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 Biosensors have begun to attract and find widespread use in the medical field due 

to their potential for ultrasensitive detection, and as a reliable, high-throughput, and 

nondestructive diagnostic immunoassay, specifically aimed towards the early screening of 

cancer. Specifically, there is need to screen the early stages of tumor growth, as 90% of all 

cancer related deaths are due to metastasis. Matrix metalloproteinase-14 (MMP-14) is an 

important target for cancer research due to its ability to induce tissue remodeling, 

extracellular matrix degradation, tumor invasion and angiogenesis. Surface Enhanced 

Raman Spectroscopy (SERS) has emerged as a popular method of detection due to the high 

optical enhancement offered by the surface plasmon resonances (SPRs) of metallic 

nanostructures while preserving the structural specificity, rapid screening, and high 

flexibility of Raman spectroscopy. The direct SERS analysis of biomolecules often suffer 

from poor selectivity and sensitivity due to their weak Raman activities, lack of 
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characteristic functional groups/polarizable moieties, and poor surface selection rules with 

the nanoparticle surface. This study hopes to take advantage of a novel indirect approach 

termed “nano-stress” sensing which provides an excellent alternative to conventional direct 

sensing. In short, a Raman reporter with a highly resolved, well characterized spectrum is 

chemically functionalized with a biorecognition element (e.g. antibodies) and undergoes a 

change in peak intensity or position in response to a molecular recognition event (e.g. 

antibody-antigen binding). Chapter 2 describes the synthesis of silver octahedral 

nanoparticles using a modified polyol process and their assembly into a large-scale, close-

packed, two-dimensional, thin film SERS platform, using a homemade Langmuir-Blodgett 

(LB) trough. SEM images reveal many well-ordered, close-packed polycrystalline domains 

scattered throughout. Chapter 3 presents the fabrication of the SERS immunosensor using 

a self-assembled monolayer (SAM) of 4-MBA, its chemical modification to bind to 

Fab3A2, and the detection of cdMMP-14 through extrinsic nano-stress sensing. 

Optimization experiments using TRIS Buffer indicate that a 0.1M/0.1M EDC/NHS 

solution at pH 6.0 with stirring gives the highest 4-MBA conjugation (~50%). About 

38.58% Fab3A2 conjugation was observed along with the successful sensing of the 

biorecognition event between Fab3A2 and cdMMP-14 at various concentrations. A 

maximum frequency shift of 0.95±0.37cm-1 was observed for 5x10-7M cdMMP-14. A 

linear semilog relationship (R2=97.79%) was also observed giving the equation y = 

0.31136x + 2.9109 for the concentration range 5x10-7M to 5x10-10M. Control experiments 

shows slight to relatively no binding with cdMMP-9 as well as minimal non-specific 

protein adsorption therefore confirming the specificity of the immunosensor. 
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Chapter 1: Introduction 

 

1.1 Background and Motivation 

 

Over the past decade through the application of nanoscale materials, there has been a 

surge of sensor-based devices that are smaller and more compact then previous. Biological 

based sensors, or “biosensors”, have been attracting a lot of attention in the fields of 

materials science and nanotechnology, due to their potential for high specificity, 

sensitivity, portability, and low cost. In short, a biosensor is a molecular device which can 

detect and transform a biochemical molecular-recognition event, into an electrical, thermal, 

optical, or other measurable analytical signal.[1] It consists of two main components: the 

sensor element which is capable of recognizing the presence of a specific analyte, using 

biorecognition elements like receptors, enzyme, antibody, etc.; and the signal transduction 

element that converts the binding event information into a measurable output signal.[1-2] 

The use of nano-based materials as the electronic and optical signal transducer element, 

has paved the way for the novel design of biosensing devices and research. This has led to 

significant device miniaturization, and the enabling of lower detection limits, down to even 

single biomolecule detection[3], and zeptomolar concentrations.[4]  

This ultrasensitive biosensing has found widespread use in the medical field as a 

reliable, rapid, high-throughput, and nondestructive diagnostic immunoassay technique for 

disease-related biomarkers, most notably for tumor and cancer detection. Current methods 

of cancer screening however, are either highly invasive, require significantly high 

concentrations, or are only observable when visible changes to a tissue have already 

occurred.[5-6] In too many cases, the cancer has already metastasized and the probability of 
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patient survival is low, even with medical intervention. The early detection and diagnosis 

of cancer is therefore critical and desirable for the successful treatment of the disease. In 

doing so, it reduces the risk of metastasis and increases patient survival rates by improving 

the efficiency of existing treatments when administered early on. Highly sensitive, 

quantitative diagnostics are therefore critical and vital for measuring ultralow cancer 

marker levels present during the early stages of the disease.  

1.2 Methods of Detection 

 

Fluorescence based methods have been extensively used with biosensor devices to 

analyze a variety of biomolecular interactions such as antigen-antibody[7-8], protein-

protein[9-10], and enzyme-substrate[11-12], among others. Although highly sensitive, they 

require lengthy labeling steps, which increases not only the sample preparation time, but 

complicates the experimental process as well. In addition, in order to obtain quality images 

with the same level of sensitivity and specificity that traditional pathology imaging 

techniques enjoy, potentially invasive fluorescent labels must be used, which can interfere 

significantly with biological processes.[13]. In recent years, detection with label-free 

techniques have attracted considerable attention in biosensor development with Raman 

based spectroscopy techniques, such as surface plasmon resonance (SPR), localized 

surface plasmon resonance (LSPR), and surface enhanced Raman spectroscopy (SERS), 

being the most attractive. In addition, based on the molecule and the intrinsic nature of the 

Raman effect, spectra can be collected over a wide spectral region spanning from the UV 

to near-infrared. This flexibility provides a greater degree of experimental control that is 
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lacking in other analytical techniques, especially fluorescence spectroscopy where the 

choice of excitation frequency is limited by the chosen fluorescent analyte.[14]  

Raman spectroscopy has been explored for biomedical applications as an effective 

analytical technique due to its high spatial resolution, multiplexing capability, low 

background signal and distinct chemical spectra.[15] It provides a detailed optical molecular 

“fingerprint” of the biochemical composition of cells and tissues, without the need of 

external labels and is obtained via scattered light. This Raman scattering process occurs in 

response to the inelastic scattering of photons as a result of the interaction between 

incoming light and the electron cloud of a molecule.[14] Most of the scattered photons 

conserve the same energy as the incident photons (Reighley Scattering), while a small 

fraction of them either gain (anti-Stokes Scattering) or lose (Stokes Scattering) energy due 

to energy transfer between scattering partners. This energy difference corresponds directly 

to the characteristic energies of the vibrational states of the molecule which are in turn 

based on the structural characteristics of the molecules chemical bonds. Since these energy 

levels are unique for every molecule, Raman spectra are therefore highly specific and 

provide detailed chemical and structural information.[16] This can be used to study changes 

in the molecular composition of affected tissues by providing a clear signature for the 

presence of disease-related biomarkers in a sample. This valuable information can be used 

by physicians for real time diagnosis and has already been used to characterize cancers in 

various organs such as the esophagus[17-18], breast[19-20], lung[21-22], bladder[23-24], and skin[25-

26]. 
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Despite these capabilities however, the Raman effect produces an extremely weak 

signal due to low Raman cross-sections and since roughly 1 in 107 photons have the desired 

energy difference[16, 27] This inherent weakness in sensitivity is a key limitation of Raman 

spectroscopy. Longer exposure times and higher laser powers are often required to 

compensate in order to detect lower concentrations of molecules, which can severely 

damage biological samples.[14-15, 27-28] Fortunately, this limitation can be bypassed by 

enhancing the weak intensity of the Raman signal using the localized surface plasmon 

resonance (LSPR) generated in the near-field of metallic nanostructures. Molecules on or 

near the surface exhibit significantly enhanced Raman signals, with potential detection 

limits down to the single molecule level (1011-12
 enhancement), therefore terming this 

application Surface-Enhanced Raman Spectroscopy (SERS).[15]  This technique combines 

the structural specificity, rapid screening, and high flexibility of Raman spectroscopy, with 

the optical signal amplification provided by metal nanostructures.[14] 

1.3 SERS – Background and Principles 

 

The SERS signal enhancement is directly related back to the basic principles of Raman 

scattering. The magnitude of scattered light is directly related to the polarizability of the 

molecule which interacts with the local incident electromagnetic (EM) field as shown[29]: 

���� = 
��������������� (1.1) 

where ����, is the induced dipole moment, 
������, is polarizability tensor of the 

molecule of interest, ���, is the local electric field intensity at the molecule, and ����, is 

the frequency of the incident light. Equation 1.1 therefore describes the two main 

multiplicative mechanisms behind SERS to increase the overall Raman signal: EM and 
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chemical enhancement (CE), where the electric field and molecule polarizability are 

increased respectively. 

