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 Surface enhanced Raman scattering (SERS) spectroscopy is a powerful tool for identifying 

and quantifying complex mixtures of small molecules, such as the metabolites that indicate the 

state of a bacterial system. SERS frequently takes advantage of metal nanoparticles to confine light 

onto their surface, increasing the local electric field. This field enhancement massively increases 

Raman scattering, and can enable single molecule detection. In this thesis, I introduce a new 

nanomanufacturing technique called 2-dimensional physically activated chemical self-assembly 

(2PAC). The focus of 2PAC is to manufacture extremely powerful and uniform SERS sensors, 

with a SERS enhancement factor of 109 that has a relative standard deviation of 10% over a 1 mm 

x 1 mm area. This technique is characterized by electron microscopy and Raman spectroscopy to 

elucidate its physical origin. I show that SERS sensor’s field enhancement can be further increased 

by 3-fold by taking advantage of Rayleigh’s anomaly using electron beam manufactured optical 

gratings.
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 While SERS enables fantastic chemical sensing, it also increases the complexity of 

analyzing spectra. This is because the ligands involved in 2PAC produce their own spectral 

signature, and the nanostructures produce a field enhancement that decays rapidly from the hotspot 

in withhin gaps between nanoparticles. In order to address this complexity, I have developed 

machine learning techniques that greatly improve analyte concentration regressions. Using a 

convolutional neural network, I demonstrate quantitative sensing down to 10 fM, well into the 

single molecule detection regime. I use these methods to address another complex problem, 

identifying the state of a bacterial system through its metabolome. First, I show that by tracking 

pyocyanin, a metabolite of Psuedomonas aeruginosa (PA), PA can be monitored as it forms a 

biofilm. PA is detected in just 6 hours, well before it becomes resistant to antibiotics. Then, I 

demonstrate a semi-supervised method of antimicrobial susceptibility testing (AST) using SERS. 

This method identifies which antibiotics a bacterium is susceptible to with minimal 24-hour cell 

culture. AST of PA is performed in just 30 minutes with over 99% accuracy. In sum, this thesis 

points a way forward to better healthcare through nanotechnology and machine learning.
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Part One: Introduction 

 

 

 

“In a scientific pursuit there is continual food for discovery and wonder.” 

-Mary Shelley, Frankenstein, or the Modern Prometheus  
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Chapter 1  

Introduction 

 The goal of this chapter is to place this dissertation within the broader context of chemical 

sensing. Each chapter will include an introduction section that will provide the literature 

background, unique challenges, and impact of the discussed work. Here, we will see that chemical 

sensing is a subfield of analytical chemistry, a field with a rich history. We will see that surface 

enhanced Raman scattering (SERS) is one of many competing strategies for chemical sensing with 

unique benefits and challenges associated with it. I will show that biological systems have 

interesting chemical sensing strategies, and that I have used many of these as inspiration for this 

work. I will show that advances in analytical methods have led to advances in the field of 

metabolomics, which has had a meaningful impact in diagnosing a variety of health problems. We 

will see that SERS is a promising technique for metabolomics, and that advances in self-assembly 

based nanomanufacturing have enabled much of this work. Then, I will discuss the work of others 

within this field of chemical sensing using SERS. Finally, I will give an overview of this 

dissertation. 

1.1 The History of Analytical Chemistry and Chemical Sensing 

 Humans have been interested in identifying materials since at least antiquity, and the first 

recorded chemical identification test (assay) dates back to 1385-1361 BC in ancient egypt. The 

assay was for the identification of gold. The fire assay, as it is now called, involves putting the 

suspect material into a furnace, oxidizing the non-gold elements (except for silver). The material 

would be weighed before and after, and thus the amount of gold was identified.1 Later, Archimedes 

would solve the problem of detecting silver in gold by measuring the specific weight of the 

https://www.zotero.org/google-docs/?0EEX9X
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material. Pliny the Elder made the first record of using a chemical reagent for chemical detection, 

which detected the adulteration of copper sulphate with iron sulphate. In this method, a strip of 

papyrus was soaked in an extract of oak apples and then dipped into the suspicious solution. If iron 

sulphate was present, the papyrus would turn black.2 In the 4th-5th century the Greek alchemist 

Synesios introduced the hydrometer to measure a liquid’s density.2 

 The first true sensor measurements were performed by Robert Boyle, who contends for the 

title of first chemist with Jabir ibn Hayyan. In 1674 Robert Boyle performed an experiment to 

identify the limit of detection of chloride ions through precipitation of silver nitrate. His 

experiment involved preparing serial dilutions of salted water and adding silver nitrate, taking note 

of precipitate.3 Boyle was also a prolific introducer of reagent methods for identifying substances, 

developing natural extracts for testing acidity and alkalinity. Predating an important contemporary 

use of chemical sensors – detecting poisons and chemical weapons – Boyle developed a method 

for detecting poisonous arsenic through the use of HgCl2 as an indicator.2 

 Quantitative chemical analysis began in earnest in the 18th century. First, the blowpipe was 

popularized as an important quantitative tool for determining the composition of solid materials. 

The blowpipe was a controlled method of heating samples by blowing a controlled amount of air 

through a flame. Using a known amount of material, one could quantitatively identify the 

composition of solid mixtures by melting or burning.4 Then, the work of Antoine Lavoisier in the 

18th century had a marked impact on analysis.5 Lavoisier popularized the careful measurement of 

the weights of reagents and constructing chemical balances for reactions. Through this work, he 

helped develop stoichiometry and the principle of the conservation of mass. As most chemical 

detection at the time was performed through the use of chemical reagents, this approach enabled 

many existing chemical detecting methods to become quantitative. Lavoisier also developed early 

https://www.zotero.org/google-docs/?1RNofX
https://www.zotero.org/google-docs/?Mask6i
https://www.zotero.org/google-docs/?HQLTjP
https://www.zotero.org/google-docs/?63WtXi
https://www.zotero.org/google-docs/?Z9a4DZ
https://www.zotero.org/google-docs/?e3PpB5


4 

 

devices for analysis of the composition of organic substances, these devices measured the amount 

of gas produced by combustion of the material.  

 The first part of the 19th century marked the beginning of the field analytical chemistry. 

Jöns Jacob Berzelius identified the atomic weights of several elements, and developed an 

electrochemical cell which he used to separate and identify ionic compounds.6 The latter, along 

with Humphry Davy’s work in electrolysis ignited the field of electrochemistry which was used to 

identify various metals.2 During this time chemists began using the microscope to examine crystals 

formed during chemical reactions to identify the product.2 Titration was also popularized at by 

Joseph Gay-Lussac, starting the field of volumetric analysis to identify chemicals using 

indicators.7 The first comprehensive analytical chemistry textbook was published by Pfaff in 

1821.8 Later, Carl Fresenius founded the first analytical chemistry journal Zeitschrift für 

analytische Chemie in 1862, which was shortly followed by The Analyst in 1875, both of which 

are still publishing today. 

1.2 The Development of Modern Chemical Sensors 

1.2.1 Light Spectroscopy 

 For most of the history of analytical chemistry one parameter was observed, or at best 

quantified in order to identify a chemical. Except for niche applications like the fire assay of gold, 

this necessitated the use of indicators, which would only indicate upon exposure to the chemical 

of interest. This all changed in 1860 when Gustav Kirchhoff and Robert Bunsen systematized 

flame emission spectroscopy and began assigning unique spectral patterns to specific elements.9 

With spectroscopy, many parameters in a system could be measured simultaneously, for example, 

flame emission spectroscopy yields all of the energy levels of the electronic states in a gas in the 

visible spectrum. For the first time, chemical assignments could be made with high confidence, 

https://www.zotero.org/google-docs/?G8aZMv
https://www.zotero.org/google-docs/?nfbCGD
https://www.zotero.org/google-docs/?xMCwXW
https://www.zotero.org/google-docs/?brq6LO
https://www.zotero.org/google-docs/?BT4jLc
https://www.zotero.org/google-docs/?E0wbMU


5 

 

without the need for developing a completely new indicator. August Beer would turn optical 

spectroscopy into a quantitative technique through his observation of the relationship between light 

absorption and analyte concentration.10 Beer also developed the color comparator which enabled 

researchers to quantitatively compare optical spectra. The color comparator would evolve into the 

UV-visible spectrophotometer (UV-vis), which will be used in this work in Chapter 3 for 

characterizing the extinction spectral peaks of optical antenna. The UV-vis is a powerful tool for 

measuring electronic transitions from bonding to antibonding orbitals, which are often in this 

energy regime. This technique is excellent for chemical sensing for three reasons: 1) many of these 

transitions exist for any given molecule 2) the transition energy is determined extremely sensitively 

by the configuration of atoms in a molecule 3) electronic transitions have a characteristic 

absorption cross-section, enabling precise quantification. 

