanotechnology has further improved by the invention of Scanning Tunneling 

Microscopy (STM) in 1981. The invention of Atomic Force Microscopy followed after 

STM and observation of structures in atomic length scale became possible. In recent years, 

the term of “Nanobiotechnology”, which is considered as a new branch of nanotechnology, 

has been emerged. It can be considered as the intersection of the terms of nanotechnology 

and biology and in this field, the approach of nanotechnology to biology allows scientists 

to create systems that can be used for biological research. Basically, applying the 

nanostructures or tools to biological molecules, systems or organisms to overcome the 

relevant problems is the main objective of this field. As it is seen in this thesis, there are 

components from biology, nanotechnology, physics and chemistry. This thesis explores a 

novel opportunity to detect and identify an important group of molecules, proteins, by 

using noble metal nanoparticles showing plasmonic properties as a result of their 

interaction with light and giving raise an enhancement in Raman scattering. Since the 
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AgNPs are used as SERS substrate, the behavior of these nanoparticles in a drying droplet 

is attempted to manipulate to influence their packing density in the droplet area that 

directly influences the SERS enhancement. 
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2.  THEORETICAL BACKGROUND 

 

 

2.1.  DETECTION AND IDENTIFICATION OF PROTEINS 

 

Proteins as the end product of gene expression are workhorses of living systems that 

undertake numerous critical processes. Investigation of protein structures, their amino acid 

sequence, folding/unfolding phenomena and interaction of proteins with other 

biomolecules are very important in many fields of science and technology. Therefore, their 

detection, identification and characterization have a vital importance in medicine, 

biotechnology, and pharmacology. 

 

Mass spectroscopy and immunoassay are the main approaches routinely employed for 

detection and identification of proteins. Conventionally, proteins are separated with a 

chromatographic (e.g. HPLC) or an electrophoretic (e.g. CE, 2D PAGE) techniques and 

then analyzed with mass spectroscopy (MS). Although the unbeatable sensitivity of MS 

makes the technique attractive for the goal, high cost for instrumentation and requirement 

for trained personnel are the major issues with the application of the technique [6, 7]. Also, 

immunoassay based methods such as ELISA, radioimmunoassay, immunosensors and 

protein microarrays are routinely used techniques for detection of proteins [8, 9]. Even 

though they offer simplicity and low analysis time, they are problematic, especially, in 

quantification [10]. The techniques of X-Ray and NMR have to be used in order to 

determine the detailed 3D structure of a protein. 

 

In addition to the aforementioned techniques above, many PCR assisted immunoassay 

based approaches were also reported. In a very recent study, a real-time immune-PCR 

assay was developed for the detection and quantification of a transgenic protein, Cyr1Ab, 

in the concentration ranged from 100 pg/mL to 100 ng/mL [11]. In another recent study; 

short RNA fragments called “aptamer”, were combined with immune-PCR (iPCR) and the 

system was used to detect vascular endothelial growth factor (VEGF). The detection limit 

of the developed antibody-specific aptamer-based PCR method is over 100 times more 

sensitive than the original ELISA [12]. Even though these techniques have high sensitivity, 



 

 

5 

the reliability and applicability of the techniques are limited due to the complexity of the 

detection systems and very long the protocol execution time. 

 

In following sections, general information about AgNPs and their plasmonic properties are 

given. Then, the applications of AgNPs, particularly surface enhanced Raman scattering 

(SERS) are explained and discussed.  

 

2.2.  PLASMONICS AND PLASMONIC STRUCTURES 

 

Plasmonics is related to localization and manipulation of electromagnetic waves beyond 

the diffraction limit and down to the nanometer-length scale [13, 14].  The major 

components of plasmonics are metal structures since they provide surface plasmon 

polarization. Surface plasmons occur when electromagnetic waves couple to the collective 

oscillations of free electrons in the metal. Metallic nanostructures can be differentiated 

based on the plasmonic modes they support: localized surface plasmons (LSPs) or 

propagating surface plasmons (PSPs) [15-17]. In LSPs, the electric field associated with 

the light (E0) exerts a force on the gas of electrons of the metal and drives them to oscillate 

collectively. This oscillation will be in resonance with the light at a certain wavelength, 

which leads to a strong oscillation of the surface electrons. This phenomenon is known as 

“localized surface plasmon resonance” mode and illustrated in Figure 2.1 [18]. Structures 

such as spherical AgNPs with a diameter size of 60 nm support LSPR when excited by 

light as their dimensions are smaller than the wavelength of the light. 

 

 

 

Figure 2.1. Schematic illustration of the LSPR [18] 
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Plasmonic structures can be used in many spectroscopy techniques such as optical 

spectroscopy in nanoscale , surface enhanced Raman spectroscopy (SERS) [19], surface 

Plasmon resonance spectroscopy [17, 20], localized surface plasmon resonance 

spectroscopy [21]. When plasmonic nanostructures interact with the light, they can both 

absorb and scatter the light and this property can also be manipulated [22]. Due to this 

important property, they are used in the fields such as biomedicine, particularly, 

biophysical studies [23, 24], biomedical detections [25, 26], screening [27-29], medical 

diagnosis [30], cancer treatment [31-37] in recent years.  

 

Silver is one of the most important plasmonic materials. It has many advantages over Au, 

Cu, Li and Al and other metals which support surface plasmons in the visible and near-

infrared regions [38, 39].  Silver supports SP at the wavelength from 300 nm to 1200 nm. 

A metallic nanoparticle can support a SP dependent on its dielectric function (εr). The 

electric function of a metal reflects the unique interaction between its electrons and the 

light.  

 

Metallic nanoparticles such as gold (AuNP) and silver (AgNP), carbon nanotubes (CNT) 

and quantum dots (QD), which are in the range of 1 and 100 nm, are the major groups of 

these materials that scientists are interested in due to their wide range of applications in 

optical, electronic and biomedical fields. The physical properties of these nanostructures 

significantly change based on their size, shape and surface chemistry. Metallic 

nanoparticles, particularly AgNPs and AuNPs, are used as substrate for SERS due to their 

plasmonic properties. However, the synthesis methods of these nanoparticles differ, 

reduction with organic or inorganic agents, ultrasound, UV and Gamma rays [40]. 

Although the synthesis of NPs in uniform size and shape is challenging, various shapes of 

AgNPs such as triangular silver nanoplates or nanocubes can be obtained by using 

different types of reducing agents [41, 42]. They can also be synthesized by microwave-

assisted based on the concept of green chemistry [43].  

  

AgNPs can be easily obtained by the reduction of silver nitrate with a reducing agent such 

as sodium citrate [44]. These nanoparticles are negatively charged due to the citrate 

adsorption on their surfaces during the synthesis procedure. However, the uniformity of 
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AgNPs obtained by this method is usually low and they vary in size and shape, as seen in 

Figure 2.2. The average size of AgNPs prepared with this method is 60 nm. 

 

 

 

Figure 2.2. TEM image of AgNPs obtained by reduction of silver nitrate with sodium 

citrate [45] 

 

The AgNPs are also used in other applications other than using them as plasmonic 

structures. They are known microbial agents and there are many ongoing studies about 

using AgNPs in the textile and dye industries [46-48]. It was also found that AgNPs could 

have catalytic activity [49]. 

 

2.3.  RAMAN SCATTERING AND SURFACE-ENHANCED RAMAN 

SCATTERING AS A PLASMONIC TECHNIQUE  

 

The Raman scattering is the result of the inelastic collision of photons with molecules. This 

scattering was first discovered by famous physicist C. V. Raman in 1928. Generally, most 

of the photons scatter from atoms or molecules at the frequency of the incident radiation. 