EM enhancement is often the dominating mechanism and can be described by the 

electromagnetic model. It depends on the Surface Plasmon Resonance (SPR) of metallic 

nanoparticles, i.e. the collective oscillation of free electrons at the metal surface due to 

interactions with external propagating EM waves. These electronic oscillations can be 

resonantly excited, allowing for enhanced electric fields near the metal nanoparticle surface 

where the total magnitude of the enhancement is given by the Local Field Intensity 

Enhancement Factor (LFIEF).[30-31]  

LFIEF��, �� = ������, ��
������, ���

�
 

 

(1.2) 

Equation 1.2 describes this increase in the intensity of the EM field at a specific point, r, 

on the nanoparticle surface, and frequency, �, where Eloc and Einc are the amplitudes of the 

local and incident electric field respectively. For a single molecule located on or near the 

surface of the nanoparticle, the SERS EM enhancement factor (EF), SM-EFEM, depends on 

both the incoming light, ����, and outgoing Raman-scattered light, ��, frequencies[30-32]:  

SM − EF�� = LFIEF������ × LFIEF���� ≈ LFIEF������� = �������
��������

"
 

(1.3) 

Equation 1.3 therefore describes the EM mechanism as a two-fold EF. As the incident light 

approaches the metal surface, it couples with the plasmonic oscillations of the 

nanostructure resulting in a sharply enhanced amplitude of the EM field, subjecting the 

molecule of interest to a much stronger Eloc. 
[30, 33] The second enhancement occurs due to 
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the coupling between the outgoing Raman scattered photons and the nanoparticle plasmon. 

Since �#�$ is generally small (not always true), �� = ���� − �#�$ ≈ ����, can be 

simplified, leading to an approximated |E|4 field EF.[30, 33] Although this formula makes 

many simplifications, such as ignoring polarization issues between incoming and scattered 

fields, it provides a useful estimate for actual experimental SERS enhancements.  

 The CE mechanism reflects the increase of the Raman polarizability tensor and 

consequently the Raman cross-section. There are three possible routes in which this 

enhancement can occur: (1) Ground state CE, where molecules are not bound to the 

nanoparticle surface, or (2) Resonance Raman enhancement, and (3) Charge-Transfer (CT) 

enhancement, where the molecules are covalently bound to the metal surface.[27] The 

ground state CE occurs due to the presence of the metal perturbing the molecules electronic 

structure, which induces a slight shift or chance in its electronic distribution, or cross-

section. [27] For resonance Raman and CT enhancement, the direct binding creates a metal-

molecule complex which changes the intrinsic polarizability of the molecule.[27] For 

resonance Raman, this new complex creates a new electronic state where the frequency of 

the incoming light coincides with a resonant electronic transition. For CT enhancement, 

charge transfer can occur between the molecule and nanoparticle metal surface if the Fermi 

level of the metal is in between the HOMO and LUMO energies of the molecule. The metal 

acts like a charge-transfer intermediate where incoming light resonantly excites an electron 

from the metals Fermi level to the LUMO of the molecule, which subsequently relaxes 

back to the metal. During these electronic excitations for both resonance Raman and CT 

enhancement, vibrational modes can undergo changes in its bond length or force constant  
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Figure 1-1: a.): “Quality Factor”, Q, of localized surface plasmon resonances with 

respect to wavelength for selected metallic NPs in an air medium. The shaded region 

corresponds to Q values where EFs of at least 105 can be obtained.[31] b.): The real (a) 

and imaginary (b) parts of ���� for Au and Ag. [30] 

 

thereby increasing the polarizability and Raman cross-section of the molecule. The CE 

mechanism contributes an overall 10-102 enhancement and occurs together with the EM 

mechanism. Both mechanisms therefore offer an approximated 106-108 SERS enhancement 

for single molecules located at the hottest spots, allowing for single molecule resolution, 

with potential to reach up to 1012 with further optimization of the chosen nanoparticle.[14, 

27]  

As discussed prior, the EM mechanism is strongly based on the collective 

oscillation of conducting electrons on the metallic nanoparticle surface. These SPR’s are 

heavily dependent on the optical properties of the nanoparticle and are based on several 

factors such as its composition, geometry, size, and surrounding medium. [34] These optical 

properties can be described by a frequency dependent, complex dielectric constant, 

����[27]:   

���� = �%��� & '�(��� (1.4) 
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 where sub r is the real component and relates to the resonance conditions of the metal, and 

sub i denotes the imaginary component which is related to its absorption.[30-31] Figure 1.1a 

illustrates the quality factor, Q, for selected metallic NP in an air medium across various 

wavelengths and can be defined as[31]: 

) = ��*�%/*��
2��(�����  

(1.5) 

The Q value is a dimensionless unit of measure that describes the resonant conditions of 

the electrons on the metal nanoparticle surface. Materials with large Q values experience 

less electronic dampening and therefore resonate at greater amplitudes, generating larger 

EM EFs. It is therefore clear from equation 1.5 that Q values are large when �( is small. 

From the image, Ag, Au, and Cu are the best materials to use for a surface-enhancing 

substrate when excited from the near-UV to the near-IR region. In fact, Au and Ag NP’s 

are the most widespread source of SERS substrates, with Cu being rarely used due to its 

high oxidative nature.[30-31] Figure 1.1b shows the real (a) and imaginary (b) parts of ���� 

for Au and Ag. Using these complex dielectric functions along with Mie theory and a 

discrete dipole approximation, we can calculate all the electromagnetic properties of a 

material with different geometries.[30]  

- ∝ ���� − ������ & �� 
(1.6) 

 

- ∝ ���� − ������ & 2�� 
(1.7) 

Equations 1.6 and 1.7 illustrate these geometry-induced resonances and describes the 

magnitude of the induced dipole, p, for a metallic 2D cylinder and a 3D sphere respectively,  
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where �� is the dielectric constant for the surrounding medium. These induced dipoles 

have a small dependence on ��, and become red shifted in a media as �� increases. Since 

�( is best small, large SERS enhancement can be obtained at the wavelengths of the incident 

or scattered radiation, when �%��� approaches -�� for a cylinder and -2�� for a sphere. 

With these equations and Figure 1.1a, it is clear that Ag outperforms Au due to Au’s higher 

absorption (large �(���) over the UV to visible range (/ ≤ 700nm) while only being 

comparable to Ag in the near- and far-IR regions. In the case for a molecule on a 

nanoparticle sphere with radius, r, these local field enhancements decrease rapidly with 

increasing distance, d, from the metallic surface with a decay of EMsphere ∝ (r/(r+d))12. [32] 

This geometry-based dependence allows for plasmonic tunability and engineering for high 

EFs. As the geometry of the nanoparticle becomes more complex, the magnitude of the EF 

varies depending on its orientation with respect to the incident electric field as illustrated 

in Figure 1.2, with most of the enhancement being localized at the corners. Nanomaterials  

Figure 1-2: Electric field enhancement contours for a triangular shaped Ag nanoparticle 

with a vertical (left) and a horizontal (right) electric field polarization at 700nm. The red 

arrows point to the areas with the highest EM enhancement.[35] 
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with sharp corners or edges, offer higher signal enhancement then spherical or oval shaped 

nanoparticles at resonance due to the “lightning rod” effect, where the EM energy is  

confined at these pointed edges leading to strongly enhanced electric fields.[30-32, 35] Size is 

also an important factor, where LSP resonances red shift as nanoparticle size increases and 

dampens due to increasing radiation loss and the appearance of multipolar resonances that 

do not couple to light as effectively.[30-32, 35]  

So far, only single nanoparticle EF’s and how they can be affected have been 

discussed, but rarely is only one nanoparticle, or one molecule of interest used in 

experiments. Intense plasmonic hot spots can be induced in response to interacting 

nanoparticles in close mutual proximity. This enhancement is due to the plasmonic 

coupling between two or more nanoparticle dipoles as they come closer together, therefore 

red shifting the LFIEF. In the simplest case, the interaction energy between two nearby 

dipoles can be modeled as such[36]: 

0 ∝ -1-��2  
(1.8) 

Figure 1-3: Coupled electric field enhancement factors for a nanoparticle dimer with a 