 Infrared (IR) radiation had been discovered as early as 1800 by John Herschel, who used a 

prism and blackened thermometers to measure adsorption beyond the visible spectrum.11 Research 

into the IR spectrum began in earnest after the bolometer was invented in 1878, which measured 

temperature changes very sensitively through an electrical resistance.12 Using this device Willem 

Henry Julius published the IR absorption spectra of 20 organic molecules.13 IR spectroscopy is a 

powerful tool for chemical sensing because it interrogates the vibrational models available in a 

molecule. Molecules are extremely complex, and have potentially hundreds of measurable normal 

modes, overtones, and superpositions. Compared to electronic transitions interrogated with UV-

vis, vibrational modes have extremely narrow linewidths which allow many more modes to be 

resolved for IR spectroscopy than for UV-vis. One region of particular interest is the so-called 

“fingerprint” region of the IR spectrum. This region is densely occupied with vibrational modes, 

and nearly any molecule can be identified by observing its modes in this region.14 

https://www.zotero.org/google-docs/?IS2xWp
https://www.zotero.org/google-docs/?j2rNRo
https://www.zotero.org/google-docs/?ljGXMH
https://www.zotero.org/google-docs/?IDzrfl
https://www.zotero.org/google-docs/?b6yfDO
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Raman scattering spectroscopy also interrogates vibrational modes in materials. Raman 

scattering was discovered in 1927 by Sir Chandrasekhara Venkata Raman, and was important 

evidence for quantum mechanics, which as a nascent field at the time.15 Raman scattering 

spectroscopy is extremely important to this work, and it gets a full theoretical treatment in Chapter 

2, as it will be used in nearly every chapter of this thesis. Raman scattering spectroscopy probes 

molecular vibrations through the inelastic collision of light (usually in the visible or near IR) with 

vibrational modes. Energy is transferred from the high energy light into the molecule’s vibrational 

modes, and the energy shift, called the Raman shift, is measured as a spectrum in energies near the 

incident wavelength. The Raman spectrum probes the same energies as IR spectroscopy, but a key 

difference between the two makes them complementary: selection rules. IR spectroscopy can only 

detect asymmetrical vibrations because a dipole moment must be formed, while Raman scattering 

spectroscopy can only detect symmetrical vibrations because the polarizability of the molecule 

must change.14  

For a long time after Raman’s discovery his spectroscopy was not used in practical 

applications. This is because Raman scattering is a nonlinear optical phenomenon (it relies on 

light’s interaction with electrons), and light-matter interactions are extremely weak, resulting in 

very low Raman scattering cross-sections.16 This made the invention of the laser in 1960 by 

Theodor Maiman17 particularly important for Raman scattering spectroscopy. The laser enabled 

huge optical power densities to be achieved, greatly increasing the amount of Raman scattering 

that could be observed. When operated with modern lasers, microscopes, optical gratings, and 

detectors, Raman scattering spectroscopy has several key advantages over IR spectroscopy. First, 

the environment has much less of an effect on the measured spectra for Raman scattering, this is 

because both CO2 and water are broad and strong IR absorbers, while they have extremely small 

https://www.zotero.org/google-docs/?8SeV4I
https://www.zotero.org/google-docs/?5s79Wt
https://www.zotero.org/google-docs/?oN8IbT
https://www.zotero.org/google-docs/?ZNwZzx
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Raman scattering cross-sections. Second, visible detectors and gratings currently have 

significantly greater resolution than IR detectors and gratings, so much more detailed spectra can 

be acquired. Finally, visible light has a much smaller wavelength than IR light, so Raman scattering 

spectroscopy can be used for microanalysis, where this is impossible except in sophisticated 

(usually near-field scanning optical microscopy) academic microscopes. 

1.2.2 Mass Spectrometry 

 In principle, mass spectrometry (MS) uses an electric field to push an ionized atom or 

molecule via Lorentz force. The displacement of the ionized analyte is measured by a detector and 

the mass is calculated. In practice, MS instruments are among the most complicated, and most 

powerful chemical sensors available with sophisticated and diverse separation tools, ion sources, 

mass analyzers, and detectors. 

MS began with the discovery of cathode rays in 1858 by Julius Plucker, who found that 

fast moving, negative charges were emitted when an electric current was passed through a 

vacuum.18 These charges would later be identified as electrons. Then, in 1886 Eugen Goldstein 

and Wilhelm Wein discovered that if a perforated cathode was used, new, positively charged rays 

would be produced.11 These positive charges were ions formed when the electrons ionized some 

of the gas molecules in the vacuum tube. The study of cathode rays became a method of analysis 

by 1912 when J. J. Thomson constructed a parabola mass spectrograph, a forerunner of the mass 

spectrometer, to analyze the deflection of positive ions and thus identify their mass-to-charge ratio. 

Thomson used this information to produce the first mass spectrum and to identify the signature of 

the air components in the vacuum tube (water vapor, nitrogen, oxygen, etc).19 Even as fresh as MS 

was at the time, Thomson was able to use the tool to prove the existence of isotopes.11 Much later, 

in the 1950s, Roland Gohlke  developed the use of MS as the detector in gas chromatography, 

https://www.zotero.org/google-docs/?eWl8Mx
https://www.zotero.org/google-docs/?pzsczp
https://www.zotero.org/google-docs/?YFhxGK
https://www.zotero.org/google-docs/?YDlUUC
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enabling the components of complex mixtures to be identified and quantified.20 After the 

popularization of high performance liquid chromatography (HPLC) in the 1960s, MS would often 

be used as HPLC’s detector as well. 

Initially, electron ionization (EI) was the only ionization method used in MS, but this 

method is extremely harsh and can break molecules down into fragments that are too small to give 

useful information for inferring their identify. Today many soft ionization methods now exist, 

including chemical ionization (CI), electrospray (ES), and matrix-assisted laser 

desorption/ionization (MALDI), among others. CI was the first developed (in the 1960s) and 

consists of a reagent gas, usually methane, which is ionized by EI and is used as a proton donor to 

the analyte molecule.21 The resulting positively charged analyte ions are more stable and the mass 

of the entire molecule can be more easily inferred. ES was an early method (developed by Malcolm 

Dole in 196822) for analyzing polar and ionic biomolecules, and uses a jet of analyte dissolved in 

solvent (called a matrix), which aerosolized and eventually produces ionic analyte. MALDI is a 

more recent method, being developed in 1985 by Franz Hillenkamp, Michael Karas.23 MALDI 

uses a laser to vaporize and ionize analyte on a surface. This enables microscopic imaging based 

on MS, and has made MALDI one of the most popular ionization methods in use today. Another 

important development has been the tandem MS, where a soft ionization technique like ES or 

MALDI are used, the masses are detected, and then the ion beam is fragmented with hard 

ionization and the masses are measured again. This enables structural information to be obtained 

from the fragments, from which the molecule can be identified.24 Tandem MS is an important 

reason why MS is considered by many to be the best chemical sensing method available today. 

https://www.zotero.org/google-docs/?1th5e3
https://www.zotero.org/google-docs/?CsLwJE
https://www.zotero.org/google-docs/?NKVKMK
https://www.zotero.org/google-docs/?bURBu7
https://www.zotero.org/google-docs/?el7fcv
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1.2.3 Nuclear Magnetic Resonance Spectroscopy 

 Nuclear magnetic resonance (NMR) spectroscopy is based on the resonant frequency of 

the spin switching of (typically hydrogen) nuclei. The key to using NMR for chemical 

identification is that this resonant frequency shifts slightly based on the local atoms and functional 

groups around a hydrogen. NMR produces a spectra of resonant frequencies of all the hydrogen 

nuclei in a molecule and this can be used to infer the identity of the molecule. By using adding a 

known amount of a standard molecule, the concentrations of the various molecules within a 

mixture can also be identified, although the number of components must be small as NMR is not 

usually used with separation techniques. Throughout the second half of the 20th century, NMR 

was considered the premier chemical sensor and remains one of the most important tools in 

chemistry for chemical sensing. Yet, NMR, like IR spectroscopy, requires high concentrations of 

analyte molecules, and for this reason is slowly losing ground to MS systems. 

 The nuclear magnetic moment was first postulated by Wolfgang Pauli in 1924,25 and then 

later experimentally verified by Isidor Rabi in 1938.26 Felix Bloch and Edward Purcell then 

independently developed a method to measure nuclear magnetic moments in liquids and solids, 

respectively.27,28 The phenomenon of chemical shift, the change in resonant frequency depending 

on the nuclei’s local environment, was then discovered by Yu and Proctor in 1950.29 Quickly after 

this discovery, NMR was commercialized with instruments being produced by the Varian 

Corporation for oil companies to identify the relative amounts of organic molecules in gasoline.11 

Modern advances in NMR include 2D NMR, such as correlation NMR, which uses spin correlation 

between nearby nuclei to improve the differentiability of similar molecules and molecules within 

mixtures. Another important area of active research is solid state NMR, which uses magic angle 

spinning to identify the structure of solids. This technique has promise in combination with X-ray 

https://www.zotero.org/google-docs/?nkPH3U
https://www.zotero.org/google-docs/?dx8Rzh
https://www.zotero.org/google-docs/?IZ9zTB
https://www.zotero.org/google-docs/?t2u2dz
https://www.zotero.org/google-docs/?E0Mpcu
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crystallography for determining tertiary and quaternary protein structure, an extremely challenging 

problem. 