This phenomenon is known as Rayleigh scattering. However, a very small part of this 

scattering (1/10
7
) has a frequency (energy) shift from the frequency of the incident 

radiation by the vibrational energy that is gained (Stokes Raman) or lost (antiStokes 

Raman) in the molecule. Figure 2.3.a shows the transitional schemes of Raman signal. In 

Raman scattering, the incident photon interacts with matter and its wavelength can shift to 

a lower or a higher wavelength. If the final vibrational state of the molecule is more 

energetic than the initial state, the emitted photon will be shifted to a lower frequency in 
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order to balance the total energy of the molecule. This shift in frequency is defined as 

a Stokes shift. If the final vibrational state is less energetic than the initial state, then the 

emitted photon will be shifted to a higher frequency, and this is defined as an Anti-Stokes 

shift.  

 

Raman scattering is a two-photon event. In order to obtain Raman scattering, the 

polarizability of the molecule with respect to its vibrational motion must change. The 

interaction of the polarizability with the incoming radiation creates a dipole moment in the 

molecule. The light scattered by the induced dipole of the molecule consists both Rayleigh 

scattering and Raman scattering [50, 51].  As seen, the top part of Figure 2.3 shows the 

normal scattering of light, which is Rayleigh scattering. In this process, the light remains at 

the same energy, however the angle at which the light leaves the molecule can be different 

from the incident angle. In Raman scattering the process is very similar; however there is 

one important difference. When the light is scattered from the molecule, it changes the 

configuration of the molecule slightly. The molecule may rotate or vibrate for instance. 

Consequently, the electrons oscillate slightly differently and this causes that the light 

scattered from the molecule has a different energy from the incident light. The scattered 

light provides a huge amount of information about the molecule and can reflect its exact 

structure. Since every molecule has a different structure, the Raman spectra can be used to 

identify the presence of different substances [51]. 

http://en.wikipedia.org/wiki/Stokes_shift
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Figure 2.3. a. Transitional schemes of Raman signal and b. schematic illustration of 

Rayleigh and Raman scattering [52] 

 

A Raman spectrum is a combination of different vibrational modes of the bonds in the 

molecule. Therefore, it gives information about the chemical structure of the molecule and 

is considered that the Raman spectrum of a molecule is the “fingerprint” for that molecule.  

Raman scattering is weak compared to fluorescence and therefore, the measurement of 

Raman scattering requires a powerful light source and very sensitive detectors [53, 54]. 

The enhancement of Raman scattering on noble metal surfaces was first observed by 
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Fleischman et al. in 1974 [55]. This enhancement occurs on the surface of silver, gold, 

copper, aluminum, indium and platinum and transition metals and emanates from surface 

plasmon formation and the charge transfer between the metal surface and adsorbed 

molecule [56-58].  

 

AgNPs have been used as SERS substrates since the early days of the discovery. They 

have rough surfaces and this has a positive impact on the SERS enhancement. The 

junctions and groves of the nanostructures, where surface plasmons are localized, provide 

the optimal enhancement. 

 

In SERS experiments, the detection of the desired molecule can be performed using the 

molecules intrinsic signature, if reproducible fingerprint information can be obtained from 

the molecule itself. Otherwise, a reporter molecule must be used to perform the detection 

indirectly. Small molecules with an aromatic ring or electron rich functional groups can be 

detected easily without using a reporter molecule. However, large biomolecules with many 

functional groups generally require a reporter molecule for detection. Therefore, the use of 

a reporter molecule is preferred, especially for the detection of DNA and proteins that are 

composed of similar repeating units. In the indirect detection scheme, the reporter 

molecule is usually a small and Raman active molecule that is chemically or physically 

linked to one of the molecules in the detection system.   

 

The other important parameter for performing a successful SERS measurement is the 

distance between the molecule of interest (analyte) and the plasmonic structure such as 

AgNP or AuNP. The molecule of interest must be in contact to or in close vicinity of the 

plasmonic structures for a successful SERS measurement. When a small molecule is 

considered, it is easy to provide appropriate distance as long as the molecule remains in the 

same location and position near the plasmonic structure. However, when the molecule of 

interest is a large molecule such as a DNA fragment or a protein, it may not come into 

contact from all points with the plasmonic nanostructure and the pattern of obtained SERS 

spectra remains limited to the parts of the molecule, which is interacting with surface of the 

nanostructure [59-61]. 
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Although SERS has some limitations which arise from the lack of a suitable sample 

preparation method for all type of molecules and molecular structures, the detection and 

identification of a number of biological molecules and molecular structures such as 

proteins
 
[59, 61-63], oligonucleotides, DNA and RNA

 
[64-67], bacteria

 
[68-70], yeast [71], 

viruses
 
[72, 73] have been reported. There are even examples of the utility of the technique 

for living cells to gather information about the cellular events taking place in a single 

living cell [74-76].  

 

2.3.1.  Protein Detection with SERS 

 

Detection of proteins can be performed indirectly by using a label that can provide a SERS 

signature. However, indirect detection has some drawbacks such as extending the duration 

of the protocol and decreasing the reliability of the detection system [77, 78]. 

 

In a report, it was claimed that an assay for label free detection of proteins in solutions.was 

developed [62]. The detection of lysozyme, ribonuclease B, avidin, catalase, and 

hemoglobin was performed in citrate reduced silver colloidal suspension. The detection 

limits for lysozyme and catalase as low as 5 μg/ mL and 50 ng/mL, respectively, were 

achieved. A recent approach involves a heat-induced SERS method using NaNO3 as an 

electrolyte for label-free routine and quantitative detection of proteins [79]. In another 

recent report, the proteins, lysozyme and cytochrome c, were detected by a SERS based 

biosensor using optical fibers. A detection limit of 0.2 μg/mL is achieved for both proteins 

[80].  

 

In order to detect proteins without using an external label, a well-defined sample 

preparation method is also required. The use of the intrinsic fingerprints of proteins for 

detection and identification with SERS is highly desired but their diverse surface 

properties, flexibility, shape and size which define their interaction with the noble metal 

surface, prevents the development of a universal approach.  

 

Either gold or silver nanostructured surfaces or their colloidal nanoparticles are commonly 

used as substrates in a SERS experiment. Although both types of substrates suffer from 

reproducibility issues, the colloidal noble metal nanoparticles are mostly preferred due to 
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the simplicity of preparation and low cost [81-83]. When a colloidal suspension is used, the 

analyte is usually mixed with it before spotting on a surface. When colloidal AgNPs or 

AuNPs are used, many factors influencing the distribution of nanoparticles and analyte in 

the droplet area, including the charge of the analyte and nanoparticles, and dynamics of the 

solvent during evaporation from the droplet must be carefully considered. For example, 

negatively charged analytes in citrate-reduced AgNPs accumulate at the edge of the 

droplet. However, positively charged analytes co-precipitate in the droplet area with 

AgNPs [63, 81]. A better understanding of dynamics in a droplet during the drying process 

will help to design more robust SERS experiments. A phenomenon called “coffee-ring” is 

responsible from the uneven distribution of species within a dried droplet area [84, 85].  

 

2.4.  COFFEE-RING PHENOMENON 

 

The AgNPs are used in this thesis as SERS substrates. When the AgNPs are used as 

substrates, the sample preparation is as simple as mixing the colloidal suspension with 

analtye and locating on a surface.  As soon as the sample is located on the surface, the 

coffee-ring phenomenon takes control of the dynamics in the droplet, which is mostly 

result with the jamming of all species in the droplet at the droplet edge. When a sessile 

droplet is left to dry at room temperature, all molecular species are forced to the edges of 

the droplet area due to the outward flow of the solvent. This outward flow arises from a 

faster evaporation at the edges of the droplet area and due to the loss of the solvent at the 

edges, the solvent from the middle is generated to consolidate the loss. Therefore, all 

particles and molecular species in the suspension are dragged and jammed at the droplet 

peripheral, which is illustrated on Figure 2.4. [84, 85]. This formation is unsuitable for a 

healthy SERS experiment due to the ineffective oscillation of the nanoparticles‟ electron 

systems at the droplet peripheral. In a healthy SERS experiment, controlling the proximity 

between metallic nanoparticles and analyte molecules is very important for a good SERS 

enhancement. Analyte used in SERS experiment must be in contact to or in the close 

vicinity of noble metal surfaces. The optimum distance must be between 1 nm and 3 nm 

[84-86]. 
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Figure 2.4. Schematic illustration of “coffee-ring phenomenon” occurring in a droplet 

which contains AgNPs and proteins 

 

In this study, we reported two simple sample preparation methods. The comparison of this 

methods based on the obtained SERS spectra was provided. In both methods, we can 

overcome the problems that result with the jamming of all species at the liquid-solid 

contact of a drying droplet. The first approach demonstrated in the study involves the 

manipulation of the coffee-ring phenomenon by altering the contact line pinning process 

by inserting a plastic tip into the drying droplet. The tip inserted into the drying droplet 

influences the contact line pinning and the distribution of analytes in the droplet area. As 

the behavior of the nanoparticles is changed, packing of NPs at the liquid-solid contact line 

is altered, which is critically important for SERS performance. The second approach 

involves a suspended droplet from a hydrophobic surface altering the dynamics in the 

droplet during evaporation. The use of a hydrophobic surface prevents the spread of the 

droplet and keeps the droplet confined as much as possible. The protein-AgNP clusters 

formed in the middle of the droplet area were found suitable for successful SERS 

measurements. 