2nm nanogap at 559nm and polarized along the vertical axis.[35] 
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where p1 and p2 are the magnitudes of the dipole movement of nanoparticle 1 and 2, and r 

is the interparticle distance. As shown in equation 1.8 and Figure 1.3, this interaction 

energy is sufficiently strong as in the case of nearly adjacent nanoparticle spheres and 

decreases drastically as the distance between the two increases. The electric field is highly 

concentrated in the middle between the two nanoparticles with EFs reaching up to 108 

(1010-1012 if utilizing the lightning rod effect)[32, 37], and weakens with increasing distance 

from the center. As a result, it follows a characteristic long-tail distribution where the 

probability of a molecule finding a hot spot with the highest enhancement is low relative 

to the total surface area between the two dimers. [30, 32]. In experiments, we often work with 

many molecules of interest that are spread across the surface of our SERS substrate. As a 

result, each molecule experiences a very different EF depending on plasmonic hot spot 

locations. It is therefore more useful to obtain an average-EF of the SERS substrate[14, 32]: 

Average EF =
:;�<; =;>%?@

:<; =ABCD  

 

(1.9) 

where ISERS and IRS
 are the SERS and Raman intensities respectively; and NSurf and NVol 

are the average number of molecules per scattering volume, and the average number of 

molecules adsorbed onto the metal surface per same scattering volume, respectively.[14] 

Average EF values typically range between 104-106, due to the combination of few highly 

enhancing hot spots, and many weakly enhancing sites on the metallic surface.[32, 37] Using 

these concepts and principles discussed thus far, largely enhancing SERES platforms for 

SERS based spectroscopy, can be engineered to develop highly sensitive substrates. 
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1.4 SERS Based Substrates  

 

The successful fabrication, stability, and reproducibility of SERS based substrates 

are an important step for practical SERS applications. Prior limitations due to the 

irreproducibility of nanomaterial synthesis and substrate fabrication have hampered 

progression for wide scale use.[14, 27, 30, 32] Recent advances in nanoscience and 

nanofabrication within the past decade have allowed for the development of reliable, stable, 

reproducible, and rationally designed SERS substrates that have found widespread use 

across many fields of science using either a top-down or bottom-up approach.[2, 14] The top-

down approach typically utilizes lithography or ion-beam, based techniques, to fabricate 

complex nanostructures directly on the substrate surface. Although these techniques offer 

great control over the fabrication process, along with great reproducibility and sensitivity, 

they require complex procedures, are highly expensive, and time-consuming to produce.  

The bottom-up approach uses chemically synthesized nanoparticles, typically though wet 

chemistry methods or deposition-based techniques, and are either used in suspension or are 

assembled onto a solid substrate. This method allows for simple manipulation to create 

nanoparticles of various sizes, shapes, as well as compositions, and offers great sensitivity, 

in addition to being quick, simple, and cost-effective to synthesize. Although it offers many 

advantages, both spot-to-spot and batch-to-batch reproducibility, along with synthesis 

control are often limiting factors for this approach.[2, 14] Recent progress in wet chemical 

nanosynthesis techniques however, has helped curb these disadvantages, allowing for 

greater experimental control and reproducibility in producing nanoparticles of various 

shapes and homogenous sizes. Stabilizers for example, such as poly(vinyl alcohol), 
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poly(vinylpyrrolidone), or sodium dodecyl sulfate can be used to prevent aggregation and 

allow for greater control over the resulting size and shape of the nanoparticle, allowing for 

improved batch-to-batch reproducibility.[38] As a result, these wet chemical synthesis 

methods offer promising potential to produce reliable, stable, sensitive, and reproducible 

SERS based substrates that are cost-effective and quick to produce. The choice of SERS 

based substrate however, depends entirely on the intended application and what type of 

sensing the experiment calls for. 

For biosensor applications, SERS detection of biological molecules can be 

accomplished with two methods: intrinsic and extrinsic sensing. Intrinsic SERS detection 

requires the molecule of interest to be close to or on the metal surface, either through 

physisorption or chemisorption in order to produce a characteristic spectral signature of the 

biomolecule. This method is more reliable then extrinsic sensing but suffers from poor 

selectivity and sensitivity due to the analytes large size relative to the SERS hotspots, poor 

surface selection rules with the nanoparticle, and its generally weak Raman activities.[14, 37, 

39] Extrinsic SERS detection on the other hand is an indirect method of detection that uses 

the SERS signal of a Raman reporter molecule attached to the metal surface, and not the 

target analyte. These probe molecules provide a sharp, clear, intense, and characteristic 

SERS fingerprint spectrum that is sensitive to changes in its local environment due to 

molecular events, leading to changes in either the spectrum or intensity of the SERS profile. 

As a result, this technique offers higher sensitivity over intrinsic sensing, but is limited by 

its reproducibility due to the nonspecific binding of the target biomolecule. This can easily 

be solved by chemically modifying the reporter molecules surface groups, to allow for the 
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functionalization of a specific biorecognition element such as an antibody onto the 

nanoparticle surface. Changes in spectra are therefore often stress-induced and occur in 

response to the reorientation of the label molecule with respect to the plasmonic surface 

and/or the deformation of its molecular structure.[40-41] This novel “nano-stress” SERS 

immunoassay platform is highly sensitive to the presence of a specific target antigen and 

can be used for in vitro and in vivo SERS diagnostics. In addition, a major advantage is 

that a wide range of labels are available that are easily distinguishable using only a single 

excitation source. This can allow for the simultaneous detection of multiple biomolecules 

without the need for additional separation procedures.[32] 

1.5 Objective of Work 

 

Based on the aforementioned information, SERS and SERS based biosensor 

platforms have become a popular topic of interest towards the early detection of cancer in 

healthcare and medicine due to its intrinsically sensitive nature. In doing so, it can allow 

for the selective and rapid point-of-care testing needed for improved disease diagnosis, 

monitoring, and resulting patient prognoses. Despite the advances made in recent 

nanosynthesis and nanostructure design, most biosensor substrate fabrication procedures 

are either expensive, complicated, or time-consuming. As a result, there is a need for a 

biosensor that is not only quick, reliable, and sensitive, but cheap and easy to produce. In 

addition, we hope to exploit the use of this nano-stress mechanism to allow for highly 

sensitive detection. The objective of this dissertation is therefore divided into two main 

goals. 1.) The facile synthesis of octahedral silver nanoparticles and their assembly into a 

thin film SERS substrate using the Langmuir-Blodgett technique. 2.) Fabrication of a 
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Fab3A2-conjugated 4-mercaptobenzoic acid (4-MBA) self-assembled monolayer to detect 

cdMMP14 via extrinsic nano-stress sensing. Chapter 2 describes the assembly of the SERS 

substrate using octahedral shaped silver nanoparticles synthesized with wet chemical 

methods, and their organization into a close packed monolayer thin film using a simple 

homemade Langmuir-Blodgett trough. Chapter 3 presents the fabrication of the SERS 

immunoassay biosensor using a self-assembled monolayer of 4-MBA, its chemical 

modification to bind to Fab3A2, and the detection of cdMMP-14 through extrinsic nano-

stress sensing. Chapter 4 gives the concluding summary of the work done and ideas for 

future studies.  
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Chapter 2: Langmuir-Blodgett Thin Film Assembly of Octahedral Silver 

Nanoparticles 

2.1 Introduction 

The ability of nearly adjacent Ag nanocrystals to produce strongly enhancing 

hotspots, has led to a continual push to construct SERS platforms that take advantage of 

this highly enhancing effect. For practical SERS applications however, the ability to 

generate simple, large-scale nanocrystal assemblies, has often been a limiting factor for 

development.[1-2] Ideally, an attractive strategy should be quick, cost-effective, defect 

tolerant, and versatile, such that a variety of different materials can be used.[3] Among the 

various assembly techniques developed to organize metal nanoparticles into well-ordered 

arrays[2,4], the Langmuir-Blodgett (LB) assembly has become an increasingly promising 

candidate. It is a robust, interfacial self-assembly technique, originally developed to create 

molecular monolayers, that has been adapted to arrange nanomaterials of various 

geometries, compositions, and sizes, into highly ordered, large-scale, 2D domains.[5] In 

short, NPs are dispersed drop-wise over an air-water interface through the use of an organic 

non-polar solvent, and are allowed to reach an equilibrium surface pressure on the surface. 

Using a mobile barrier, the film is subject to a uniaxial, isothermal compression at 

controlled speeds. As the surface pressure of the monolayer increases, nanostructures on 

the aqueous subphase begin to assemble into densely packed, ordered arrays that can reach 

up to several square centimeters.[6] These colloidal films can then easily be transferred to a 

substrate though vertical dip coating, where a final, solid-state, cohesive thin film can be 

obtained. This technique therefore allows for the continuous manipulation of particle 
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spacing and subsequent plasmonic tunability of resulting films. As discussed in Ch.1 

however, changing the size and geometry of the nanoparticle used, in addition to their 

spacing, can allow for further EM enhancement of the SERS platform. 