1.2.4 Electrochemical Sensors and Immunoassays 

 After reading the prior three sections, one would be forgiven for thinking that reagent 

methods in analytical chemistry were dead. In fact, nothing could be further from reality. I will 

typically refer to reagent methods as either 1) labeled chemical sensing (or more likely I will refer 

to label-free chemical sensing as the opposite of this method) if one observes the transformation 

of some reagent, such as the (un)quenching of a fluorophore or redox of a small molecule, as the 

measurement readout, or 2) capture-agent chemical sensing (again more likely I will discuss label-

free, capture-agent-free methods that are the focus of this work) where some agent, typically an 

antibody (aptamers and chemical crosslinking are also popular) captures the analyte molecule and 

this event is the measurement readout. Labeled and capture-agent based reagent methods are alive 

and well. Glucose sensors are the most important biosensor today, accounting for 71% of the total 

biosensing market, and accounting for 15.6 billion dollars in value. Glucose sensors are labeled 

electrochemical sensors, using an oxygen cosubstrate enzyme to generate hydrogen peroxide. The 

enzyme, FAD, oxidizes upon reaction with glucose to form reduced FAD (FADH), which then 

reacts with oxygen and water to form hydrogen peroxide. The hydrogen peroxide is then measured 

electrochemically with an amperometric measurement (discussed below). In addition to 

electrochemical sensors, other labeled or capture agent based sensors are extremely popular, such 

as enzyme-linked immunosorbent assays (ELISA), and surface plasmon resonance (SPR) based 

immunoassays. 

 Electrochemical sensing began in 1909 with a groundbreaking experiment by Franz Haber. 

3 years prior, it was discovered that glass lamellas were pH-sensitive membranes; Haber 
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characterized electrical the potential difference between the fluid on both sides of the membrane, 

producing the first potentiometric electroanalytical measurement.30 The next development came 

in 1922 when Jaroslav Heyrovský developed what he called polarography (later renamed 

voltammetry), where drops of mercury were dropped into an analyte solution and the electrolytic 

current was measured as a function of voltage applied.31 This technique was neither quantitative 

nor time efficient, so electrochemical sensors remained relatively obscure until the 1960s when 

differential pulse voltammetry32 and electrochemical stripping analysis33 enabled the detection of 

trace metals in the high parts per trillion concentration regime, an excellent limit of detection, even 

by today’s standards. Then in 1973, the modern enzyme-based glucose electrochemical sensor was 

developed by Guilbault and Lubrano.34 This progress continued through the 1980s with the 

development of different ion selective membranes, alternative electrode materials, and surface 

functionalizations of electrode materials.30 Electrochemical sensor research continues to flourish, 

driven mainly by new developments in nanotechnology based electrode materials, and continued 

development of enzymes, antibodies, and aptamers for detecting new analyte molecules. 

 Immunoassays are also extremely popular, especially in the pharmaceutical industry. 

ELISA was developed in 1972 by Engvall and Perlmann35 and uses antibodies as capture-agents 

and enzymes to generate labels which enable the detection of analyte molecules. In the technique, 

analyte is placed on a surface and a recognition antibody is added to conjugate with the analyte, 

the antibody is conjugated with an enzyme which produces a color change by reacting with some 

reagent. This color change is measured, and produces a quantitative signal. Because the signal can 

be allowed to grow (the enzyme will continue to produce the color change as long as there is 

reagent), ELISA has a huge gain, and can be used for single-molecule detection.36 In the section 

below, we shall see that this strategy resembles chemical sensing strategies performed by nature. 

https://www.zotero.org/google-docs/?b9MMyz
https://www.zotero.org/google-docs/?wxhtuX
https://www.zotero.org/google-docs/?2YIPU7
https://www.zotero.org/google-docs/?jU2kU0
https://www.zotero.org/google-docs/?jGA5Kb
https://www.zotero.org/google-docs/?LEKGep
https://www.zotero.org/google-docs/?93M834
https://www.zotero.org/google-docs/?iFqkuw
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Another important immunoassay based method is that of SPR, which was developed by Liedberg, 

Nylander, and Lundström in 1983.37 A theoretical treatment of the phenomenon in the context of 

localized surface plasmon resonance will be given in section 2.1. The important feature of SPR in 

chemical sensing is that the phase-matching condition for exciting a surface plasmon is extremely 

narrow, and extremely dependent on the local (~10 nm) region around the gold film in which the 

surface plasmon propagates. This enables researchers to measure changes in the local dielectric 

function near the gold film extremely precisely. In SPR sensing, analyte is placed on the film and 

a capture-agent is introduced onto the film. When the capture-agent recognizes the analyte 

molecule, the dielectric function changes, and this is measured by the absorption into the SPR.38 

SPR was commercialized in 1990 by Biacore. 

1.3 Chemical Sensing by Bacteria 

 Long before humans, single-celled organisms pioneered chemical sensing. The perception 

and processing of chemical signals is likely the first sense developed by life.39 Chemosensing 

nutrients and toxins provides an enormous advantage for survival, and bacteria have developed 

chemical sensing methods that are still superior in many respects to artificial methods. Thus, 

scientists have a lot to learn about chemical sensing from bacteria. 

Life transduces chemical signals through chemoreceptors, proteins that undergo a 

structural change when a small molecule docks in the receptor. The structural change results in 

signal through one of two mechanisms. 1) ionotropic reception where the structural change enables 

an ion flux that either results in a change in the cell membrane potential or results in an increase 

of intracellular ion concentration which leads to signalling. 2) metabotropic reception where the 

structural change increases enzymatic activity of the receptor and results in the production of 

secondary signalling molecules. The chemoreceptor strategy is effective because the signal is 

https://www.zotero.org/google-docs/?3Gr14H
https://www.zotero.org/google-docs/?QXKcCT
https://www.zotero.org/google-docs/?QrLEAd
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amplified, e.g. for metabotropic reception many secondary signalling molecules are produced for 

each molecule recognized. The process is also long lived, which makes the process robust to noise, 

in spite of the large gain, similar to ELISA. 

 Biological chemoreception is extraordinarily powerful. Escherichia coli (EC) can detect 

amino acids at nanomolar concentrations.40 EC and Salmonella typhimurium are capable of 

detecting a chemical signal in 0.1-0.5 seconds, and Dictyostelium discoideum can detect 

concentration differences of cAMP that are just 5% over its 10 μm diameter.41 Bacteria’s ability 

to detect small concentration differences for chemotaxis serves as the inspiration for Chapter 6. 

 Besides identifying nutrients and avoiding toxins, chemosensing serves another important 

purpose: communication. Bacteria use chemical signals to trigger gene regulation in their 

communities in a process called quorum sensing. Quorum sensing enables decentralized decision 

making to be performed in bacterial communities which makes them much more robust. For 

example, EC uses the molecule AI-2 to regulate cell division and thus population density.42 

Quorum sensing also enables intraspecies warfare, Escherichia carotovora uses quorum sensing 

to trigger the production of antibiotics to fend off other bacteria.43 Also consider Psuedomonas 

aeruginosa (PA) which uses the small molecule pyocyanin as a virulence factor, eg. it uses 

pyocyanin as a signal to colonize its host.44  

 Quorum sensing in bacteria points to an important application of chemosensing: detection 

of bacteria. Chapter 5 is devoted to detecting pyocyanin in order to identify PA before it forms a 

biofilm (a robust community of bacteria on a surface), but this strategy is not new. Bacteria have 

been using quorum sensing to detect bacteria for millennia, for example Salmonella enterica uses 

quorum sensing to identify pathogenic bacteria within the human gut microbiome.45 Viruses too 

use this strategy. The bacteriophage VP882 hides in Vibrio cholerae (VC) DNA until it senses a 

https://www.zotero.org/google-docs/?MbRxYq
https://www.zotero.org/google-docs/?KkGQpw
https://www.zotero.org/google-docs/?HgeiJy
https://www.zotero.org/google-docs/?0eMOBo
https://www.zotero.org/google-docs/?WmA84U
https://www.zotero.org/google-docs/?NfnMNy
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quorum sensing molecule that VA produces when it reaches a high cell density. VP882 then 

emerges from its latent state and begins reproducing.46 

1.4 Olfaction as a Medical Device 

 Multicellular organisms have evolved an even more sophisticated chemical sensing 

method: the sense of smell (olfaction). Olfaction works as follows: First, you inhale air into your 

nose. Within the air, there may be odor molecules which can be smelled. These molecules are 

small, volatile, and hydrophobic. Incidentally, the nose is shaped to concentrate these odor 

molecules to improve limits of detection, a phenomenon that has been mimicked using a 3D printed 

nose and a mass spectrometer.47 Once inside your nose, odor molecules eventually reach the 

olfactory epithelium, mucous covered patches of olfactory neuron dendrites. These dendrites are 

covered in olfactory receptors, of which humans have approximately 20 million. Signals from the 

olfactory neuron dendrites are then propagated to the olfactory bulb where glomeruli and mitral 

cells produce a signal that is interpreted by the brain as a smell. 

Olfaction has several properties worthy of biomimicry, but in this thesis two stand out as 

the most important. 1) Unknown odor molecules may be recognized by olfaction. 2) Complex 

mixtures of small molecules can be understood and differentiated from individual types of small 

molecules and other complex mixtures. These two properties are very different – and much more 

powerful – than typical assays that are developed where a receptors (eg an antibody or an aptamer) 

is developed to recognize an individual type of small molecule. To achieve this, olfaction uses 

hundreds of different receptors. 

 Olfactory receptors (ORs) are a family of G protein-coupled receptors expressed on cell 

membranes. In 2004 Linda Buck and Richard Axel won the Nobel Prize in Physiology or Medicine 

for their discovery of ORs.48 The OR system of recognizing molecules is powerful because 

https://www.zotero.org/google-docs/?w6pMJw
https://www.zotero.org/google-docs/?okC1Dm
https://www.zotero.org/google-docs/?XFV06Z


15 

 

individual ORs are not made to identify specific small molecules. Rather, they tend to identify 

functional groups on molecules, and the relative size of these molecules. When one type of 

molecule enters the olfactory epithelium many different ORs will be activated (via a metabotropic 

process). The olfactory bulb then uses the pattern of activated ORs to uniquely identify the odor.  