 

2.5.  PROTEIN DENATURATION AND SERS MEASUREMENTS 

 

Four levels of protein structure are commonly defined. A description of all covalent bonds 

(mainly peptide bonds and disulfide bonds) linking amino acid residues in a polypeptide 

chain is its primary structure. Secondary structure refers to particularly stable arrangements 

of amino acid residues giving rise to occurring structural patterns such as α-helix or β-

sheet. Tertiary structure describes all aspects of the three-dimensional folding of a 
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polypeptide. When a protein has two or more polypeptide subunits, their arrangement is 

referred to as quaternary structure. Figure 2.5 shows levels of structure in proteins. 

 

 

 

Figure 2.5. Levels of structure in proteins [87] 

 

The conformation of a protein is stabilized mostly by weak interactions. The term stability 

can be defined as the tendency to maintain a native conformation. The role of these weak 

interactions is especially important to understanding how polypeptide chains fold into 

specific secondary and tertiary structures, and how they combine with other polypeptides 

to form quaternary structures. Individual covalent bonds that contribute to the native 

conformations of proteins, such as disulfide bonds linking separate parts of a single 

polypeptide chain, are much stronger than individual weak interactions. However, the 

weak interactions are more dominant to stabilize the conformation of proteins. In general, 

the protein conformation with the lowest free energy (that is the most stable conformation) 

is the one with the maximum number of weak interactions. The hydrogen-bonds of many 

groups in the polypeptide chain with solvent (water) tend to maintain the unfolded state. 

The chemical interactions that counteract these effects and stabilize the native 

conformation include disulfide bonds and the noncovalent interactions. The disulfide-

linked residues are strongly hydrophobic (nonpolar). Disulfide bonds play a special role in 

the structures of many proteins by forming covalent links between parts of a protein 

molecule or between two different polypeptide chains. 

 

Proteins are very sensitive to heat and in the temperature range of 50-60 ºC, most of the 

globular proteins loose their three dimensional compact structures. This phenomenon is 
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called denaturation. Most proteins can be denatured by heat, which affects the weak 

interactions such as noncovalent dipole-dipole interactions between polar amino acid side-

chains and the surrounding solvent (primarily hydrogen bonds), covalent interactions 

between amino acid side-chains (such as  disulfide bridges) and Van der Waals 

interactions between nonpolar amino acid side-chains. Therefore, the structure of the 

protein becomes an irregular helix. If the temperature further increases, only the covalent 

bonds between amino acids remain.  

 

In this study, protein-AgNP containing droplets were heated by using a heating system that 

can be attached to Raman microscopy system. The aim of the study is to enrich the SERS 

spectra of proteins further and detect and identify them in a multiple protein mixture based 

on the differences in their denaturation profile. Heat provides an enhancement in Raman 

scattering, since the electron systems of NPs oscillate more effectively at high 

temperatures.   

 

Denaturation profiles of the proteins are different and these differences can be reflected on 

their SERS spectra. It was mentioned that SERS spectrum of a molecule is unique and 

fingerprint of that molecule. Combination of the fingerprint property of SERS and 

denaturation profile of proteins provide further sensitivity and reliability to protein 

detection and identification. Figure 2.6 shows a schematic illustration of the experimental 

process. There are other parameters that cause protein denaturation rather than 

temperature, such as organic solvents, UV-radiation, detergents. We selected the parameter 

of temperature, since addition of another agent into the system further complicates the 

analysis.  

http://en.wikipedia.org/wiki/Dipole
http://en.wikipedia.org/wiki/Solvent
http://en.wikipedia.org/wiki/Covalent
http://en.wikipedia.org/wiki/Side-chain
http://en.wikipedia.org/wiki/Disulfide_bridge
http://en.wikipedia.org/wiki/Van_der_Waals_force
http://en.wikipedia.org/wiki/Van_der_Waals_force
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Figure 2.6. Schematic illustration of the experimental process. 
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3.  MATERIALS 

 

 

3.1.  CHEMICALS 

 

Proteins which used in all experiments were purchased from Sigma Aldrich (Germany). 

Silver nitrate (AgNO3) was purchased from Fluka (Germany) and sodium citrate 

(NaH2C6H5O7) was purchased from Merck (Germany). Ultra pure water (Millipore, Direct 

Q-UV) was used to dissolve proteins and prepare protein stock solutions.   

 

3.2.  PROTEINS 

 

Five acidic, Bovine serum albumin (BSA), human serum albumin (HSA), transferrin (Tf), 

myoglobin (Mb), hemoglobin (Hb) and three basic, cytochrome c (Cyt c), avidin and 

lysozyme (LYZ), proteins were used in the study. The proteins were selected by 

considering basically the charge they carry and the size they have. The physiochemical 

properties and structures of selected proteins were shown on the Table 3.1. Dynamic Light 

Scattering (ZetaSizer) was used to find the properties of hydrodynamic radius and zeta 

potential of the proteins. 
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Table 3.1. The physiochemical properties and structures of the proteins in the study 

  

Protein Isoelectric 

point (pI) 

Molecular 

weight 

(kDa) 

Zeta 

potential 

(mV) 

Hydrodynamic 

radius (nm) 

Property Structure 

BSA 4.7-4.9 66.4  -22.7 8.019 Acidic 

 

HSA 4.7-5.2 66.5 -28.9 7.937 Acidic 

 

Tf 5.5 76 -18.4 15.55 Acidic 

 

Mb 6.8-7.3 17.6 -17.6 4.259 Acidic 

 

Hb 6.8 64.5 -13 8.911 Acidic 

 

Cyt c 10-10.5 12.3 +22.5  2.01 Basic 

 

Avidin  10 66 +27.1 3.53 Basic 

 

Lyz 11.4 14.3 +25.9  2.1 Basic 
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4.  METHOD 

 

 

4.1.  PREPARATION OF PROTEIN SOLUTIONS 

 

Protein stock solutions were prepared by using lyophilized proteins and the concentration 

of each protein stock solution were set as 1 mg/mL. 100, 10, 1 and 0,1 µg/mL protein 

solutions were prepared by diluting the protein stock solutions. 

 

4.2.  SYNTHESIS OF SILVER COLLOIDAL SUSPENSION 

 

The AgNPs were synthesized by using the method reported by Lee and Meisel [44]. 90 mg 

of AgNO3 was dissolved in 500 ml distilled H2O and heated until boiling. A volume of 10 

mL of 1 per cent trisodium-citrate solution was added drop wise to reduce Ag+ ions to 

AgNPs. The solution was kept boiling until the volume was reduced to 250 mL 

(appoximately, half of the initial volume). Then, the solution was kept at the room 

temperature until cooling. The suspension was filtered with a 0.22 µm filter to remove 

large aggregates. This suspension is called 1X. The synthesized colloidal AgNPs were 

characterized with scanning electron microscopy (SEM), DLS (Zetasizer) and UV/vis 

Spectroscopy. The 1X AgNP suspension was centrifuged (Beckman, Rotor: S4180) at 

5500 rpm for 30 min and a portion of supernatant was removed from to bring the final 

concentration of AgNP suspension to 8X.  