The need for a reliable synthesis technique to develop well-defined metal 

nanoparticles, and in large amounts, is therefore important. The polyol synthesis is a well-

established, solution-based method, that produces Ag nanocrystals of uniform shapes and 

sizes.[7-10] For a typical synthesis, a polyol, such as ethylene glycol, propanediol, 

butanediol, glycerol, or pentanediol, acts as both a solvent and reductant.[11] An organic 

capping agent polyvinylpyrrolidone, PVP, and a Ag-salt precursor are added to a pre-

heated polyol, resulting in the reduction of Ag+ ions, and their subsequent nucleation and 

growth into Ag nanoparticles. As the reaction proceeds, PVP selectively adsorbs on the 

{100} facets of the Ag through its oxygen atoms, resulting in the preferential deposition 

on the poorly passivated {111} facets.[12-13] The resulting shape of the final NP depends on 

the type of seed that grows after nucleation, where single crystalline, singly twinned, and 

multiply twinned crystals result in nanocubes, right bipyramids, and pentagonal nanowires, 

respectively.[15-16] Nanocubes with well-defined facets and corners are preferred due to the 

lighting rod effect since they allow for EF’s at least an order of magnitude higher then 

spherical shaped NP’s.[13-14]. Through simple manipulating of the Ag-salt and PVP molar 

ratio, the synthesis can be directed towards a single crystalline morphology.[8, 12-13] In 

addition, the lattice strain induced by twinning results in high energy defects, making them 

highly reactive.[17-18] The presence of O2
 from the air and the introduction of trace Cl- ions, 

allows for their selective oxidative etching, resulting in increased yields of single 
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crystalline nanocubes.[9, 18-19] As the reaction proceeds, SERS enhancement increases as 

cubes transition to truncated cubes, then to cube-octahedra, and finally octahedra[19-20], with 

an EF reaching up to 107-8 for well-ordered, close-packed, octahedral films.[21] These 

octahedral thin films therefore offer the potential to construct highly sensitive SERS 

substrates for early cancer detection. 

Both the LB process and polyol synthesis offer quick, simple, and cost-effective 

ways to synthesize and assemble well-defined Ag polyhedral NPs into compact, large-area, 

highly enhancing SERS platforms. In this study, the facile synthesis of octahedral shaped 

silver nanoparticles using a modified polyol process, along with their nanoscale assembly 

into close-packed thin films, are reported. To further demonstrate the effectiveness of this 

technique, films were generated using a homemade Langmuir-Blodgett trough and were 

transferred to silicon wafer chips (~1µm2) using a standard syringe pump. Characterization 

of the octahedral nanoparticles and the LB film are also provided. 

2.2 Experimental Methods 

Chemicals:  

1,5 Pentanediol (PD) was purchased from Alpha Aesar. Silver Nitrate (AgNO3), 

Ethanol Anhydrous (EtOH), and Chloroform (CHCl3) were purchased from Thermo Fisher 

Scientific. Copper (II) Chloride Dihydrate (CuCl2), and Polyvinylpyrrolidone 

(MW=55,000) (PVP), were purchased from Sigma-Aldrich. Ultrapure (R~18 MΩ) distilled 

water (dH2O) was purified with a Barnstead E-Pure system from Thermo Fisher Scientific. 
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Instruments: 

For all LB films, silicon wafer chips were cleaned using a Harrick Plasma PDC-32G 

Plasma Cleaner. An NE-1000 Programable Single Syringe Pump was used to transfer the 

films to the silicon substrate. 

Synthesis of Octahedral AgNPs:  

Octahedral AgNPs were prepared according to a previously reported polyol synthesis 

method with slight modification.[6] Briefly, an AgNO3 precursor solution (120mM) was 

prepared in a glass vial by sonicating AgNO3 (0.20g) and 20µL of CuCl2 (0.063M) in 1,5-

pentanediol (10mL) until all crystals dissolved. Three additional AgNO3 solutions 

(240mM) were also prepared in glass vials by sonicating AgNO3 (0.40g) and 40µL of 

CuCl2 (0.063M) in 1,5-pentanediol (10mL) until all crystals dissolved. In four separate 

vials, PVP (0.20g) was dissolved in 1,5-pentanediol (10mL). In a 100mL glass round 

bottom flask, 1,5 pentanediol (20mL) was heated for 10 min under continuous stirring 

using a temperature-controlled silicon oil bath set to 1900C. The two precursor solutions 

were then added dropwise to the hot pentanediol at the following rates: 500µL of the 

120mM AgNO3 solution every minute and 250µL of the PVP solution every 30s. After 

complete addition of the 120mM AgNO3 solution, the reaction is continued with the three 

240mM AgNO3 solutions at the same rates as above.  

Purification of AgNPs: 

The as-synthesized octahedral Ag colloidal solution was split evenly into six separate 

50mL plastic centrifuge tubes and dispersed in ethanol for a total volume of 45mL. They 

were centrifuged at 9000 r.p.m for 20min. to isolate the silver nanocrystals from the 
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pentanediol solvent. The supernatant was discarded, and the resulting precipitate was 

redispersed in 45mL ethanol through sonication. The wash process was repeated 5 times 

and collected at a final volume of 25mL. Afterwards the nanocrystal solution is carefully 

transferred into a 0.02 wt% solution of PVP in dH2O (250mL) so that the final volume is 

10 times the original volume of the nanocrystal solution. Using vacuum filtration, the 

solution was passed through a series of Durapore filters: 1.2, 0.8, 0.65, and 0.45 µm, 

supported on a glass frit. The purified octahedral solution was then centrifuged, 

redispersed, and stored in ethanol. 

LB Trough Assembly: 

A miniature LB trough was made using a 2.0”W x 3.5”L x 1.0”D 

polytetrafluoroethylene (PTFE) block at the University of California, Riverside, Machine 

Shop. The trough hole was centered and the dimensions are 1.0”W x 2.5”L x 0.5”D. In 

addition, 1/8”W x 2.5”L x ¼”D grooves were placed on either side of the trough hole to 

prevent spilling. A push bar was made using polyoxymethelene (POM), with dimensions: 

0.5”W x 2.0”L x 0.5”D. A schematic of the final design is illustrated in Figure 2-3. 

LB Assembly of Octahedra AgNPs: 

The octahedral AgNP solution was allowed to settle completely overnight where one 

concentrated drop was taken from the bottom and suspended in a 3:22 CHCl3:EtOH 

spreading solution. The LB trough and push bar were cleaned thoroughly with CHCl3 and 

EtOH three times and dried under an N2 stream to ensure a clean surface. The trough was 

filled with dH2O (18 MΩ), and the water surface was cleaned by dragging the push bar 

across the water surface multiple times. Silicon wafer chips (~1µm2) were cleaned by air 
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plasma treatment on high setting for 10 minutes. The chips were submerged under the 

dH2O surface and kept in place using reverse cross lock tweezers attached to a standard 

syringe pump. The spreading solution was then added dropwise to the dH2O surface 

carefully and allowed to evaporate for 1 hr. to allow for the surface pressure to equilibrate. 

The film was compressed slowly to about half way where music was then played to create 

acoustic vibrations to help anneal the film (tracks with more bass give best results). 

Compression is complete when the film adopts a silver mirror-like appearance and slight 

wrinkles form on the edges of the push bar. The film was then transferred to the silicon 

substrate using the syringe pump at a rate of 0.3 mm/min.  

Characterization: 

UV-Vis excitation spectra were used to characterize the shape, size, and relative 

monodispersity of the colloidally prepared octahedral AgNPs, and were collected with a 

VWR UV-1600PC Spectrophotometer. Scanning Electron Microscopy (SEM) images 

were captured on an FEI Nova NanoSEM 450 to confirm the size and morphology of the 

NPs and to investigate the quality of the close packed thin films produced. 