The pattern recognition element of olfaction is the inspiration for this work’s use of 

machine learning, which is developed in Part 3 of this text, and is why new molecules can be 

recognized: they will produce a novel pattern of OR activation. This system also produces some 

interesting unintended consequences such as smells changing as the concentration increases, for 

example, grapefruit mercaptan smells of grapefruit at low concentrations, but skunky at high 

concentrations.49 The pattern recognition system of olfaction is also the cause of the second 

property described above. Complex mixtures can be identified and differentiated because odors 

are perceived by the pattern of OR activation. In this sense olfaction is much like the sense of sight: 

we perceive odors as objects. In fact, even trained perfumers are unable to recognize more than 3 

different molecules simultaneously, yet they can remember tens of thousands of different perfume 

mixtures.50  

 Human olfaction is capable of some remarkable feats. Humans have about 300 unique ORs, 

and typical limits of detection of odors in the parts per million range, with some molecules that 

can be smelled in parts per trillion concentrations.51 Humans are capable of smelling and 

identifying fear in sweat.52 One controversial study calculated that humans can differentiate 1 

trillion different odor objects.53 Humans can smell the age of other humans.54 Women have been 

shown to identify immune system health and differences in immune system genetic composition 

of men by smell.55 

https://www.zotero.org/google-docs/?yF2Zoj
https://www.zotero.org/google-docs/?Bjh4mI
https://www.zotero.org/google-docs/?od2oR7
https://www.zotero.org/google-docs/?uE5ylY
https://www.zotero.org/google-docs/?2KTWPe
https://www.zotero.org/google-docs/?aHDrkT
https://www.zotero.org/google-docs/?6jGOsi
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 While humans have used their sense of smell to detect diseases like Mycobacterium 

tuberculosis (TB) since 2000 BC,56 when it comes to the healthcare applications of olfaction dogs 

reign supreme. Scientists have trained dogs to detect bacteria, such as Clostridium difficile,57 TB,58 

and others.59 Dogs can detect colorectal cancer,60 prostate cancer,61 bladder cancer,62 and others.63 

They can also be used to monitor their diabetic owner’s blood sugar levels.64,65 In fact, dogs were 

recently used to demonstrate that epileptics release a small molecule before having a seizure.66 

Dogs and humans are capable of these impressive healthcare diagnoses because they sense the 

diverse set of small molecules that are produced in these disease states. Put another way, they use 

metabolomics. 

1.5 Metabolomics 

 At the core of biology is the central dogma of molecular biology.67 The dogma concerns 

how information flows, loosely put, the central dogma is that DNA information is copied into RNA 

transcripts, RNA is used to synthesize proteins, and proteins produce and use small molecules 

called metabolites. The scientific community is very interested in knowing all of the information 

as it is passed along, and the complete set of each of these elements, DNA, RNA, proteins, and 

metabolites, all have an -omic associated with them: genomics, transcriptomics, proteomics, and 

metabolomics, respectively. The grand plan of what to do with all of this information is called 

systems biology, the study of all of the interactions between all of the constituents of a biological 

system.68 The idea is that if we know all of the elements in a certain biological system, say the 

glucose-insulin system, we could gain a mechanistic understanding of how to identify new drugs 

for diabetes. Even as of 2019 when this work was written, this level of mechanistic understanding 

is far away. Yet just gathering an individual’s -ome has enormous potential for personalized 

https://www.zotero.org/google-docs/?1y6inp
https://www.zotero.org/google-docs/?RcJdcZ
https://www.zotero.org/google-docs/?154jjN
https://www.zotero.org/google-docs/?n3ul9n
https://www.zotero.org/google-docs/?QrOTx5
https://www.zotero.org/google-docs/?bjBQkD
https://www.zotero.org/google-docs/?aDFY4w
https://www.zotero.org/google-docs/?wkAMZm
https://www.zotero.org/google-docs/?mSVQ1d
https://www.zotero.org/google-docs/?ucVp2F
https://www.zotero.org/google-docs/?nJw81U
https://www.zotero.org/google-docs/?K1Rhou
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medicine, with genomics analysis giving immediate diagnosis of dangerous diseases like 

phenylketonuria,69 and can be used to identify cancer risk.70,71  

 Of these -omic’s metabolomics is the most recent to be formalized as a scientific discipline. 

This is primarily because of challenges in chemical sensing, metabolomic profiling requires 

scientists to analyze a huge diversity of molecules, often in extremely small concentrations, and it 

requires reasonably good quantification of these metabolites to draw useful conclusions. For this 

reason, the history of metabolomics and the history of analytical chemistry are inextricably linked 

(discounting the development of humoralism by Galen). The concept of a metabolic profile that 

could be used to identify disease states was introduced in the 1940s by Roger Williams,72 who 

used the then new tool of paper chromatography73 to try to show that schizophrenics had a different 

metabolic profile than non-schizophrenics. Shortly after the development of the GC-MS discussed 

in section 1.2.2, the concept of the metabolic profile was cemented in the 1970s by rigorous, 

quantitative measurements of steroids, drugs, and acids in urine.74 NMR was also rapidly 

advancing in the 1970s, and soon became the quintessential tool in metabolomics. For example, in 

1974 metabolites in in-tact tissues were measured with NMR, demonstrating that 90% of ATP in 

the body is complexed with magnesium.75 Then, the development of electrospray MS enabled 

major developments in metabolomics, like the discovery that oleamide has sleep inducing 

properties.76 Throughout this time, metabolomics was not a field of research in its own right; that 

changed with the development of tandem MS, which enabled quantitative analysis and 

identification of complex mixtures of diverse and low concentration metabolites. The first 

metabolomics database, METLIN (characterized with tandem MS), was published in 2005 by Gary 

Siuzdak.77 METLIN now contains over 450,000 metabolite spectra. 
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 The field of metabolomics has been able to recreate many of the olfaction-based diagnoses 

described in section 1.4. In cancer, for example, metabolomics has been used extensively to 

diagnose colorectal,78 lung,79 oral,80 head and neck,81 prostate,82 bladder,83 pancreatic,84 breast,85 

liver,86 and thyroid87 cancers. Autoimmune diseases like diabetes,88 arthritis,89 asthma,90,91 

autoimmune hepatitis,92 Crohn’s disease,93 and coeliac disease94 have all been diagnosed with 

metabolomics. A variety of infections have been diagnosed with metabolomics such as 

Clostridium difficile,95 TB,96 PA,97 Helicobacter pylori,98 and EC.99 The vast majority of these 

studies were carried out using some form of MS, which has come to dominate the field. 

 MS has been an extremely useful and successful tool in metabolomics. Yet, MS has not 

become the ubiquitous diagnosing tool that a general metabolome profiling method has the 

potential of being. This is for a number of reasons: 1) Cost. A modern tandem MS instrument is 

extremely expensive, with instrument costs in the 100,000 dollar range. 2) Sample preparation and 

chromatography. Sample preparation is extremely important in MS, slowing the process, and 

leading to irreproducible results. Chromatography must also be involved to get meaningful results 

from MS, which is relatively time consuming if one wants a diagnosis during a doctor’s visit. 3) 

Limits of detection in the 10s of parts per billion100 (ppb). Many metabolites are in the low ppb to 

parts per trillion concentration range,101 which is currently unattainable with MS without 

preconcentration of analyte.102 We have seen that advances in metabolomics naturally follow 

advances in chemical sensing. For this reason, this thesis seeks to advance the chemical sensing 

technique: surface enhanced Raman scattering (SERS) spectroscopy to tackle challenging 

problems in metabolomics. 
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1.6 Surface Enhanced Raman Scattering (SERS) 

 SERS has a tortuous, fitful history that has been driven as much by serendipity as by  

advances in fundamental knowledge. In the 1970s, electrochemists were interested in using 

spectroscopic methods to measure electrochemical reactions in real time. Importantly, these 

reactions occurred at electrode surfaces, so only a monolayer of the analyte molecules are available 

for measurement; the reactions occur in aqueous media, so IR spectroscopy couldn’t be used 

effectively due to the intense IR absorption of water. Given these considerations, the 

electrochemists turned to Raman spectroscopy.103 In retrospect was likely against their better 

judgement as the Raman scattering cross-section of most molecules is on the order of 10-30 

steradians,14 and as a result is generally not a useful tool for measuring monolayers, let alone in 

real time. Yet, owing to the unusually large Raman cross-section of mercury ions, redox reactions 

involving Hg2Cl2 and Hg2Br2 were measured by Martin Flieschman in 1973.104 Then, in 1974, 