 

4.3.  DYNAMIC LIGHT SCATTERING ANALYSIS 

 

The size and zeta potential analysis of the proteins and nanoparticles were performed using 

Zetasizer NanoZS (Malvern, UK) at 25 °C. It contains a 4 mW He-Ne laser with a 

wavelength of 633 nm. The scattered light was collected by an avalanche photodiode 

detector with an angle of 173°. The refractive index and absorption of the protein solutions 

were assumed as 1.45 and 0.001, respectively. 
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4.4.  MICROSCOPY 

 

4.4.1.  SERS Measurement  

 

A Raman Microscopy System (InVia Reflex, Renishaw, UK) was used to perform all 

SERS experiments .The system was used with a diode laser at 830 nm and 50X objectives. 

The 50X long-range objective was used with the heating system (THMS600) to prevent the 

objective from any damage caused by high temperature. The system was automatically 

calibrated against a silicon wafer peak at 520 cm
-1

. The laser power of 3 mW was used for 

the measurements at room temperature and the laser power of 15 mW was used for the 

analysis of protein melting profiles. The exposure time for each SERS measurement was 

10 s. The spectra were processed with WIRE 3.2 software provided by Renishaw. 

 

4.4.2.  SEM Analysis 

 

All SEM images were obtained by using a Carl Zeiss Evo 40 instrument under high 

vacuum and high potential (10 kV).  

 

4.4.3.  AFM Analysis 

 

The AFM (Park Systems XE-100, Korea) images were obtained in non-contact mode at 

room temperature. Silicon nitride tips were used with varying resonance frequencies at a 

linear scanning rate of 0.5 Hz.  

 

4.4.4.  THMS600 Heating block and Controllers 

 

THMS600 heating system was fixed to Raman Microscopy system by placing the heating 

block under the microscope objective, which can be seen on Figure 4.1. It can heat the 

sample until 600 ºC and cool it until -195 ºC.  
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Figure 4.1. The heating block under the objectives of Raman Microscopy and the 

controllers of the heating system 

 

4.5.  SAMPLE PREPARATION  

 

Equal volume of protein solutions with various concentrations of 100, 10, 1, 0.1 µg/mL 

were mixed with 8X silver colloidal suspension to bring the final protein concentration to 

50, 5, 0.5 and 0.05 µg/mL, respectively. 2 µL of this protein-AgNP mixture was spotted on 

a CaF2 surface. It is a hydrophobic surface which resembles a basic glass slide and 

prevents the molecular species in drying droplet from spreading through the surface.   

 

4.5.1.  A Sessile Drying Droplet 

 

A 2 µL of protein-AgNP mixture was spotted on a CaF2 surface and left to dry at room 

temperature. The room temperature and relative humidity were 22-25 °C and 40-50 per 

cent during the experiments, respectively.  

 

4.5.2.  Dipping a Plastic Tip into a Drying Droplet 

 

After spotting 2 µL of protein-AgNP mixture on CaF2 surface, a plastic tip with 200 μm 

radius was dipped into the droplet possessing radius of 1400 μm placed on the surface and 

left to dry until complete dryness at room temperature.  
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4.5.3.  Suspended Drying Droplet against Gravity 

 

A volume of 2 µL protein and colloidal AgNP mixture was spotted on a CaF2 slide. Then, 

the CaF2 slide was fixed to a clamp at the overturned position with an angle of 180 degrees 

around its own axis. The position of the clamp was maintained until the droplet completely 

dried at room temperature.  

 

4.6.  HEATING of AgNP-PROTEIN SUSPENSIONS 

 

After spotting 2 µL of protein and AgNP mixture on CaF2 slide and dried with selected 

configuration, it placed on the heating block of THMS600 system. The temperature of the 

system was set as 30 ºC and increased until 70 ºC with 10 ºC intervals. The period of 

waiting between two consecutive temperatures was set as 90 s in order to the temperature 

of the environment reaches the temperature of the heating block. Five SERS spectra were 

collected from different spots and averaged to one spectrum for each temperature. 
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5.  RESULTS and DISCUSSION 

 

 

The AgNPs with approximately 60 nm diameter in size were used in SERS measurements 

due to their simple synthesis procedure and strong plasmonic properties. Figure 5.1 and 

Figure 5.2 show UV/Visible spectrum and DLS plot, respectively, which give information 

about the size distribution of AgNPs in the suspension. The maximum absorption of 60 nm 

AgNP suspension is 420 nm. DLS measurement can give information about the 

hydrodynamic radius of particles rather than their real diameter values due to the working 

principle of the device. The DLS plot indicates that the size of AgNPs in the suspension is 

uniform enough to perform the SERS experiments. The most reliable information about the 

size of AgNPs can be obtained from electron microscopy. Figure 5.3 shows a SEM image 

of AgNPs which support the previously obtained data from UV/vis spectrum and DLS plot.  

 

 

 

Figure 5.1. UV/Visible spectrum of 60 nm AgNPs 

 

 

 



 

 

24 

 

 

Figure 5.2. Size distribution of AgNPs in the suspension 

 

 

 

Figure 5.3. SEM image of AgNPs 

 

5.1.  SERS MEASUREMENTS OF PROTEINS FROM DRIED DROPLETS 

 

Figure 5.4.a and Figure 5.4.b show a white light image of a spot dried from an AgNP-BSA 

and SERS spectra obtained from the different regions of the droplet area, respectively.  

 

100 nm 
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Figure 5.4. a. Photography of a spot dried from an AgNP-BSA, b. the SERS spectra 

obtained from the different regions of the droplet area. The protein concentration is 500 

µg/mL in the droplet 

 

The charge of the analyte molecules strongly influences the interaction with metallic 

nanoparticles. The AgNPs are negatively charged due to the adsorption of citrate ions on 

their surfaces. Therefore, when a negatively charged protein and AgNP suspension is 

mixed and spotted on a surface, due to the weak interaction between NPs and protein 

molecules, a poor SERS spectrum is obtained, which can be seen on Figure 5.4.a. As seen, 

most of the AgNPs along with the BSA molecules are piled up at the edge of the droplet 

due to the coffee-ring phenomenon. This uncontrolled piling results in tightly packed 

AgNPs-BSA conjugates, which is not a proper structure for surface plasmon formation [86, 

87]. The amount of AgNP-BSA aggregates is much less in the rest of the droplet area, as 

seen on the image. Therefore, the quality of the SERS spectra further decreases towards the 

middle of the droplet area due to an insufficient amount of protein molecules to detect by 

using SERS.  

 

When a positively charged protein is used in the same experiment, the ionic interaction 

between metallic NPs and protein molecules causes an improvement in the SERS 

enhancement. Figure 5.5.a and Figure 5.5.b show a white light image of a spot dried from 

an AgNP-Cyt c and SERS spectra obtained from the different regions of the droplet area, 

respectively. As seen, AgNPs and Cyt c molecules show a more homogenous distribution 
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compared to a negatively charged protein and AgNP containing sessile dried droplet and 

the quality of the SERS spectra is very similar through the droplet area for Cyt c. 

 

1
2

3

4

a. b.

 

 

Figure 5.5. a. Photography of a spot dried from an AgNP-Cyt c and b. SERS spectra 

obtained from the different regions of the droplet area. The protein concentration is 500 

µg/mL 

 

The spectral quality is not satisfactory for protein detection in low concentrations without 

using an external molecular label. A simple and effective approach is needed to alter the 

behavior of AgNP-protein conjugates in a droplet.  