2.3 Results and Discussion 

Characterization of Octahedral AgNPs: 

The as-synthesized silver octahedra nanoparticles using a modified polyol process and 

their growth from nanocrystal polyhedra are shown in Figure 2-1 (a-d). For a metal with 

an fcc crystallographic structure such as Ag, the resulting surface energies are as follows: 

F{111}< F{1II}<F{11I}.[19] As mentioned prior, PVP selectively adsorb on the {100} facets 

of single crystalline seeds, resulting in the formation of nanocubes were Ag atoms  
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preferentially add to the {111} facets. As the reaction proceeds with time, a critical size is 

reached, and Ag atoms selectively deposit onto the {100} facets in an effort to lower the 

overall surface energy of the nanocrystal. This results in the growth of {100}-bound 

nanocubes to truncated cubes, truncated octahedra, and finally to {111}-bound octahedral 

nanocrystals. These clearly distinct geometric nanoparticles interact and couple with 

incoming light differently from each other and can therefore be easily characterized by 

UV-Vis as shown in Figure 2-2. The absorption spectra illustrate the differences in the 

local surface plasmon resonance (LSP) modes for each nanoparticle. For nanocubes with  

 

Figure 2-1: SEM images of the as-prepared silver nanocrystal solution using the 

modified polyol process as the reaction proceeds with time, from (a) cubes, to (b) 

truncated cubes, to (c) truncated octahedra, and to (d) octahedra shaped nanoparticles. 
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edge lengths of ~145nm, there are six LSP resonances that have been previously 

reported[13], with four major modes located at the peaks 355, 400, 500, and 645nm. The  

first and second modes correspond to a dipolar (645nm), and a dominate quadrupolar 

(500nm) LSP mode respectively. As the particle size increases and transitions to truncated 

cubes with edge lengths of ~210nm, (and later to truncated octahedra with diameters of 

~300nm), the quadrupolar mode disappears while the third and fourth LSP modes red shift 

to ~500nm and ~415nm, thereby dominating the spectra with increasing {111} facets. For 

octahedra shaped nanoparticles with edge lengths of ~310nm, the resulting optical 

signature is increasingly complex with several strong absorbance peaks ranging from 

350nm to 1000nm. According to DDA calculations[13], these LSP modes are assigned to 

hexapolar and higher-order modes while the large broad peak at 915nm is primarily due to 

octupolar modes.   

 

Figure 2-2: UV-Visible absorption spectra of cubes, truncated cubes, truncated 

octahedra, and octahedra shaped silver nanoparticles with inserts of each respectively.  
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Characterization of Ag Octahedral Langmuir-Blodgett Films: 

The fabricated Langmuir-Blodgett trough and push bar are illustrated schematically in 

Figure 2-3 (a-d) with an insert showing the completed trough used for all experiments. In 

tradition with conventional LB troughs, the main body was built using Teflon (PTFE) since 

it is chemically inert and therefore resistant to organic spreading solvents such as CHCl3. 

The small dimensions for the body were chosen since the size of the silicon substrates used 

were small (~1µm2) and therefore large thin films were not required. In doing so it also 

allows for small quantities of concentrated nanocrystals to be used to minimize waste. 

Delrin (POM) was used to construct the push bar due to its hydrophilic nature. Previous 

experiments with hydrophobic Teflon push bars, had difficulty maintaining film surface 

pressure due to nanocrystals sliding around the barrier. The Delrin push bar helped form a 

tight seal with the dH2O surface, preventing the nanocrystals from sliding around the edges 

and allowed for consistent surface pressure during compression. 

Figure 2-3: Schematic of the constructed Langmuir-Blodgett trough where (a) is a top-

down view, (b) and (c) are a side, and lengthwise cross section respectively, and (d) is 

the Delrin push bar. The insert shows the completed trough and push bar used for all thin 

film experiments.  
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Figure 2-4: Typical close packed silver octahedral nanoparticle thin film produced with 

the home-made Langmuir-Blodgett trough at (a) 20µm, (b) 10µm, (c) 5µM, and (d) 

0.5µM magnification. 

 

 Figure 2-4 (a-d) shows the SEM images used to characterize the resulting close 

packed Ag octahedral LB film typically produced with the homemade LB trough at 

increasing magnification. As shown in Figure 2-4 (a), large scale, two-dimensional film 

transfer was successfully obtained for most of the substrate. Unfortunately Figure 2-4 (b-

c), show the presence of Ag nano-rods, -triangles, and -plates, that were not filtered out 

due to their relatively small sizes compared to the pore size of filters used, and may have 

hindered more large-scale, well-ordered arrays from forming. Looking closer at the SEM 

images however, reveals many well-ordered, close packed, polycrystalline domains of Ag 

octahedral nanocrystals scattered throughout the LB film. Figure 2-4 (d) reveal that these 
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octahedra domains assemble into hexagonal lattices, where they lay flat on their triangular 

shaped faces to form interlocked triangles. These SEM images therefore suggest that the 

close-packed, two-dimensional silver octahedral nanocrystal LB films were successfully 

obtained.  

2.4 Conclusions 

For SERS immunosensor design, cost-effective and quick substrate fabrication are 

essential for biosensor applications. In this study, high-quality Ag octahedral nanocrystals 

were synthesized in large quantities using a modified polyol process and were assembled 

into large-scale, close-packed, two-dimensional LB thin films using a homemade LB 

trough. The Ag octahedral nanocrystals and their evolution from nanocubes, can easily be 

characterized using UV-Vis absorption spectra and SEM images. Calibration curves can 

also be constructed using each nanocrystals dominant LSP mode to easily control for size. 

A cheap and simple homemade LB trough and push bar were constructed while a standard 

syringe pump was used to transfer LB films from the dH2O surface to the silicon substrate. 

Typical LB films produced with this experimental set-up, reveal large-area, close-packed, 

two-dimensional Ag octahedra nanocrystal assemblies necessary for sensitive SERS 

applications. The presence of nano-rods, -triangles, and -plates however, limit large-scale, 

well-ordered packing. Despite this, there were many well-ordered, polycrystalline domains 

scattered though out the substrate. This work helps illustrate the potential to construct 

simple, quick, and cost-effective SERS substrates without the need or use of cost-

consuming laboratory equipment or procedures.  
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Chapter 3: Highly Sensitive SERS Immunosensor for the Detection of cdMMP-14 

Based on Extrinsic Nano-Stress Sensing 

 

3.1 Introduction 

Despite its steady decline within the past decade in response to readily available and 

improved treatments, cancer remains a major public health concern and the second leading 

cause of death in the United States.[1] An estimated >1.6 million new cases and >0.6 million 

deaths were reported in 2017 alone, with metastasis acting as the leading cause of cancer-

related deaths .[1-3] Limited progress has been made for the treatment of cancer metastasis 

with current treatments consisting mainly of chemotherapy and radiotherapy, and 

improved survival rates occurring due to early diagnosis and cancer growth inhibition.[3] 

As a result, there is an urgent need for the development of sensitive and specific methods 

that target the early stages of metastasis that is essential for the timely and successful 

treatment of the disease. 

There are four major steps in cancer metastasis: detachment of the metastatic cells from 

the primary tumor, cell migration to different sites via the blood or lymphatic system, 

settlement in a new location, and growth at the distal site. These steps are inter-related and 

also heavily influenced by the tumor microenvironment, with the extracellular matrix 

emerging as a significant factor in influencing cancer progression.[4] Matrix 

metalloproteinases (MMPs) are a class of zinc-dependent endopeptidases that are 

responsible for tissue remodeling and extracellular matrix degradation, and have been 

extensively studied for metastasis prevention and inhibition.[4] They play vital roles in 

normal biological processes such as organismal growth and development, immune 

response mediation, and wound repair.[4] Many MMPs however, often correlate with 
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pathological cancer progression[5], including cancer cell invasion[6], tumor angiogenesis 

and vasculogenesis[7], along with proliferation and apoptosis [8-9].Membrane type-1 MMP 

(MT1-MMP or MMP-14) for example is a membrane-tethered collagenase that is of 

particular interest due to its ability to promote cancer cell migration/invasion by reducing 

the physical barriers (collagen) that block tumor growth and metastatic spread. It acts as a 

pericellular collagenase by degrading fibrillar collagens (most abundant extracellular 

matrix component) types I-III, except type IV, which makes up the basement membrane.[10] 

Homodimerization of MMP-14 however, can activate MMP-2 into proMMP-2, which can 

degrade type IV collagen, causing effective tissue degradation, and thereby making a path 

for cancer migration.[10] In addition, it cleaves cell surface molecules laminin-5 F2, CD44, 

and pro-
# integrin, which promotes cellular migration and invasion.[10-11] Elevated 

expression of MMP-14 has been found in various cancers, including breast[12], ovarian[13], 

nasopharyngeal[14], lung[15], colon[16], etc. and directly correlates with poor patient 

prognosis, blood vessel invasion, and high incidence of distant metastasis.[17]  

Taking all this evidence into account, MMP-14 has become a promising target for 

therapeutic cancer treatment as well as an important regulatory enzyme for cancer 

research.[18] Many treatments however, failed early clinical trials due to the highly 

conserved catalytic mechanism and catalytic domain across the MMP family. As a result 

most peptide or small molecule inhibitors often promote broad spectrum inhibition across 

many MMPs, leading to undesired side effects such as inflammation and musculoskeletal 

pain.[19] Despite many MMPs acting as pro-tumorigenic, there are some that exhibit tumor-

suppressing effects such as MMP-8[20], MMP-3[21], and MMP-12[22]. The specific and 
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selective blocking/binding of individual MMPs is highly desirable not only for successful 

cancer treatment but for early cancer screening diagnostics as well. Recently, monoclonal 

antibodies with long, convex-shaped, camelid like paratopes were incorporated into human 

IgG allowing the antibody to target MMP-14 active pockets that are not accessible with 

conventional antibodies.[23] Specifically, Fab3A2 was reported by Nam et al. (2016) to bind 

to MMP-14 in the vicinity of the active pocket with a high 4.8nM affinity and a 9.7nM 

inhibiting potency towards protease cleavage activity.[23] These inhibitors therefore provide 

an excellent opportunity to be used towards the early detection/screening of elevated 

MMP-14 levels in patients.  