Flieschman inadvertently discovered SERS after he roughened silver electrode, with the goal of 

increasing the number of molecules in the laser spot size.105 Unbeknownst to him, localized surface 

plasmon resonance (LSPR) of the jagged silver electrode had dramatically increased the local field 

enhancement of the pyridine monolayer he had been investigating, enabling his measurement. The 

unusually large Raman scattering intensity was noted by the Van Duyne group in 1977,106 and then 

the LSPR enhancement mechanism was proposed by Martin Moskovits in 1978.107 The technique 

was then expanded for use with colloidal silver nanoparticles in 1980.108  

 The 1980s and early 90s saw the first wave of excitement for SERS as a tool in chemical 

sensing, but ultimately the technique wouldn’t take off then due to challenges in 

nanomanufacturing. Owing to the fact that primary and secondary amines chemisorb onto silver 

surfaces and the simultaneous genomic revolution, nucleic acids were among the first 
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biomolecules characterized with SERS.109–111 Similarly, peptides and amino acids were also 

subject of intense interest.112–114 While the concept of the SERS “hotspot” that would push the 

field into nanogap based surfaces and into measuring small molecules had not yet been developed, 

the groundwork for contemporary SERS sensing was also laid out, with groups using the technique 

for explosives,115 drugs,116 pesticides,117 and neurotransmitters.118 Yet, despite these works, it 

became increasingly clear that SERS (as it was then) was not useful for quantitative chemical 

sensing due to the incredible variation of the SERS enhancement from SERS substrates. For 

example, the roughened silver electrode that was in vogue at the time generated 24% of the SERS 

signal from just .0063% of the surface,119 leading to wild variations in signal that prevented 

quantification of analyte concentration. Similarly, SERS signal from colloid which arises due to 

salt-induced aggregation of the nanoparticles is highly nonuniform due to nonuniform nanoparticle 

assemblies and gap spacings that are produced.120 

 SERS was revitalized in the late 90s when two groups independently demonstrated single 

molecule detection.121,122 This was a momentous achievement for SERS, making it one of the few 

chemical sensing methods capable of the ultimate limit of detection, and with rich spectral 

information that enables chemical identification to boot. Single molecule SERS will be discussed 

in full in Chapter 7. SERS also benefited from related interest in surface plasmon polaritons (SPPs) 

that started in 1998 with Thomas Ebbesen’s discovery of extraordinary optical transmittance 

through perforated metal films,123 and grew to a fever pitch with the development of plasmonics, 

devices based on propagating SPPs and LSPR.124,125 The increased attention these advancements 

lent to optical nanomaterials led to a boom in nanomanufacturing techniques, particularly self-

assembly, which would drive much of the development of SERS. 
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 Inspired by contemporaneous advances in self-assembled monolayers (SAM),126 the first 

self-assembled SERS surface was developed in 1995 by the Natan group.127 The group used a 

straightforward strategy: apply an amine or thiol terminated SAM onto a surface, then add a 

colloidal nanoparticle solution. The nanoparticles would chemisorb onto the SAM and be 

immobilized. The resultant surfaces produced extremely uniform SERS surfaces by the standards 

of the time, and the technique was widely used and expanded upon.103 For the next 10 years, a 

large number of works using SAM immobilization of nanoparticles and salt-induced aggregation 

of colloidal nanoparticles would be published. Unfortunately, even as late as 2005 researchers in 

the field were not sufficiently aware of the critical role that small gap spacings play in achieving 

good SERS surfaces. This can be observed, for example, in a well-regarded review by Baker and 

Moore where they state, “several authors have claimed the importance of junctions between 

neighboring nanoparticles as being key to single-molecule sensitivity in SE(R)RS… The exact 

mechanism remains obscure, however.”128 The importance of small gap spacings was gradually 

realized in the late 2000s with the development of nanoparticle on mirror geometries with tunable 

gap spacings,129 and the development of the plasmon hybridization model.130 A thorough 

background of self-assembly methods since 2005 will be given in section 3.1. 

 The Ragan lab entered the nanoparticle assembly space in 2009 with J H Choi’s work, 

“Design of a versatile chemical assembly method for patterning colloidal nanoparticles”.131 This 

work was motivated by the plasmonics community, which had been interested in nanostructure 

arrays for novel optical phenomena.132–134 The authors sought to expand upon preliminary work 

that demonstrated nanoparticle assembly on block copolymer templates,135,136 with the goal of 

transferring the complex pattern provided by the block copolymer to the nanoparticle assemblies. 

Importantly, instead of using the SAM assembly techniques used by Natan and others, this work 
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used the bioconjugation technique of carbodiimide coupling to link the nanoparticles onto a SAM 

on the copolymer surface. Later, the processing conditions were improved by Sarah Adams who 

used the technique for SERS, and studied the importance of discrete nanoparticle assemblies and 

gap spacings for SERS enhancements.137 Then, motivated by contemporaneous research into the 

use of colloidal driving forces for self-assembly nanomanufacturing,136,138–140 Adams incorporated 

electrophoretic deposition into the assembly procedure that she developed earlier.141 Interestingly, 

Adams observed dramatically increased assembly of Au nanospheres into discrete clusters with 

small gap spacings, which are ideal for SERS surfaces. While the assembly mechanism was not 

understood at the time, in Chapter 3 I will demonstrate that Adams had in fact serendipitously 

discovered a method for driving the carbodiimide crosslinking between Au nanoparticles using 

electrohydrodynamic flow. 

1.7 Chemical Sensing with SERS 

 We saw in the previous section that as early as the 1980s and 90s SERS was actively 

pursued for chemical sensing applications, particularly for sensing warfare agents and poisons. 

SERS has several features that make is a promising platform for chemical sensing: 1) Like MS 

and NMR, it is a label free method, so the constituents of complex fluids can be measured without 

the need for developing capture agents. 2) SERS can achieve single molecule sensing, even for 

non-resonant molecules,142 which enables sensing at ultralow concentrations, with a limit of 

detection of 1 part per trillion being demonstrated for label-free single molecule sensing143, much 

lower than either MS or NMR. 3) Vibrational spectroscopy is an excellent method for molecular 

identification or for the discrimination of complex mixtures of molecules. The energy states 

typically probed from within the “fingerprint” region of vibrational spectroscopy contains a huge 

amount of information, and it parallels natural olfaction in important ways. Both use about 
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hundreds of overlapping but unique parameters that capture details about molecular structure 

(energies for SERS and olfactory receptors for natural olfaction). While neither use 

chromatography like MS (except for some notable lab-on-a-chip implementations for SERS144), 

we have seen in section 1.4 that this has not limited the metabolomics applications of natural 

olfaction. 

 A large amount of work has been done using SERS for bacteria detection. Due to interest 

in single cell sensing over the last two decades, much of this work has been performed by simply 

adding nanoparticle colloids to bacterial samples.145–150 While discrimination of bacteria can be 

achieved with this method, the large variations of signal enhancement for colloidal SERS prevents 

this from being a quantitative method. Therefore, manufactured SERS surfaces are also commonly 

used for bacteria detection.151–154 Antimicrobial resistance has also been a subject of interest, with 

groups using recognition elements to discriminate between resistant and susceptible bacteria 

strains.155,156 Analyzing urinary tract infections (UTIs) is particularly interesting for SERS, in part 

because UTIs are amongst the most common hospital acquired infection,157 but also because urine 

can be directly analyzed with SERS surfaces with no sample preparation. Several groups have 

reported UTI bacteria identification and discrimination with SERS.158–160 Metabolomics 

applications have also been recently explored for detection of bacteria,161,162 and for cancer 

diagnosis.163–165 

 Much of the recent progress in chemical sensing with SERS has been driven by machine 

learning tools. Principal component analysis, an important dimensional reduction tool, has been 

with SERS since the early days for spectral differentiation and has been used to demonstrate single 

molecule SERS,166 detect nasopharyngeal cancer,167 colorectal cancer,168 gastric cancer,169 and 

cervical cancer.170 Linear171–173 and multilinear174 regressions have also been popular for 
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concentration quantification using the langmuir adsorption curve,175 where multilinear regressions 

are far preferred because they take advantage of the rich spectral information acquired with SERS. 

The ongoing machine learning revolution has begun to impact SERS, with several groups using 

modern techniques to analyze SERS spectra. Support vector machines, which provide excellent 

spectral discrimination and concentration regressions even with small datasets, have been used for 

diagnosis of prostate cancer176 and detection of drugs in urine.177 Decision trees have been used to 

differentiate different metabolites in blood,178 differentiation of bacteria,179,180 detection of gastric 

cancer,181 and detection of pesticides,182 while hiearchical cluster analysis has provided an 

unsupervised method of finding spectral similarities in applications like bacteria183 and virus184 

differentiation, detection of chemical warfare agents,185 and detection of food contaminants.186 

Fully connected artificial neural networks have been used for multiplexed concentration 

quantifications,187 and convolutional neural networks have been used to differentiate metabolites 

produced by cells in vivo.188 While these techniques have been implemented, the machine learning 

community has been fast at work, developing deep machine learning, generative methods, and 

sophisticated data visualization tools like non-negative matrix factorization and t-distributed 

stochastic neighbor embeddings. In this thesis I will show how these new tools will enable SERS 

sensing for advanced metabolomics applications. 

1.8 Dissertation Outline 

 This dissertation is divided into three parts: I) Introduction (Chapters 1 and 2), II) 

Nanomanufacturing Large-Area, High Performance Optical Devices (Chapters 3 and 4), and III) 

Machine Learning Enabled Biosensing with Surface Enhanced Raman Scattering Spectroscopy 

(Chapters 5-9), with a brief conclusion given in Chapter 10. Chapter 1 concerned itself with giving 

an extensive historical and technical background as well as the motivation for the dissertation. 
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Chapter 2, Background, gives an introductory, theoretical background for important and 

complicated tools used in this work, namely LSPR, SERS, electrohydrodynamic flow, and 

machine learning. 