 

5.1.1.  SERS Measurements of Droplets with a Tip Dipped during Drying 

 

The first approach used in the study involves dipping a plastic tip into the droplet as soon 

as it is placed on a surface for drying. Figure 5.6 shows photography of a tip dipped droplet 

on a CaF2 surface. 
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Figure 5.6. Photography of a tip dipped droplet on CaF2 surface 

 

Figure 5.7.a and Figure 5.7.b show the area of a droplet containing AgNP-BSA generated 

by a dipped-tip and the SERS spectra obtained from the marked regions, respectively. The 

formation of the consecutive rings indicates that the contact line moves during the drying 

process and this movement is explained with the slip-stick motion of the contact line [88-

91]. As compared to a sessile droplet, the AgNPs and protein molecules are distributed in a 

more controlled manner with the insertion of a tip, which has a considerable effect on the 

AgNP-protein packing. This effect is reflected to the SERS spectra. As seen on Figure 

5.7.b, the quality of the SERS spectra increases significantly and new Raman bands appear 

compared to the spectra obtained from a sessile dried droplet.  

 

C

1 2 3 4

a. b.

 

 

Figure 5.7. a Photography of a droplet area of AgNP-BSA mixture with a tip dipped into 

the droplet during drying process and b. SERS spectra obtained from the marked regions 

on the image. Only one spectrum from each region was acquired. The protein 

concentration is 500 µg/mL 



 

 

28 

Figure 5.8.a and Figure 5.8.b show the AFM images obtained from the outermost ring and 

line analysis of the rings of a droplet dried without and with dipping a tip, respectively. 

The line analysis provides information about the packing density of AgNPs-protein 

conjugates. The parameter indicating the surface roughness (Ra) is in the range of 5-10 for 

the droplet dried in the absence of a tip and is in the range of 19-23 in the presence of a 

dipped tip. This indicates that the packing density of AgNP-protein structure is higher in 

the absence and lower in the presence of the tip. This means that the oscillations of 

electron system of loosely packed AgNP structures will be much more effective and this 

will lead the improved SERS activity. 

 

The detection limit of two proteins, BSA and Cyt c, was also investigated by decreasing 

the concentration of the proteins in the colloidal AgNP suspension. Figure 5.9 shows a 

comparison of the SERS spectra obtained from a sessile dried and a tip dipped dried 

droplets. It is obvious that the quality of the SERS spectra obtained from a tip dipped 

droplet is better than the quality of the SERS spectra obtained from a sessile dried droplet. 

While the spectral features disappear at the lowest concentration of BSA, 5 μg/L, without a 

tip dipping, the features are still apparent at this concentration level with a dipped tip.  
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a.

 

 

Figure 5.8. a. AFM images obtained from the outermost ring and line analysis of the rings 

of a droplet dried without and b. with dipping a tip 
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a. b.

 

 

Figure 5.9. a. SERS spectra of BSA from a droplet dried without and with b. a tip dipped 

during drying. The spectra on both figures were baseline corrected and ten spectra were 

averaged to obtain each spectrum on the figures 

 

The same experiment was repeated using the positively charged protein, Cyt c. The charge 

of the analyte has an important effect on the distribution of AgNPs and analyte molecules 

throughout the droplet area for both sessile and tip dipped drying droplets. Although, the 

similar slip-stick motion was observed in the tip dipped, negatively or positively charged 

protein containing drying droplets, the pattern and quality of the SERS spectra obtained 

from both a sessile and a tip dipped, positively charged protein containing dried droplets 

do not have a significant difference. Figure 5.10.a to 5.10.d show the photographs of 

droplet areas of AgNP-Cyt c mixture without and with a dipped tip and SERS spectra 

obtained from the area of a droplet without a dipped tip and with a dipped tip. Ten SERS 

spectra were randomly collected from the whole area of a droplet without tip dipped and 

from the ring region of a droplet with a dipped tip and averaged to one spectrum for each 

different protein concentrations. The ring region was preferred for a tip dipped droplet 

since it was found the most suitable region for a healthy SERS measurement.  
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Figure 5.10. a. Photographs of droplet areas of AgNP-Cyt c mixture without and b. with a 

dipped tip and c. SERS spectra obtained from the area of a droplet without a dipped tip and 

d. with a dipped tip. Ten spectra were averaged to obtain each spectrum on the figures 

 

Although the demonstrated approach is very simple, the effectiveness on the SERS 

performance is not satisfactory, particularly for positively charged analyte molecules. 

Simply dipping a tip into a drying droplet can improve the detection limit of negatively 

charged biomacromolecules more than one order of magnitude. 

 

5.1.2.  SERS Measurements of Suspended Dried Droplets  

 

The second approach which was used to manipulate the distribution of AgNPs and proteins 

involves suspending a droplet from a hydrophobic surface during drying at room 

temperature. Figure 5.11 shows the photograph of a suspended drying droplet from CaF2 

surface.  
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Figure 5.11. Photography of the AgNPs and protein-containing suspended drying droplet 

on CaF2 surface 

 

When a suspended droplet is dried at room temperature, all particles, which have varying 

size and weight is forced to accumulate in the middle of the droplet area due to the gravity. 

This process is similar to the process proceeding in a sessile droplet, due to greater 

evaporation rate at the solid-liquid contact line of the droplet, a solvent flow is generated 

from the center of the droplet towards to the edges as the contact line is pinned. This 

solvent flow exerts a force to drag the accumulated species from the middle of the droplet 

to the edges. However, this force is not powerful enough to drag the accumulated heavy 

particles and molecular species at the tip of the overturned droplet. Therefore, only small 

and freely suspended nanoparticles and molecules remained dissolved and unattached to 

the accumulated aggregates are dragged to the edges. Figure 5.12.a and 5.12.b show the 

position of AgNPs and flow profile of the solvent during drying of a suspended droplet, 

respectively. The heavier AgNP-protein aggregates tend to accumulate in the middle of the 

droplet area. The solvent flow of the droplet continues during drying and drags any species 

either dissolved or suspended in the liquid and jams at the contact line. Some of the AgNP-

protein structures are accumulated at the tip of the droplet, they can escape from the 

outward flow. Figure 5.13.a to 5.13.d show the SEM images of dried droplet areas for both 

proteins at two different configurations. The images denoted as “M” and “E” shows the 

middle region and the edge of droplet, respectively, given on the left. As seen on Figure 

5.13.a, the majority of the AgNP-HSA hybrid structures are jammed at the edges while 

some aggregates remain scattered in the rest of droplet area depending on the protein and 

nanoparticle concentration. Note that the AgNP-protein structures neither at the edges nor 

in the droplet area of a sessile dried droplet are favorable for healthy SERS measurements.  
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When the droplet is dried suspended, this profile significantly changes and AgNP-HSA 

hybrid structures significantly accumulate in the middle of the droplet area. Figure 5.13.c 

shows the SEM image of the droplet area of a suspension droplet containing AgNP-Cyt c. 

Since the AgNPs are negatively charged, the positively charged Cyt c strongly interacts 

with the AgNPs and precipitate in the droplet area escaping from the coffee-ring 

phenomenon. When the droplet is suspended, the majority of the AgNP-Cyt c accumulates 

in the middle of the droplet. However, there are still small portions of free protein 

molecules and nanoparticles visible at the edge of the droplet area. Therefore, when the 

droplet is dried in air in the suspended position, a similar pattern for both negatively and 

positively charged proteins is observed with most of the AgNP-protein structures 

accumulated in the middle of the droplet area. 

 

a. b.

 

 

Figure 5.12. a. The position of AgNPs and b. flow profile of the solvent during drying of a 

suspended droplet  
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Figure 5.13. Comparison of SEM images of droplet areas of AgNP-protein containing 

droplets; a. Sessile: AgNP-HSA and c. AgNP-Cyt c, b. suspended: AgNP-HSA and d. 

AgNP-Cyt c (D).  „M‟ and „E‟ denote middle and edge of the droplet area, respectively. 

Images show a protein concentration of 50 μg/mL 

 

The force of gravity, which is perpendicular to solvent flow, hinders a dense contact-line 

formation and accumulates AgNPs and proteins in the middle of the droplet area. The 

density of molecular species is higher in the middle of the droplet area than the density at 

the edges for both negatively and positively protein containing suspended dried droplets.  