Conventional methods for detecting MMPs include ELISA (enzyme-linked 

immunosorbent assays), zymography, near-IR optical imaging, fluorescence, SPR 

spectroscopy, and LC-MS/MS (liquid chromatography-mass spectroscopy).[24] As of late, 

ELISA remains the most widely adopted diagnostic technique for the quantitative detection 

of MMPs due to its convenient readout and high quantification accuracy, and has many 

commercially available kits. These assays however, can lead to imprecise and potentially 

misleading results due to lack of specificity (active vs. latent forms) or between specific 

MMPs and their TIMP complexes.[24] Sandwich ELISAs on the other hand, offer greater 

sensitivity and specificity, but require two different antibodies per MMP, and a separate 

assay plate must be used for the measurement of each MMP, thereby greatly increasing the 

cost and time of the assay.[24] In addition, these fluorescence-based immunoassays (e.g. 

ELISA) are limited in their choice of excitation frequency due to the chosen fluorescent 

analyte, and suffer from inherently wide fluorescent peaks (100-300nm).  
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SERS has long been considered as an effective choice for biological analysis due to its 

ability to retain the rich and structural information provided by Raman spectroscopy while 

overcoming its inherently weak signal intensity through the LSPR optical signal 

enhancement offered by well-defined metal nanostructures. SERS based immunoassays 

therefore have the potential for increased sensitivity over ELISA due to their highly 

resolved spectra with enhancement factors reaching as high as 1012 allowing for single 

molecule resolution and enhanced early detection.[25] The direct SERS measurement of 

small biomolecules (e.g. proteins and DNAs) however, remains challenging due to their 

relatively large (3-10nm) size compared to the SERS hotspots of well-packed 

nanostructures (sub-1nm gaps), making it highly unlikely for them to access these areas 

which provide the strongest signal enhancement. In addition, biomolecules lack highly 

polarizable moieties resulting in inherently weak Raman activities and often possess many 

similar functional groups which make it difficult for specific biomolecular 

characterization. 

SERS “nano-stress” sensing is a novel indirect Raman sensing approach that provides 

an excellent alternative to conventional direct sensing.[26-27] In short, Raman labels with 

intense and characteristic SERS spectra are chemically functionalized with specific 

biorecognition elements (e.g. antibodies) and undergo changes in peak intensity or position 

in response to molecular recognition with the desired antigen. This analyte recognition 

event is often revealed by frequency shifts in the reporter molecules vibrational modes and 

occurs in response to the reorientation of the label molecule with respect to the plasmonic 

surface and/or deformation of its molecular structure.[28-29] As a result, this “nano-stress” 
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sensing can allow for highly sensitive and specific quantitative biosensing as the degree of 

frequency shift is in direct correlation with the concentration of the target biomolecule and 

has been shown to provide up to sub-pM detection.[28-30]  

3.2 Experimental Methods 

Chemicals: 

4-Mercaptobenzoic Acid (4-MBA), N-(3-Dimethylaminopropyl)-N′-Ethylcarbodii-

mide Hydrochloride (EDC), and Ethanol Anhydrous (EtOH), were purchased from Sigma 

Aldrich. N-Hydroxysuccinimide (NHS) was purchased from TCI Tokyo. All experiments 

used MES Buffer (50mM, pH 6.0) and HEPES Buffer (50mM, pH 7.5, NaCl, 150mM) 

solution. Fab3A2, cdMMP-14, and cdMMP-9 were obtained and purified from Dr. Xin 

Ge’s Lab at the University of California, Riverside.  

4-MBA Self-Assembled Monolayer: 

Self-Assembled Monolayers (SAM’s) of 4-MBA were formed by immersing the LB 

octahedral thin film substrate into a 3.0mM 4-MBA solution using nitrogen purged ethanol 

with stirring for 4hrs at room temperature. The substrate was then washed thoroughly with 

ethanol to remove any excess 4-MBA and dried under a stream of nitrogen. 

Fab3A2 Binding: 

After self-assembled monolayer formation of 4-MBA, the LB octahedral thin film 

substrate was submerged in a 0.1M/0.1M EDC/NHS solution using MES buffer (50mM, 

pH 6.0), for 3hr with stirring. The substrate was then taken out of the EDC/NHS activating 

solution and washed thoroughly in HEPES buffer before soaking in a 10µg/mL Fab3A2 
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solution suspended in HEPES buffer overnight at 4°C. The substrates were then thoroughly 

rinsed 4 times in HEPES buffer to remove excess Fab3A2.  

CdMMP-14 Sensing: 

The Fab3A2-bound substrate was immersed in HEPES solutions containing cdMMP-

14 for 1hr at 4°C. The substrate was then thoroughly rinsed again 4 times in HEPES buffer 

to remove excess cdMMP-14. For negative control experiments, the Fab3A2-bound 

substrate was immersed in HEPES solutions containing cdMMP-9 for 1hr at 4°C, before 

thoroughly rinsing 4 times in HEPES buffer to remove excess cdMMP-9. 

Characterization: 

All Raman spectra were acquired using a Horiba LabRAM NT Raman microscope. The 

excitation source was a 532nm laser with a laser power of 0.6mW, 100µm diameter focal 

spot laser excitation, 10s integration time, and 2 accumulations. High-resolution Raman 

mapping images were obtained using a 50X objective lens, 600 and 1800 g/nm grating, 

and a 26.7µm mapping step over a 4900µm2 mapping region. Each Raman spectra shown 

are an accumulation of 16 spectra. All samples were kept immersed in HEPES buffer 

during SERS measurements unless otherwise stated. 

3.3 Results and Discussion 

Characterization of 4-MBA SAM: 

The SERS spectrum of the 4-MBA SAM produced on the LB octahedral thin film 

substrate is shown on Figure 3-1(a). As shown, the spectrum possesses many sharp, clearly  



 39

 

distinct peaks, with the most prominent peaks located at 1589cm-1 (KLM, a1) and 1080cm-1 

�K1�, a1) belonging to the ring-breathing modes of the benzene ring, with 1080cm-1 being 

coupled with the K(C-S) bending from the thiol group. In addition, the large broad peak at 

1370cm-1 corresponds with K�(COO-) stretching mode, therefore indicating that a large 

number of surface carboxyl groups are in a deprotonated state. Several less intense 

vibrational modes are also present and have been assigned as such: 417cm-1 (K�(C-S) in-

plane bending), 691cm-1((C-H) out of plane deformation), 718cm-1(F(CCC) out-of-plane 

vibration), 840cm-1(N(COO-) in-plane deformation), 1000cm-1and 1013cm-1(v(CC) in-

plane), 1140cm-1 (K1O, b2) and 1183cm-1(KP, a1) ((C-H) deformation bending), and 1710cm-

1 (C=O stretching). Due to 4-MBA’s large characteristic COO- stretching mode at 1370cm-

1, it is highly sensitive to changes in pH and can be used to help further characterize the 

resulting SAM. Figure 3-1(b) reveals how the 4-MBA spectrum changes with varying pH 

solutions, 3.0, 7.4, and 10. At pH 3, the K�(COO-) peak almost completely disappears, with 

a large increase at 1710cm1 (C=O stretching). This results in response to protonation of the 

carboxyl group with the 4-MBA molecule adopting a more perpendicular orientation with 

the Ag surface. As pH is increased, an intense red-shifted K�(COO-) peak emerges at  

Figure 3-1: Characteristic normalized SERS 4-MBA spectra produced on the octahedral 

thin film substrate in (a) air and (b) in pH solutions, 3.0, 7.4, and 10. 
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1410cm-1 with increasing intensity from pH 7.4 to pH 10, while the C=O stretching mode 

disappears. Similar to before, this results due to deprotonation of the carboxyl group with 

the 4-MBA molecule adopting a more parallel orientation with Ag surface. Both results 

from Figure 3-1(a) and (b) match well with previously reported data.[31-32] 

SERS Capture Substrate Optimization: 

The reaction scheme for the immobilization of TRIS on the 4-MBA SAM is illustrated 

on Figure 3-2. TRIS buffer was used as a substitute for Fab3A2 in early experiments in 

order to optimize the device and as a means to minimize wasted Fab3A2. The first step of 

the reaction involves the activation of the carboxyl group with EDC. It is often used in 

protein synthesis and conjugation reactions due to its ability to couple carboxyl groups to 

primary amines and is a water soluble, zero-length crosslinking carbodiimide agent. For 

this study, EDC/NHS was used over traditional EDC due to the stability and longer half-

life of the EDC/NHS intermediate thereby making it less easily hydrolyzed. In addition, 

the reaction would require everything to be mixed together, as such there is a high risk of 

EDC activating carboxyl groups on proteins causing them to conglomerate together. 