 Chapter 3, Driving Chemical Reactions in Plasmonic Nanogaps with Electrohydrodynamic 

Flow, is the successor to Sarah Adams’ “Directing Cluster Formation of Au Nanoparticles from 

Colloidal Solution”. In it, I demonstrate that the clustering behavior she observed is actually 

carbodiimide crosslinking between the ligands on Au nanospheres. This is shown through SERS 

spectral analysis, transmission electron microscopy, and molecular dynamics simulations. In order 

to resolve how nanospheres are selectively crosslinked at the electrode surface yet not in bulk, I 

propose an electrohydrodynamic (EHD) flow mechanism. This mechanism is elucidated by 

varying the sphere size, temperature, and voltage. I leverage this understanding to improve the 

SERS performance of the manufactured sensors. With electromagnetic simulations compared to 

real data, I show that the close-packed assemblies produced with this method have a remarkably 

uniform optical response. Finally, I show that the SERS enhancements are among the largest, most 

uniform, and over the biggest area of any SERS surface ever made. This new and improved 

assembly method is dubbed a 2-dimensional physically activated chemical (2PAC) self-assembly, 

and is used for all of the following chapters. 

 I conclude Part 2 with Chapter 4, Templated Electrokinetic Directed Chemical Assembly 

for the Fabrication of Close-Packed Plasmonic Metamolecules. The goal of this chapter is to show 

that the 2PAC method developed in Chapter 3 is broadly applicable to nanophotonic applications. 

In it, I show that 2PAC can be reformulated as a directed self-assembly method. Here, templates 

composed of Au nanopillar arrays manufactured with electron beam lithography are used to drive 

EHD flow. I show that coating these pillars with SAMs for carbodiimide crosslinking, and the 
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surface with an omniphobic SAM, assembly of circular, close-packed Au nanosphere assemblies 

can be produced. Electromagnetic simulations of the optical response of these as-manufactured 

assemblies demonstrate that these assemblies provide magnetic field enhancements which are 

highly unusual for nanophotonic structures. 

 Part 3 begins with Chapter 5, Longitudinal Monitoring of Biofilm Formation via Robust 

Surface-Enhanced Raman Scattering Quantification of Pseudomonas aeruginosa - Produced 

Metabolites. This chapter provides the basis for the machine learning-driven SERS-based 

metabolomics done for the rest of the thesis. In it, pyocyanin, a metabolite of PA is measured as a 

proxy of PA growth. In section 1.3 we saw that pyocyanin is a virulence factor and is thus well 

suited for this application. This is also a particularly desirable system for fundamental studies such 

as these due to the fact that pyocyanin is a fluorescent molecule with an electronic transition near 

785 nm, the laser used for SERS. This simplifies the SERS analysis by ensuring that all spectra 

will be dominated by pyocyanin. The chapter begins by acquiring SERS spectra from 

concentration gradients of pyocyanin in water and cell media and training a partial least squares 

regression model to map these SERS spectra to concentration values. With the trained model, PA 

is monitored as it grows on a biofilm, a planar community of bacteria. The model identifies the PA 

as early as 3 hours, with good concentration results at 9 hours. Importantly, this is shown to be less 

time than that which PA needs to become resistant to an antibiotic treatment. 

 Chapter 6 continues SERS-based sensing of bacterial biofilms, and is titled, SERS-based 

Odor Compass: Locating Multiple Chemical Sources and Pathogens. In it, I propose the SERS-

based odor compass, a device that detects the direction from which an odor source (a volatile small 

molecule) emerges. The device is composed of a grid of 2PAC manufactured SERS sensors, which 

are placed nearby the odor source. The chapter seeks to solve the multiple odor source problem 



27 

 

for the first time, and show the first use of an odor compass for identifying odor sources of 

biological origin. I show that non-negative matrix factorization (NMF) is an ideal tool for 

decomposing SERS spectra into parts that correspond to different odor sources. Then, I show that 

various machine learning classifiers achieve good accuracy in solving the 2 odor source problem. 

Finally, I demonstrate that the SERS-based odor compass can identify the location of an EC 

biofilm growing nearby. 

 Chapter 7, Improved Concentration Regressions with Convolutional Neural Networks for 

Surface Enhanced Raman Scattering Sensing, seeks to explore the convolutional neural network 

(CNN) as a tool for analyte concentration regressions with 2PAC manufactured SERS sensors. 

The chapter shows that the CNN is a superior tool for concentration regressions compared to the 

fully-connected artificial neural network or the multilinear regression. I explore the robustness of 

the CNN model to interpolation, and show very positive results. Finally, I show that the CNN 

model can be interpreted through the use of gradient assisted class activation mapping 

(GradCAM). While CNNs are considered black-box models that are prone to making choices 

based on spurious correlations between inputs, GradCAM demonstrates that the CNN model uses 

pyocyanin spectral information in its inferences. 

 With Chapters 6 and 7 both successfully utilizing the CNN model for SERS spectra, 

Chapter 8, Quantification of Analyte Concentrations in the Single Molecule Regime Using 

Convolutional Neural Networks, pushes the model further, using it for single molecule 

concentration quantification. I recast the problem as an image classification problem, (with SERS 

spectra as pixels) for which the CNN model is particularly well suited. I show that even NMF is 

poorly suited for this task, due to the large variation in NMF loading observed at trace 

concentrations. Yet, the CNN model is shown to produce excellent results, with a limit of 
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quantification down to 10 fM. This tool is shown to be particularly powerful due to its 

compatibility with transfer learning, a method of training neural networks with small amounts of 

data. With transfer learning, I show that CNNs can be used for single molecule concentration 

quantification of a new analyte with only 50 examples per concentration. 

 Finally, I conclude Part 3 with Chapter 9, Semi-Supervised and Unsupervised Rapid 

Antimicrobial Susceptibility Testing (AST) with SERS. This chapter demonstrates AST in 

unprecedentedly short times. Again, a CNN model is used to interpret SERS spectra, but here in 

the form of a variational autoencoder (VAE). The unsupervised VAE builds a latent space that the 

spectra occupy which can be easily interpreted and used for semi-supervised and unsupervised 

classification. PA is either treated with antibiotics that it is resistant to, susceptible to, or not treated 

and SERS spectra are acquired from the PA lysate. These spectra are used to build the VAE latent 

space, and a clear trend emerges that is associated with cell health, and AST classification using 

machine learning tools is greatly improved. Finally, I show that this VAE visualization creates a 

virtuous cycle, where the computer informs the user of important information, enabling the user 

to acquire more useful spectra for the VAE to use. This results in ultra-accurate VAE models 

beating 99% AST classification accuracy. 
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Chapter 2 

Background 

2.1 Localized Surface Plasmon Resonance (LSPR) 

 From a classical standpoint, LSPR is simply exploiting a pole in the polarizability of a 

metal/dielectric interface to excite a guided wave in the interface. To make sense of this, let us first 

consider the polarizability of a metal/dielectric interface. For conceptual and mathematical 

simplicity we may consider the polarizability of a dipole embedded in a bulk material depicted in 

Figure 2.1, which yields the well-known Clausius-Mossotti relation.189  

 

Figure 2.1: Sketch of the physical system considered in the derivation of LSPR. Adapted from Maeir with 

permission from Springer.38 Copyright 2007. 

 

𝛼 = 4𝜋𝑎3 𝜀(𝜆)−𝜀𝑚(𝜆)
𝜀(𝜆)+2𝜀𝑚(𝜆)        (2.1) 

Where α is the polarizability of the nanosphere, a is the radius of the nanosphere, ε is the 

permittivity of the dielectric environment, εm is the permittivity of the metal, and λ is the 

wavelength. This system is isomorphic to the case of a spherical nanoparticle in a dielectric 

environment after applying the quasi-static approximation. From equation 1 we immediately 
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observe that a pole exists where ε(λ) = - 2εm(λ), a condition (the Fröhlich condition) easily satisfied 

for a metal nanoparticle embedded in a dielectric medium. This condition yields an infinite 

polarizability, in realistic situations the polarizability is bounded by the loss/storage term that 

comes from the imaginary component of a material’s permittivity. It is worth mention that the 

quasi-static approximation which requires that the radius of the particle is much smaller than the 

wavelength of light places the upper bound on how large a particle may be to exhibit this 

unbounded polarization. At some point LSPR cannot be excited by a plane wave and surface 

plasmon polariton behavior is observed, which is significantly more challenging to excite due to 

momentum matching conditions. 

 This simple dipole model can be extended further to reveal the usefulness of metal 

nanoparticles in surface enhanced spectroscopy techniques. Under plane-wave illumination, the 

electric near field of an oscillating electric dipole (our simplified model for a metal nanoparticle) 

is described by the following formula:189 

𝐸 =
3𝑛(𝑛∙𝑝)−𝑝

4𝜋𝜀0𝜀𝑚

1

𝑟3
        (2.2) 

Where n is the unit normal vector, p is the dipole moment, ε0 is vacuum permittivity, and r 

is the distance from the dipole. Given the dipole moment is a function of the polarizability times 

the incident electric field, we immediately see that, having met the Fröhlich condition, the electric 

field near the nanoparticle is unbounded. We shall see below that the intensity of light (the electric 

field squared) observed in many spectroscopy techniques is proportional to the incident light 

intensity and is thus modulated by the particle’s polarizability. 