 

The packing density of nanoparticles through surface roughness for both sessile droplet 

and suspended droplet was investigated by AFM analysis. The AFM images were obtained 

from the edges of the sessile droplets and from the middle of the suspended dried droplets. 
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These regions were thought to be suitable for AFM analysis since they are the regions 

where the SERS spectra were collected. A negatively charged (HSA) and positively 

charged protein (Cyt c) were used for AFM analysis. The surface roughness of thin film-

like structures composed of nanoparticles can be evaluated using an average roughness 

value (Ra) of the whole area from the AFM images. Figure 5.14.a and Figure 5.14.b show 

the AFM images obtained from the edge and middle region of a sessile and suspended 

dried droplet of AgNP-HSA, respectively. Figure 5.14.c and 5.14.d show the case for 

AgNP-Cyt c. Table 5.1 shows the average Ra values of obtained AFM images. The Ra 

values of suspended dried droplets for both HSA and Cyt c are greater than the Ra values 

of sessile dried droplets. The greater roughness indicates that the larger gap between 

AgNP-protein structures at the center of a suspended dried droplet area. This loose packing 

obliviously has dramatic effect on the SERS performance of AgNPs through the efficient 

oscillation of the nanoparticle‟s electron system.  

 

Figure 5.15 shows a comparison of the SERS spectra of HSA obtained from the middle 

region of a suspended dried droplet area, a thin film prepared with convective assembly 

[54],
 
at the edge of a sessile dried droplet area, and AgNP aggregates themselves. The 

quality of the SERS spectra obtained from a suspended dried droplet is significantly better 

than the quality of the SERS spectra obtained from a sessile dried droplet. Due to the 

trapping of proteins between nanoparticles at the middle of the droplet, the interaction 

between AgNP clusters and proteins enhance significantly and even new Raman bands 

appear compared to the spectra obtained from protein-AgNP thin film prepared with 

convective assembly.  
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Figure 5.14. a. AFM images of HSA-AgNP containing sessile and b. suspended dried 

droplets and c. Cyt-c-AgNP containing sessile and d. suspended dried droplets. The images 

were obtained from the edges of sessile dried droplets and from the center of suspended 

dried droplets. The protein concentration of the experiment is 50 μg/mL 

 

Table 5.1. Average Ra values of obtained AFM images 

 

 

 

 

Droplet Ra 

HSA containing sessile dried droplet 3.695 

HSA  containing suspended dried droplet 14.698 

Cyt c  containing sessile dried droplet 25.536 

Cyt c  containing suspended dried droplet 38.028 
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Figure 5.15. SERS spectra of an AgNP-HSA containing suspended dried droplet, a protein-

AgNP thin film, a sessile droplet and silver colloidal suspension. The protein concentration 

of the experiment is 50 μg/mL 

 

The reproducibility of the SERS spectra obtained from a suspended dried droplet was 

investigated by comparing ten SERS spectra which randomly collected from the dried 

droplet area.  Figure 5.16 shows ten SERS spectra obtained from negatively and positively 

charged protein containing suspended dried droplets and white light images of the droplet 

area where these spectra were collected. The variations of the SERS spectra from different 

spots on the droplet area were calculated and the coefficient of variation values were found 

16.0 per cent and 10.9 per cent for negatively and positively charged proteins, respectively. 

These values are satisfactory for comparison reasons [46, 70]. 

 

In conclusion, the SERS spectra obtained from different samples prepared by different 

sample preparation methods indicate that suspended droplet from a hydrophobic surface is 

the most suitable method over other approaches in the study and it was used in the 

following parts which involve determining the minimum detection limit of the selected 

proteins in AgNP suspension and investigating denaturation profiles of proteins with 

SERS.  
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Figure 5.16. a Ten SERS spectra obtained from negatively and b. positively charged 

protein containing suspended dried droplets and white light images of the droplet area 

where these spectra were collected. The protein concentration of the experiment is 50 

µg/mL 

 

5.1.3.  Determining the Detection Limits of the Proteins  

 

The minimum detection limit of three acidic (HSA, myoglobin, transferrin) and three basic 

proteins (avidin, Cyt c, lysozyme) was investigated. Figure 5.17 shows the SERS spectra 

of proteins with decreasing concentrations and Table 5.2 shows the band assignments of 

proteins. The SERS spectra of the proteins are consistent with the previously reported 

spectra in the literature [59, 63, 79, 94-96]. 
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Figure 5.17. SERS spectra of HSA, transferrin, myoglobin, cytochrome c, avidin and 

lysozyme with their decreasing concentration in AgNP colloidal suspension 
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Table 5.2. Band assignments for SERS spectra of proteins 

 

HSA Transferrin Myoglobin Cyt c Avidin Lysozyme Band Assignments 

471 --- --- --- --- --- --- 

--- --- --- 524 --- --- S-S str.[97] 

--- --- --- --- 540 --- Cys[98] 

--- 618 618 --- 618 --- C-C twist.[99] 

--- 646 --- 643 --- --- Tyr[100] 

631 
710 700 

710 
--- 669 Met[99] 

712 738 

756 755 --- --- 758 755 Trp[60] 

--- 827 --- --- --- 827 Pro, Tyr[100] 

838 --- 838 838 --- --- 
vibration of  amine 

groups[101] 

852 852 852  852 852 Tyr, Pro[98] 

--- --- --- 879 --- --- Trp, Pro[100] 

928 928 928 928 928 928 Pro, Val[102] 

950 950 --- --- 950 950 Pro, Val[103] 

--- --- --- 970 --- --- Ser[60] 

  --- --- --- 980 --- Trp[60] 

1001 1001 1001 
1001 1001 1001 Phe[60] 

1029 1029 1028 

1053 1053 1053 1053 1053 1053 C-O, C-N str.[99] 

1088 --- --- --- 1090 --- C-C str.[104] 

--- 1123 1123 
1083 

--- --- C-N str. [97] 
1123 

--- --- --- 1171 1171 --- Try[60] 

--- 1204 --- --- --- --- Try+Phe[60] 

--- --- --- --- --- 1224 Amide III[105] 

--- --- --- 1250 --- --- Amide III[60] 

--- --- --- --- 
1237 

--- Gly, Pro[106] 
1280 

--- --- 1335 --- --- --- Trp[60] 

--- --- 1368 1368 --- 1355 Trp[60] 

--- 1441 --- --- --- --- CH2 sciss.[60]
 

1453 --- --- --- --- --- Gly[60] 

--- --- --- 1444 --- 1444 CH2 sciss. [60] 

--- --- --- 1582 --- --- Phe [60] 

--- --- 1600 --- 1602 --- Amide I[106] 
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A detection limit down to 0.05 µg/mL can be easily achieved by overturning the substrate 

the droplet located. We claim that the presented simple method significantly improves the 

spectral quality and reproducibility in a SERS experiment for all types of molecules and 

molecular structures.  

 

5.1.4.  Denaturation of Proteins with Heat and SERS Measurements 

 

After determining the most appropriate method to obtain spectral acquisition in good 

quality, we used this simple approach (suspended droplet) to investigate the effect of 

protein denaturation on SERS spectra. It was mentioned that the hydrophobic residues of a 

protein mostly locate interior of its structure. When the protein reaches its melting point, it 

loses its three dimensional structure and hydrophobic residues such as phenylalanine, 

tyrosine, tryptophan which give good SERS signal, come to contact with or close vicinity 

to metallic nanoparticles. There are many reports, which indicate the positive effect of high 

temperature on SERS performance, in the literature [107-109]. Also, it was shown that 

minor changes occurring in protein structure between a temperature range of -90 and 90 °C 

can be observed with SERS [95]. 

 

Four acidic and two basic proteins were used in the heating experiments. The proteins in 

different mixtures were selected based on the charge they possess. Since the charge of the 

analyte influences dramatically the distribution of AgNPs and analyte molecules on the 

droplet area. In binary mixtures, three different combinations (negative-negative, positive-

positive and negative-positive) were used.  