Figure 3-2: Reaction scheme for capturing TRIS on the 4-MBA functionalized silver 

nano-octahedral (AgNO) thin film surface. 

AgNO 

1.) EDC/NHS 

2.) TRIS AgNO 
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Figure 3-3: (a)-(b) SERS spectra of TRIS conjugated to 4-MBA after EDC/NHS 

activation with varying EDC and NHS concentrations in air. Peak intensity of 1589cm-1 

over 1370cm-1 is plotted against molar ratios of [NHS]/[EDC] to the right of each 

respective group of spectra. The dashed line indicates the most optimal condition. 
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since it is the most intense and sensitive to peak reduction. As the ratios approach 1:1, there 

is a significant decrease in the COO- peak height, which begins to increase again as [NHS] 

is increased. Plotting the ratio of the peak height at 1589cm-1 over 1370cm-1 with respect 

to the molar ratios of [NHS]/[EDC], it is clear that a molar ratio of 1:1 provided the most 

peak reduction for COO-. Similarly, Figure 3-3 (b) shows the SERS spectra of TRIS 

conjugated to the 4-MBA SAM after EDC/NHS activation at five varying concentrations: 

0.01M, 0.05M, 0.1M, 0.2M, and 0.5M. As the concentration increases to 0.2M, maximum 

COO- peak reduction is reached according to the plot on the right of the spectra, which 

then subsequently decreases at 0.5M. Despite offering a larger COO- peak reduction, a 

concentration of 0.1M was chosen for two major reasons. First, the amount of peak 

reduction over 1.0M was relatively small (~1.0%) to justify a significant increase in EDC 

use. Second, large EDC/NHS concentrations run the risk of forming unreactive N-acylurea 

in which EDC undergoes an irreversible arrangement via an intermolecular acyl transfer or 

potential anhydride formation. [30-33] Fortunately anhydrides can still undergo the necessary 

reaction but regenerates one carboxyl group for every bound primary amine leading to poor 

binding efficiency. With that in mind, a 0.1M/0.1M EDC/NHS ratio was chosen for all 

experiments. 

Figure 3-4 investigated the effect of EDC/NHS activation solution pH with respect to 

COO- peak reduction at 1370cm-1 under more (a) basic and (b) acidic conditions. Figure 

3-4 (c) plots the cumulative results into one graph. As pH increases from 5.90 to 7.5, a 

steady increase in COO- peak intensity is observed, with a similar increase occurring as 

pH decreases from 5.90 to 5.0, although at a much slower rate. The steep decrease in  
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%COO- reduction with basic pH may be attributed to hydrolysis of the NHS intermediate 

as increasing pH significantly decreases its half-life. Similarly, the slightly less decrease in 

%COO- reduction under acidic pH may be the result of potential anhydride formation, 

leading to a 1:1 regeneration of an undesired carboxyl group. From Figure 3-4 (c) it is clear 

that pH 5.90 (~pH 6.0) gives the best results. 

The effects of EDC/NHS activation time on COO- peak reduction were explored in 

Figure 3-5 with percent of COO- peak reduction listed on the side of each spectrum. As 

activation time increases from 1-4 hrs. there is a steady decrease in the COO- peak. When 

stirring was employed for 1 hour however, a 6.5% increase in peak reduction was observed  

Figure 3-4: SERS spectra taken in HEPES buffer of TRIS conjugated to 4-MBA after 

varying EDC/NHS activation pH from (a) 5.9 to 7.5 and from (b) 5.9 to 5.0 with the 

percentage of COO- Peak reduction labeled next to each spectrum. (c) Percent of COO- 

Peak reduction at 1370cm-1 is plotted against pH. 
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compared to 1hr and a 3.5% increase over 4 hours, therefore giving the highest %COO- 

peak reduction in only an hour (~50%). These results help indicate that diffusion of the 

EDC/NHS to the surface was a problem. Taking all this information into account, a 

0.1M/0.1M EDC/NHS solution at pH 6.0 (MES buffer) with stirring was used for all future 

experiments. Despite all the optimization experiments performed, it is important to note 

that there is still the slight presence of a residual COO- peak present. This may be attributed 

to the relatively close-packed nature of the substrate used since many of the hot spots 

generated follow a characteristic long-tail distribution.[36] As a result from a probability 

stand point, the likelihood of either EDC/NHS or the TRIS molecule (assuming EDC/NHS 

activated 4-MBA located there) finding these hottest hot spots is relatively low. In addition, 

these hot-spots are responsible for a significant amount of the generated spectra (47% for 

EFs >108), therefore contributing significantly to the overall background noise.[37] In either  

Figure 3-5: SERS spectra taken in HEPES buffer of TRIS conjugated to 4-MBA with 

increasing EDC/NHS activation time from 1- 4 hours. The bottom condition tested 1 

hour with stirring. Percentage of COO- peak reduction is labeled next to each respective 

spectrum. 
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case, the optimization conditions listed out thus far will provide a good starting platform 

for highly sensitive SERS sensing of MMP-14. 

Fab3A2:cdMMP-14 Sensing: 

 

The conjugation of Fab3A2 along with cdMMP-14 recognition are shown in Figure 3-

6, with %COO- peak reduction listed next to each respective spectrum. Both COO- peaks 

located at 1410cm-1(K�(COO-)) and 840cm-1(N(COO-)) experience the characteristic 

decrease in peak intensity upon binding with Fab3A2. The peaks located at 1140cm-1 (K1O, 

b2, C-H deformation bending) and 519cm-1 (not characterized) also undergo a decrease in 

intensity with 519cm-1 increasing in intensity again as cdMMP-14 is introduced. Although 

not discussed, these changes in peak intensity match what is observed in previous reported 

studies.[29-30]  A 38.58% reduction was also observed for Fab3A2 binding with a slight  

Figure 3-6: SERS spectra of Fab3A2 conjugated to 4-MBA and Fab3A2:cdMMP-14 

with percentage of COO- peak reduction labeled next to each respective spectrum. 
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decrease to 38.49% upon cdMMP-14 recognition, indicating potential non-specific 

adsorption to the surface. The change in peak frequency with respect to different cdMMP-

14 concentrations compared with the Fab3A2 blank sample are shown in Figure 3-7(a). A 

clear peak shift is observed over the range 10-10M to 10-7M corresponding to a frequency 

shift of 0.95±0.37cm-1 and 0.044±0.34cm-1 respectively. The change in peak frequency 

shift as a function of cdMMP-14 is shown in Figure 3-8(b) showing a linear semilog 

relationship over this range. The calibration equation y = 0.31136x + 2.9109 was obtained, 

where x represents the logarithmic cdMMP-14 concentration and y is the absolute value of 

the frequency shift. Using this information, the SERS immunosensor proposed here can be 

used for the quantitative detection of cdMMP-14 within this concentration range. As 

concentration increased however, to 10-6M, a slight red shift was observed compared to the 

peak position at 10-7M. This may be attributed to the fact that Fab3A2 is a suicide inhibitor 

and can be cleaved by cdMMP-14 at relatively high concentrations and long incubation 

times.[11] The peak located at 1080cm-1 was chosen since it was the most sensitive to  

Figure 3-7: (a) SERS spectra of the 4-MBA/Fab3A2 bound substrate after exposure to 

cdMMP-14 of various concentrations. (b) Semilog plot of the absolute peak shift as a 

function of cdMMP-14 concentration with respect to the peak located at 1080cm-1. 
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changes in cdMMP-14 concentration. This peak corresponds to an in-plane ring-breathing 

mode coupled with the K(C-S) vibrational mode, making it highly likely that upon binding 

to Fab3A2, not only is the ring-breathing mode experiencing deformation induced by the 

high molecular weight of Fab3A2, but so is the benzene thiol sulfur bond (Benzene-S-Ag). 