2.2 Surface Enhanced Raman Scattering (SERS) Spectroscopy 

Raman scattering is a second order nonlinear optical phenomenon wherein light 

inelastically scatters off of a molecule and interacts with molecular vibrations, resulting in the light 
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energy being reduced by the vibrational energy. While a full quantum mechanical description of 

Raman scattering is out of the scope of this work, the classical description of this phenomenon 

describes the salient features of Raman scattering. First, consider a molecule that undergoes a 

vibration. For vibrations that are Raman active (that is they have large Raman scattering cross 

sections) the vibration will result in a shift of its electron cloud relative to the nuclei in the system, 

resulting in a dipole moment. Coupling of this dipole moment to the dipole moment caused by an 

incident (significantly higher frequency) plane wave is the cause of Raman scattering. Explicitly, 

consider the dipole moment caused by incident light.189 

𝑝0 = 𝛼0𝐸0(𝜔0𝑡)        (2.3) 

Where p0 is the dipole moment of the molecule caused by the light, α0 is its polarizability, E0 is the 

electric field of the light, ω0 is the frequency of the light, and t is the time coordinate. If a molecular 

vibration induces a dipole moment that is sufficiently small compared to p0 we can determine the 

total polarizability via Taylor expansion189 

𝛼 = 𝛼0 +
𝜕𝛼𝑣

𝜕𝑄
𝑄0(𝜔0𝑡)       (2.4) 

Where αv is the polarizability from the vibration, Q is the total electron cloud displacement relative 

to nuclei, and Q0 is the displacement from just incident light. Using this polarizability to determine 

the total dipole moment and assuming harmonic oscillation of the electric field and displacement 

we find (after a simple trigonometry identity)189𝑃 = 𝛼0𝐸0 𝑐𝑜𝑠 𝑐𝑜𝑠 (𝜔0𝑡)  +

(
𝜕𝛼𝑣

𝜕𝑄

𝑄0𝐸0

2
){𝑐𝑜𝑠[(𝜔0 − 𝜔𝑣)𝑡] + 𝑐𝑜𝑠[(𝜔0 + 𝜔𝑣)𝑡]}    (2.5) 

This is the most important result for Raman scattering. Inspection of the above formula shows that 

induced dipole moments are created at three frequencies:  ω0, ω0 - ωv, and ω0 + ωv. Light scattered 

from a molecule will be observed at these energies, which correspond to Rayleigh, Stokes, and 

https://www.zotero.org/google-docs/?jSrKpD
https://www.zotero.org/google-docs/?Cbdiia
https://www.zotero.org/google-docs/?kKv1N4
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anti-Stokes scattering, respectively, as depicted in Figure 2.2. Most electrons are in the ground 

state so Raman scattering (inelastic scattering) is measured at ω0 - ωv. We see now that Raman 

scattering may be used to measure the vibrational energies of molecules. 

 

Figure 2.2: Diagram of various light scattering phenomenon. ν0 and νv correspond to the normal frequency of the 

incident light and vibration, respectively. Adapted from Wikipedia.190 

 

 From here the benefit of using LSPR is simple; we replace the E0 in 5 with the electric field 

produced in metal nanoparticles near field from 2, which is bounded only by causality and losses. 

Further, note that we measure Raman intensity, not electric field, so the measured field will be E2. 

Further still, the intensity is increased both by the electric field brought to the molecule and the 

electric field brought from the scattered light emitted from the molecule back to the far field. SERS 

enhances the electric field in both cases, giving a total enhancement of E4, relative to the incident 

electric field. This E4 dependence makes SERS very powerful, doubling the electric field increases 

Raman scattering by a factor of 16. Plasmonic nanogaps – which use mode hybridization to 

improve field confinement (analogously to how dihydrogen increases electron density between 

https://www.zotero.org/google-docs/?BnHqOM
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hydrogen atoms relative to a single hydrogen) – give field enhancements over 100 fold, resulting 

in greater than 108 Raman scattering intensity. 

2.3 Electrohydrodynamic (EHD) Flow 

 EHD flow arises in colloidal, electrolytic, solutions at an electrode surface. An analytical 

description of EHD flow is sufficiently complex to make it outside the scope of this work so a 

qualitative description will suffice. In this work, only DC potentials will be considered, but the 

effect also exists with some differences, for AC potential. First, consider a colloidal particle in an 

electrolytic solution between an electrode and counter electrode and a DC potential driven between 

them. This particle will have an electric double layer of electrolyte surrounding it to neutralize its 

intrinsic zeta potential. The applied field moves electrons in the particle to one of its poles, 

inducing a dipole moment. Ions will rush to the particle’s poles to resist this dipole moment and 

eventually the particle will become fully charged by electrolyte. This in turn creates a nonuniform 

distribution of (induced) double-layer charge along the equator, generating a tangential electric 

field that drives a tangential ionic (and thus osmotic) flow. This results in a quadrupolar fluid flow 

profile with flow towards the particle’s poles and out from its equator. The streamlines associated 

with this flow (us) are depicted in Figure 2.3a in the case of an uncharged cylinder. 



34 

 

 

Figure 2.3: a) depicts the EHD flow streamlines around an uncharged cylinder in a homogeneous electrolytic 

solution adapted from Bazant and Squires with permission from Cambridge 1912 b) depicts EHD flow streamlines 

around an uncharged cylinder above an electrode, where the double layer thickness equals the particle radius 

adapted from Sides et al with permission from the American Chemical Society.192 Copyright 2003 

 

 The induced charge electroosmosis described above becomes much more interesting when 

symmetry is broken. This occurs when a particle is at the electrode surface. Here, fluid cannot flow 

from the particle through the surface, trapping the particle at the surface. Now the tangential ion 

buildup will interact with the double layer on the electrode, causing tangential ionic current. The 

resulting (osmotic) flows are now called EHD flow, and the flow now occurs inward towards the 

particle’s equator and out through the top of the particle. Streamlines associated with this flow are 

depicted in Figure 2.3b This flow entrains nearby particles and two dimensional assembly of 

particles proceeds. 

2.4 Machine learning 

Machine learning, the use of powerful computers to perform statistical inference with 

extremely efficient algorithms, has long been used to aid in the interpretation of SERS spectra.166 

Deep learning – a modern incarnation of machine learning which has produced disruptively high 

https://www.zotero.org/google-docs/?Ztn723
https://www.zotero.org/google-docs/?Le0Yyj
https://www.zotero.org/google-docs/?3rKIyD
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performance in various artificial intelligence applications – is rooted in the development of 

artificial neural networks (ANNs). The lens of ANN can also aid in understanding simpler machine 

learning algorithms that are used in this work. To understand ANNs, consider its fundamental 

building blocks: The artificial neuron (Figure 2.4).  

 

Figure 2.4: Components of an artificial neuron. Adapted from Wikipedia193 

 

From Figure 2.4 one can see that a single neuron takes in multiple inputs and outputs to a 

single value. The output is computed in two steps: (1) the neuron’s activation is calculated as a 

weighted sum of all inputs and (2) an activation function is then applied on the activation to 

produce the output, summarized in Equations 2.9 and 2.10, respectively.  

a = ∑xjwj          (2.6)  

y = f(a) = f (∑xjwj)         (2.7)  

Here a is the activation, xj is the jth input, wj is the corresponding jth weight, f(x) is the activation 

function, and y is the output. Activation functions can be chosen from a range of options, such as 

https://www.zotero.org/google-docs/?ShQhS1
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linear or rectified linear units (ReLU), among others. This output is then compared to the true value 

with the loss function, which is typically mean squared error (the average deviation of the predicted 

value from the true value, squared) for regression problems, and binary crossentropy (the amount 

of entropy (a measure of information carried between the distributions) between the predicted and 

true values) for categorization problems.194 

ANNs are built by connecting artificial neurons into networks (directed acyclic graphs), as 

visually depicted in Figure 2.5. Here each line represents a weight, and each circle represents a 

node, or a single neuron. Often there are many intermediate layers between the input and output 

that are termed hidden layers.  

 

Figure 2.5: Schematic representation of a fully connected neural network with 1 hidden layer.  

 

These considerations yield the following equations:  

A1 = X0W1 + B1        (2.8)  

https://www.zotero.org/google-docs/?c4Wxgc
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X1 = f(A1)          (2.9)  

A2 = X1W2 + B2         (2.10)  

X2 = Y = f(A2)         (2.11)  

where Ai , Xi , Wi , and Bi depict the activation vector, output vector, weight matrix, and bias 

vector of the ith layer, respectively. From this, one can see that ANNs are a series of matrix 

transformation separated by nonlinear activation functions. During training, the weight matrices 

Wi of each layer are iteratively updated—or learned—using backpropagation.195 

 With this framework we can understand several of the machine learning algorithms used 

in this work. First consider the multilinear regression used in chapter 6. We can reinterpret this 

algorithm as an ANN with all input wavenumbers fully connected to just one neuron with a 

linear activation function and mean squared error loss function. Non-negative matrix 

factorization (NMF), which is used extensively in this work to reduce the dimension SERS 

spectra into scores that represent isolated analyte signals, can be reinterpreted similarly. For 

NMF, we would have all input wavenumbers fully connected to nodes (whose number equals the 

number of NMF components used) with linear activation functions, Mahalanobis distance loss 

function, and the requirement that all weights and biases be positive. Convolutional neural 

networks, used in the later chapters of this work, are similar to ANN, but not all nodes are fully 

connected, and the connection rules are determined by the user for the particular application. 

 

 

 

 

https://www.zotero.org/google-docs/?WPbLWT
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Part Two: Nanomanufacturing Large-Area, High 

Performance Optical Devices 

 

 

 

“The astonishment which I had at first experienced on this discovery soon gave place to delight 

and rapture. After so much time spent in painful labour, to arrive at once at the summit of my 

desires was the most gratifying consummation of my toils.” 