 

The approximate melting points of the proteins were investigated by using DLS. The 

method involves the increasing temperature of protein solution and determining the size 

distribution of the particles at each temperature. When the protein reaches its melting 

point, the structure of the protein unfolds and this is observed as logarithmic curve on the 

graph of size versus temperature as seen on Figure 5.18. Table 5.3 shows the approximate 

melting point values of the proteins in the study. 

 

 

 



 

 

42 

 

 

Figure 5.18. Graph of size versus temperature for HSA 

 

Table 5.3. Melting point values of the proteins in the study 

 

 

 

 

 

 

 

 

 

When a droplet of a mixture of a protein and colloidal AgNPs is heated during the SERS 

spectral acquisition, the conformational changes in the protein structure are reflected on the 

spectra. At around the melting temperature of the protein, a dramatic change in the spectra 

is expected.  This change in the pattern of the SERS spectra can be used to detect and 

identify different proteins in a multiple protein mixture.  

 

Figure 5.19 shows the SERS spectra of single proteins at different temperatures. As seen, 

the intensity of the band 676 cm
-1

, which is associated with methionine [97], increases as 

the temperatures increases. Met has hydrophobic side-chains and locates interior of the 

protein structure. When the compact structure of transferrin opens at high temperature, met 

residues buried in the protein are possibly come in contact with the AgNP surfaces and this 

is reflected to the SERS spectra. 

Protein Melting Point (ºC) 

HSA 62 

Transferrin 68 

Myoglobin 42 

Hemoglobin 42 

Cyt c 66 

Lysozyme 68 
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Figure 5.19. SERS spectra of single proteins in the study at different temperatures 

 

The differences in the SERS spectra at different temperatures cannot be identified visually 

in some cases. In order to observe the spectral changes in a clear manner, a statistical 

program, SPSS (originally, Statistical Package for the Social Sciences), was used. In Multi-

dimensional scaling of SPSS, each spectrum can be reduced into one spot on a 2D or 3D 
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coordinate system using Euclidean Distances. The most straightforward and generally 

accepted way of computing distances between objects in a multi-dimensional space is to 

compute Euclidean distances, an extension of Pythagoras‟ theorem. It measures the 

distances between objects based on a clustering algorithm. The clustering algorithm 

determines the rules that govern between which points distances are measured to determine 

cluster membership. In the algorithm, we used the cluster membership assessment by 

calculating the total sum of deviations from the mean of a cluster. The closeness of the 

coordinates indicates the close relationship among the spectra. In this study, the 2D plots 

were used for the data presentation.  Every spot on each 2D plot is associated to the 

average of five SERS spectra. 

 

5.1.4.1.  SERS Measurements of Binary Protein mixtures with AgNPs  

Figure 5.20.a and 5.20.b show the SERS spectra of mixture of HSA and transferrin, which 

are both negatively charged proteins, with AgNPs at increasing temperatures and 2D 

Euclidean Distance plot, respectively. The numbers next to the spots on the plots refer to 

the temperature of the sample when the SERS spectra were collected. As seen in Figure 

5.20.a, Raman bands at 676, 827 and 855 cm
-1

 belong to transferrin.  As seen in Figure 

5.20.b, the 2D plot indicates that there is a very obvious similarity between the spectra of 

transferrin and mixture at 30 ºC, since their spots are very close to each other. When the 

temperature increases, the resemblance between the spectra of the mixture and transferrin 

decreases and the SERS spectra of the mixture show a similarity to the spectra of HSA, 

particularly at 70 ºC due to the increasing of the band at 955 cm
-1

 which is associated with 

HSA.  

 

A similar phenomenon was observed in the case of HSA and myoglobin mixture (the 

proteins are both negatively charged). Figure 5.21.a and 5.21.b show the SERS spectra of 

HSA, Mb and AgNPs mixture at increasing temperatures and 2D Euclidean Distance plot.  

The intensity of the band at 1257 cm
-1

, which is associated with Mb, decreases at 60-70 ºC. 

The same case was observed in the mixture of single Mb and AgNP. In addition, the 

intensity of the band at 760 cm
-1

, which is also associated with Mb, starts to increase at 40 

ºC. The 2D plot indicates that the SERS spectra of the mixture are similar to the spectra of 

myoglobin at 70 ºC. 
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Figure 5.20. a. SERS spectra of HSA,  Transferrin and AgNP mixture at increasing 

temperatures and b. 2D Euclidean Distance plot, TF: Transferrin, HSA: Human Serum 

Albumin, M: Mixture 
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Figure 5.21. a. SERS spectra of HSA, Mb and AgNP mixture at increasing temperatures 

and b. 2D Euclidean Distance plot, MB: Myoglobin, HSA: Human Serum Albumin, M: 

Mixture 

 

Figure 5.22.a and Figure 5.22.b show the SERS spectra of two positively charged proteins, 

Cyt c and lysozyme, with AgNPs, 2D Euclidean Distance plot. As seen in Figure 5.22.a, 

the band of 1444 cm
-1

 belongs to Cyt c and the bands at 758 and 882 cm
-1

 belong to 

lysozyme. The intensity of the bands at 758 and 882 cm
-1

 decreases when the temperature 

increases to 70 °C. This case was also observed in the mixture of single lysozyme and 

AgNP. Additionally, the 2D plot, which is on Figure 5.22.b, supports this hypothesis. As 

seen, the spectra of the mixture and lysozyme locate on similar coordinates on the plot. On 

the other hand, the most of the peaks, which were observed in the mixture of single Cyt c 

and AgNP, could not be observed in the mixture of Cyt, lysozyme and AgNP. According 

to best of our knowledge, this case is a result of greater size and positive charge of 
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lysozyme over Cyt c. Therefore, lysozyme can interact with AgNPs more effectively 

compared to the interaction between Cyt c and AgNPs.     

 

 

 

Figure 5.22 .a SERS spectra of Cyt c, lysozyme and AgNP mixture at increasing 

temperatures and b. 2D Euclidean Distance plot (B), CYTC: Cytochrome c, LYZ: 

Lysozyme, M: Mixture 

 

Figure 5.23.a and Figure 5.23.b show the SERS spectra of a mixture that contains one 

positively (lysozyme) and one negatively (hemoglobin) charged protein with AgNPs and 

2D Euclidean Distance plot. The band at 675 cm
-1

 is associated with only lysozyme and the 

band at 765 cm
-1

 is associated with both of the proteins in the mixture. As seen in Figure 

5.32.b, the spectra of the mixture and lysozyme show a similarity to each other at 40 and 

50 °C. The 2D plot gives an outcome as it was expected, since it is obvious that lysozyme 

can interact with negatively charged AgNP more effectively and dominate the spectra of 

the mixture due to its positive charge.  
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Figure 5.23. a. SERS spectra of Hb, lysozyme and AgNP mixture at increasing 

temperatures and b. 2D Euclidean Distance plot, HB: Hemoglobin, LYZ: Lysozyme, M: 

Mixture 

 

5.1.4.2.  SERS Measurements of Ternary Protein Mixtures with AgNPs 

Figure 5.24.a to Figure 5.24.f show the SERS spectra of the mixture of HSA, Tf and Mb 

with AgNPs (they are all negatively charged proteins) at increasing temperatures and 2D 

Euclidean Distances plots for each temperature (b: 30 °C; c: 40 °C; d: 50 °C; e: 60 °C; f: 

70 °C). We have preferred to analyze the spectra of mixtures at individual temperatures to 

simplify the comparison.   
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Figure 5.24.a. SERS spectra of the mixture of HSA, Tf and Mb with AgNPs at increasing 

temperatures and 2D Euclidean Distance plots (b: 30 °C; c: 40 °C; d: 50 °C; e: 60 °C; f: 70 

°C) 

 

As seen in Figure 5.24.a, the bands at 1123 and 1254 cm
-1

 are associated with Mb 

molecules in the mixture and the bands at 958 and 1457 cm
-1

 are associated with Tf 

molecules. The 2D plots indicate that the spectra of HSA dominate the spectra of the 

mixture at almost all temperatures due to the possible high affinity of AgNPs to HSA 

proteins. This affinity could be the result of high ratio of Cys amino acids in HSA structure 

and comparably great hydrodynamic radius of HSA which also positively affects the 

interparticle distance in AgNP aggregates [104].
  