As a result, this gives two factors that contribute to the overall frequency shift observed 

that is missing in the ring breathing mode located at 1589cm-1. 

Control Experiments: 

 

To ensure that the observed frequency shift was induced due to Fab3A2:cdMMP-14 

recognition and not non-specific adsorption, Fab3A2 was introduced to cdMMP-9 as a 

negative control experiment with the resulting spectra shown in Figure 3-8. There is a slight 

down shift of 0.056±0.3cm-1 compared to the 0.65±0.3cm-1 observed at the same 10-8M 

concentration for cdMMP-14. Although, Fab3A2 has high specificity towards cdMMP-14, 

it has been reported to have about a 2.5% binding affinity towards cdMMP-9, which may  

Figure 3-8: SERS spectra of the 4-MBA/Fab3A2 bound substrate after exposure to 

cdMMP-14. 
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explain this slight down shift.[23] An additional control experiment was therefore preformed 

to examine if nonspecific protein adsorption was occurring. An additional control 

experiment was therefore preformed to examine if nonspecific protein adsorption was 

occurring. Non-activated 4-MBA LB thin film slides were mixed with Fab3A2, washed, 

and mixed with 5x10-8M cdMMP-14 as described in the experimental section above. The 

results shown in Figure 3-9(a) reveal no changes in the spectra after each step, with all 

intensities roughly consistent with the 4-MBA blank. Looking closer at the 1080cm-1 peak 

shown in Figure 3-9(b) reveals that there is a small shift upwards of about 0.022±0.29cm-

1 after the addition of Fab3A2, however an even smaller shift of about 0.015±0.3cm-1 

occurs after rinsing the slide and adding cdMMP-14, then rinsing again. This data helps 

imply that there is some non-specific adsorption occurring where the last wash step may 

have removed any residual Fab3A2 and cdMMP-14 that may have been present on the 

silver surface. Despite this, non-specific adsorption on the LB thin film slide appears to be 

minimal. 

Figure 3-9: (a) SERS spectra of 4-MBA with no EDC/NHS activation after adding 

Fab3A2 and cdMMP-14. (b) Zoom-in of the spectral region at 1080cm-1 with frequency 

shifts listed after each step. 
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3.4 Conclusions 

The sensitive and specific screening of the early stages of metastasis is critical for 

increasing patient survival rates and for the successful treatment of the disease. In this 

study, a highly sensitive SERS immunosensor was constructed using 4-MBA 

functionalized silver octahedral thin film slides conjugated to Fab3A2 and was able to 

detect the biorecognition of cdMMP-14 via extrinsic nano-stress sensing. Optimization 

experiments of EDC/NHS using TRIS buffer indicate that for the proposed SERS capture 

substrate, a 0.1M/0.1M EDC/NHS concentration at pH6.0 with stirring gives the highest 

percentage of product formation (~50%). Binding of Fab3A2 reveals a maximum of only 

38.58% binding with respect to COO- peak reduction. In both cases, this may be the result 

of the long-tail distribution of highly enhancing hot spots, making the probability of 

Fab3A2 finding these spots difficult. In addition, these hot spots account for a significant 

portion of the spectra and are located in the sub-nm gaps between the well-packed 

octahedral nanoparticles. As a result, it is highly unlikely that Fab3A2 can access these 

hotspots due to its relatively large size, resulting in the subsequent hydrolysis of any NHS-

intermediates, therefore contributing to the background noise and muting the maximum 

observable peak shift. Despite this, the successful detection of cdMMP-14 was achieved 

with a maximum frequency shift of 0.95±0.37cm-1 for 5x10-7M and a minimum frequency 

shift of 0.044±0.34cm-1 for 5x10-10M. A linear semilog relationship (R2=97.79%) was 

observed giving the equation y = 0.31136x + 2.9109 within the concentration range. 

Control experiments shows slight to relatively no binding with cdMMP-9 as well as 

minimal non-specific protein adsorption. 
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Chapter 4: Conclusions and Future Work 

Biosensors are finding increasing impact in a variety of fields ranging from material 

science to biomedical as a popular method to achieve rapid, high-throughput, ultrasensitive 

sensing. This application has attracted significant attention from the medical field as a 

possible means for early cancer screening and diagnosis. Current cancer screening methods 

and imaging are in need of significant improvement as most require tissue biopsy’s, 

significantly high concentrations of cancer cells or related biomarkers, or are only 

observable when visible changes to the tissue have already occurred.[1-2] In fact, the current 

threshold for clinical imaging requires for 1cm3 of localized tumor cells (109 cells) in order 

to reliably diagnose the cancer[1], with the death rate increasing about 1.3% per millimeter 

increase.[3] In addition, they are often riddled with high false-positive rates[4-5], which can 

lead to highly invasive procedures and follow-ups, causing unneeded stress on the patient. 

As a result, there is an urgent need for a reliable, ultrasensitive sensing platform that can 

go beyond the current limitations of liquid biopsies. Since 90% of all cancer related deaths 

are due to metastasis, targeting and inhibiting its early stages should help correlate with 

increased patient survivability and resulting disease prognosis.[3] MMP-14 has become a 

popular target of interest due to its ability to induce tissue remodeling, extracellular matrix 

degradation, tumor invasion and angiogenesis.[6-7] The development of Fab3A2 has 

allowed for the highly selective inhibition of MMP-14 and can also be used to detect 

elevated levels in patients as an early cancer screening method. Coupling this with the 

signal amplification offered by SERS and the sensitivity from a novel nano-stress 

mechanism can allow for the development of a highly sensitive SERS immunosensor.  
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In chapter 2, well-defined, high quality Ag octahedral nanocrystals were synthesized 

in large quantities using a modified polyol process and were reliably assembled into large-

scale, close-packed, two-dimensional LB thin films using a homemade LB trough. The 

presence of many polycrystalline well-ordered, close-packed domains were observed, 

which can contribute significantly to the overall optical signal enhancement. In addition, 

the whole process was completed using cost-effective equipment and laboratory 

procedures.  

In chapter 3, EDC/NHS optimization tests indicate that a 0.1M/0.1M EDC/NHS 

solution at pH 6.0 with stirring gives the highest conjugation to the 4-MBA surface using 

TRIS (~50%). Using these conditions, 38.58% of Fab3A2 was successfully conjugated to 

the 4-MBA surface and was characterized by comparing peak intensity of the COO- peak 

located at 1410cm-1 before and after attachment. By observing peak shift at 1080cm-1 the 

binding recognition of cdMMP-14 was observed with a maximum and minimum frequency 

shift of 0.95±0.37cm-1 and 0.044±0.34cm-1 for cdMMP-14 at concentrations 5x10-7M and 

5x10-10M respectively. A linear semilog relationship (R2=97.79%) was observed giving the 

equation y = 0.31136x + 2.9109 within the concentration range. Control experiments shows 

slight to relatively no binding with cdMMP-9 as well as minimal non-specific protein 

adsorption thereby completing the proof-of-concept SERS immunosensor platform. 

Although a peak shift was observed, it is relatively small, as is the observed percentage 

of Fab3A2 bound to the surface (38.58% vs. 49.44% from TRIS). As mentioned prior, the 

“hottest” hotspots that offer the highest signal enhancement and therefore a significant 

contribution to the SERS spectrum, are located between the sub-nm gaps generated from 
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the close-packed film. This makes it highly unlikely for relatively large molecule such as 

Fab3A2 to be able to access these hotspots therefore leaving them unreacted where they 

can hydrolyze back into unwanted carboxyl groups. These hotspots also follow a long-tail 

distribution, making it very difficult for them to be activated statistically in the first place. 

As a result, optimizing the octahedral silver nanoparticle distance should help resolve this 

issue. By increasing the interparticle distance slightly, we can allow more room for the 

Fab3A2 molecule (and other antibodies) to access while still retaining a relatively high 

enhancement factor. Utilizing the LB process should allow for easy manipulation of 

particle spacing and subsequent plasmonic tunability. Hopefully the work accomplished 

herein may serve as platform for my group and other researchers towards developing early 

cancer screening methods and that eventually, the proposed highly sensitive immunosensor 

may find use in clinical settings towards the early detection of metastasis. 
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