 

Figure 5.24.a to Figure 5.24.f show the SERS spectra of the mixture of negatively charged 

proteins, HSA, Transferrin and Hb, at increasing temperatures and 2D Euclidean Distances 

plots for each temperature (b: 30 °C; c: 40 °C; d: 50 °C; e: 60 °C; f: 70 °C). 
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Figure 5.25.a. SERS spectra of the mixture of HSA, Tf and Hb with AgNPs at increasing 

temperatures and 2D Euclidean Distance plots for each temperature (b: 30 °C; c: 40 °C; d: 

50 °C; e: 60 °C; f: 70 °C) 

 

As seen in Figure 4.25.a, the peaks at 675 and 854 cm
-1

 are associated with Tf. The peak at 

1334cm
-1

, which was not observed in the individual spectra of proteins, is highly intense in 

the spectra of the mixture. This intense pick is associated with CH3CH2 deformation and 

indicates that the proteins do not interact with only AgNP, but also with each other. 

Therefore, it causes to appear new Raman bands. 2D coordinate systems show that the 

spectra of the mixture show a similarity to Hb at 30, 40 and 50 °C since these temperature 

values are close to the melting point of Hb. When the temperature reaches 60 °C, the 

spectra of the mixture start to resemble more HSA and when it is 70 °C, the spots that 

belong to each protein locate on far coordinates from the spot of the mixture on 2D plot. 

The reason of this case is probably that all proteins in the mixture open their structure at 70 
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°C and start to interact with AgNPs more effectively, even though it was not reflected on 

the spectra at 70 °C.    

 

Figure 5.26.a to Figure 5.26.f show the SERS spectra of a mixture that contains two 

negatively charged (HSA and transferrin) and one positively charged (Cyt c) protein (A) 

and 2D Euclidean Distance plots for each temperature (b: 30 °C; c: 40 °C; d: 50 °C; e: 60 

°C; f: 70 °C). As seen in Figure 5.26.a, all of the obtained peaks were also obtained from 

single Cyt c and AgNP mixture. Cyt c is the only positively charged protein in the mixture 

and its molecular weight is 3-5 times less than the molecular weights of the proteins in the 

mixture. Therefore, the amount of Cyt c molecules is 3-5 times greater than the amount of 

other protein molecules in the mixture since they are all in same concentration. Due to its 

high amount and positive charge, Cyt c dominates the spectra of the mixture as it is 

expected and seen on 2D plots. 

 

Figure 5.27.a and 5.27.f show the SERS spectra of a mixture that contains two negatively 

charged (Hb and transferrin) and one positively charged (Cyt c) protein and 2D Euclidean 

Distance plots for each temperature (b: 30 °C; c: 40 °C; d: 50 °C; e: 60 °C; f: 70 °C). In 

Figure 5.27.a, 760 cm
-1

 band is associated with Hb and 1125, 1258 and 1446 cm
-1

 bands 

are associated with both Tf and Cyt c. Hb is a oxygen-binding metalloprotein, which has a 

electron-rich porphyrin group that gives good SERS signal. The melting point of Hb was 

found 42 °C and lower than other proteins in the mixture. Therefore, its structure opens 

first and keeps dominating the spectra of the mixture until 60 °C and when the temperature 

reaches 70 °C, all proteins in the mixture start to interact with NPs effectively.   
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Figure 5.26. a. SERS spectra of the mixture of HSA, Transferrin and Cyt c with AgNPs at 

increasing temperatures and 2D Euclidean Distance plots for each temperature (b: 30 °C; c: 

40 °C; d: 50 °C; e: 60 °C; f: 70 °C) 
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Figure 5.27.a. SERS spectra of the mixture of Hb, Transferrin and Cyt c with AgNPs at 

increasing temperatures and 2D Euclidean Distance plots for each temperature (b: 30 °C; c: 

40 °C; d: 50 °C; e: 60 °C; f: 70 °C) 

 

The data obtained from binary and ternary protein mixtures indicates that this method is 

promising for label-free protein detection from multiple protein mixtures with SERS. The 

distribution of the spots, which refer to SERS spectra of different proteins, on 2D 

Euclidean Distance plot can be used to generate a database for protein identification from 

multiple protein mixtures. The localization of the spots of mixtures and individual proteins 

gives valuable information about the behaviors of the proteins in different combinations of 

multiple protein mixtures.  
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6.  CONCLUSION AND RECOMMENDATIONS 

 

 

6.1.  CONCLUSION 

 

In this study, we demonstrated two simple and effective approaches for the manipulation of 

nanoparticles and molecular species in drying droplets, which can be used for obtaining 

reproducible and rich SERS spectra. The first approach involves dipping a tip into a drying 

droplet and an improvement in detection limit of negatively charged proteins more than 

one order of magnitude was achieved. The detection limit for BSA is at the picomolar 

level. However, no significant improvement was observed with positively charged Cyt c. 

Dipping a tip into a droplet on a surface is a very simple procedure. However, the benefit 

from this simple procedure is incredible. The second approach involves hanging the 

droplet against gravity during drying. In this method, the accumulation of proteins and 

AgNPs in the middle of the droplet occurs regardless of the protein surface charge, shape 

and size, under the influence the force of gravity compared to the sessile dried droplet. A 

detection limit of 0.05 µg/mL can be easily achieved with this method. The results indicate 

that the quality and reproducibility of the SERS spectra from anywhere in the middle of the 

droplet area is satisfactory for comparison. The presented simple method significantly 

improves the SERS spectral quality and reproducibility for proteins and we claim that 

suspended-droplet method can be applied to all types of molecules and molecular 

structures. 

 

The improved sample preparation method, which involves suspending droplet from a 

hydrophobic surface, was used to investigate the conformational changes of proteins at 

increasing temperatures with using SERS. The combination of the SERS spectra obtained 

at increasing temperatures and a clustering algorithm allows identification of proteins in a 

multiple mixture. We claim that this is a promising method to generate a database for 

protein detection and identification. After SERS acquisition of a protein mixture whose 

protein content is unknown, the SERS spectra can be processed by a statistical program 

and it matches with a distribution pattern of spots on a two or three dimensional space 

recorded in the database. However, generating such a database requires repeating 

experiments with different batches of AgNP suspensions for at least three times. Further 



 

 

55 

analysis to prove the reliability of the method will be done and it will be the second step of 

the presented study. 

 

6.2.  RECOMMENDATIONS  

 

The sample preparation method of suspending a droplet from a hydrophobic surface can be 

used to detect various kinds of biological molecules such as DNA, RNA, bacteria or 

viruses with the use of SERS. This method provides a very simple and effective way to 

manipulate the localization of particles and any molecular species in a drying droplet. 

Therefore, it can be a promising candidate to assemble nanostructures on a certain area 

based on evaporation-mediated assembly.  

 

Generating a database based on the spectral differences of proteins with the assistance of a 

statistical program has a great potential to identify the proteins in a multiple protein 

mixture. Combination of the software of Raman microscopy and a statistical program can 

decrease the duration of the process and also provides more simplicity and reliability to 

detect various types of molecular structures. 

 

Heating protein mixtures in an aqueous suspension rather than a dried droplet and 

obtaining SERS acquisition simultaneously may provide more significant information 

about the thermodynamic events occurring in protein structure as temperature increases. 

Since, the proteins behave more freely and are more sensitive to temperature changes in 

solution, studying the temperature versus SERS may provide more information in solution. 

A separation step can also be added into the current procedure in order to further increase 

the applicability of the technique for real samples. It was shown that convective assembly 

could be used to separate proteins. Therefore, separation of protein mixtures on a 

hydrophilic surface with convective assembly can be a good candidate for the purpose.  
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