-Mary Shelley, Frankenstein, or the Modern Prometheus  
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Chapter 3 

Driving Chemical Reactions in Plasmonic Nanogaps with 

Electrohydrodynamic Flow 

3.1 Introduction 

Since seminal reports demonstrating assembly of superlattices from colloidal 

dispersions,196 fundamental understanding of material, geometric tolerances, and process 

parameters in assembly of nanospheres from colloid has led to long range order in superlattice thin 

films on the wafer scale,197,198 marking significant progress in the ability to structure matter from 

molecular to mesoscopic length scales. In the case of 2D plasmonics and metasurfaces, it is often 

desirable to fabricate discrete assemblies rather than closed packed films that requires further 

understanding of hierarchical driving forces (long-range and short-range) for control of resultant 

architectures.199 These discrete assemblies are often referred to as oligomers because plasmon 

hybridization theory intuitively describes the electromagnetic response using an analogy with 

molecular orbital theory.130 Nanoparticle colloids thus provide metamolecule building blocks 

where not only composition, size, and shape of the nanoparticle but the geometry of resultant 

oligomers, gap spacings and dielectric environment provide additional degrees of freedom for 

tuning electromagnetic response.200–203 Our group’s early work has demonstrated that metal 

nanoparticles from colloids can be assembled in oligomers over large areas using self-organized 

chemical patterns131 that produce enhanced electromagnetic fields for SERS sensors.137 

(Sub)nanometer gaps between plasmonic nanoparticles has led to unprecedented light-matter 

interactions including: single molecule surface enhanced Raman scattering (SERS) 

https://www.zotero.org/google-docs/?LuVGty
https://www.zotero.org/google-docs/?0SJNPm
https://www.zotero.org/google-docs/?gyQt1C
https://www.zotero.org/google-docs/?nQSvZj
https://www.zotero.org/google-docs/?sJ66gj
https://www.zotero.org/google-docs/?4Bm5Gx
https://www.zotero.org/google-docs/?PJ2AbE
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spectroscopy,121 room temperature single molecule strong coupling,204 and second harmonic 

generation.205 Yet fabrication of discrete assemblies at nanoscale (sub-100 nm) dimensions with 

controlled (sub)nanometer gap spacing and at high densities over large areas remains 

challenging.206,207 

Long-range driving forces (~µm scale) have been used extensively in colloidal assembly, 

including capillary forces,208–210 convection,211,212 optical tweezing,213 electrophoresis,214 and 

electrokinetic phenomena (electrically driven fluid flow and particle motion).215–218 Short-range 

driving forces, such as electrostatic interactions, Van der Waals forces, and chemical crosslinking, 

are also essential for control gap spacing which has a profound impact on the optical response of 

plasmonic assemblies. Of these, chemical crosslinks – including DNA origami,219–221 

Cucurbit[n]uril,222,223 small molecules,224–226 protein linkers,227,228 and polymer encapsulation229–

231 – provide the most flexibility and control in architectures achieved from colloidal dispersions. 

Yet assemblies fabricated using chemical crosslinking methods typically do not employ long-range 

driving forces and rely on diffusion often leading to low oligomer density and/or incomplete 

assemblies. 

In this thesis, we use equilibrium charge electroosmosis, also referred to as 

electrohydrodynamic (EHD) flow, to drive the chemical crosslinking of nanospheres on a working 

electrode surface under a DC potential with a counter electrode. EHD flow191,232,233 is an 

electrokinetic phenomena that arises from lateral potential gradients within an electrode 

polarization layer218 and has been studied for both AC and DC applied potentials.234 The resultant 

flow can be radially attractive toward the source of the gradient; in this chapter a nanosphere in 

the lateral plane of an electrode is used to generate the gradient. EHD flow has been primarily 

studied in the context of micron scale particles where particles become entrained in flow fields 

https://www.zotero.org/google-docs/?ZgSR1q
https://www.zotero.org/google-docs/?9gAhvz
https://www.zotero.org/google-docs/?s4Rq2j
https://www.zotero.org/google-docs/?CxtrK6
https://www.zotero.org/google-docs/?35CRUZ
https://www.zotero.org/google-docs/?YP0P4O
https://www.zotero.org/google-docs/?yOufiP
https://www.zotero.org/google-docs/?4QTlZL
https://www.zotero.org/google-docs/?gK64vE
https://www.zotero.org/google-docs/?E1iZ8d
https://www.zotero.org/google-docs/?cq09vq
https://www.zotero.org/google-docs/?cy72pP
https://www.zotero.org/google-docs/?j3V8BH
https://www.zotero.org/google-docs/?7Swiy5
https://www.zotero.org/google-docs/?7Swiy5
https://www.zotero.org/google-docs/?ygXv2G
https://www.zotero.org/google-docs/?CpxQZp
https://www.zotero.org/google-docs/?k0lY9Q
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resulting in two-dimensional close-packed assemblies. Resultant structures are transient and are 

typically imaged in situ using confocal microscopy making it difficult to understand assembly 

behavior at sub-100 nm dimensions.   

Interestingly, EHD flow is found here to drive chemical crosslinking of 40 nm Au 

nanospheres forming anhydride bonds between them. Anhydride bonds are observed 

spectroscopically with SERS and are consistent with gap spacings observed via transmission 

electron microscopy. By freezing transient EHD assemblies with chemical crosslinking, oligomer 

distributions on the surface are analyzed to provide insight into how long range forces (EHD, 

Brownian motion) and short range forces (chemical crosslinking, electrostatic interactions) affect 

assembly of nanospheres. Statistical analysis of scanning electron microscopy images shows 

permanent oligomers composed of ten nanospheres or less result when deposition favors EHD 

flow over random Brownian motion. Extinction response of assemblies over large area is 

dominated by oligomers with gap spacings of 0.9 nm. Further probing of large area optical 

response with a standard SERS analyte demonstrates uniform enhancement factors of 109 with a 

relative standard deviation is 10% over a 1 mm2 area. Thus these surfaces provide the benefit of 

uniformity of contemporary lithographic235 and roll to roll236 fabrication of SERS surfaces while 

providing high signal enhancements due to 0.9 nm gap spacings in oligomers. Overall assembly is 

found to depend on the probability of: 1) nanosphere-nanosphere collisions (influenced by EHD 

flow), 2) overcoming activation energy barriers (enthalpic effects) and 3) steric interactions 

(entropic effects) leading to appropriate molecular configurations for reactions to occur. These 

results demonstrate the ability to enable chemical reactions in plasmonic nanogaps with long range 

colloidal driving forces. This work represents a step forward for directed assembly of 

nanoarchitectures to create metasurfaces by demonstrating the influence of both the template and 

https://www.zotero.org/google-docs/?zsPKip
https://www.zotero.org/google-docs/?NMPUhC
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physical driving forces in assembly to control oligomer morphology and uniformity of gap 

spacing. 

3.2 Investigation of Driving Forces in Assembly 

Two-dimensional growth of Au nanosphere oligomers over areas as large as 1 cm2 occurs 

via a seeded growth method where oligomer growth from Au nanosphere seeds is driven by EHD 

flow; oligomers are then stabilized by chemical crosslinking that also provides uniform gap 

spacings. The process of oligomer formation is depicted in Figure 3.1a and the mechanism is as 

follows: 1) Electrophoretic sedimentation guides Au nanospheres towards a doped Si working 

electrode coated with a PS-b-PMMA diblock copolymer template. Carbodiimide crosslinking 

chemistry237 covalently binds these Au nanosphere seeds on amine functionalized PMMA regions. 

The PS-b-PMMA diblock copolymer template is composed of PMMA lamella domains with 

widths of 40 nm and fractional surface coverage of 28%. The template is chosen to distribute Au 

monomer seeds evenly over the entire surface. 2) The bound Au nanosphere monomers serve as 

the seeds that nucleate further oligomer growth by generating EHD flow that entrains nearby 

nanospheres, extending approximately 4 particle diameters,238 dragging them towards the source 

of the perturbation in the plane of the electrode. The inset of Figure 3.1a illustrates the tangential, 

attractive EHD flow on an electrode surface near a covalently bound Au seed on PMMA. 3) As 

oligomers formed by EHD are transient,234 e.g., when the voltage is removed the assembled 

particles will dissolve back into the bulk solution without a strong attractive force with the surface. 

Here, carbodiimide crosslinking chemistry stabilizes oligomers after formation.   

Chemical pathways of carbodiimide crosslinking chemistry are illustrated Figure 3.1b. Au 

nanospheres are assembled on the surface via two paths. First carbodiimide activates the 

carboxylic acid on the particle forming the isourea species which then forms an amide bond with 

https://www.zotero.org/google-docs/?ykHxnZ
https://www.zotero.org/google-docs/?aduYKB
https://www.zotero.org/google-docs/?3bgJVB
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PMMA, labeled Path 1. Amide bond formation with PMMA can also be accelerated with S-NHS 

via intermediate succinide formation, labeled Path 3. However, the activated isourea may also react 

with carboxylic acids yielding anhydride bonds as labeled in Path 2.237 Anhydride bond formation 

is not frequently observed, and when observed it has been attributed to the close proximity between 

carboxylic acid groups during polymer crosslinking,239 and related to the Thorpe–Ingold effect in 

cyclization reactions. Atomistic simulations show that the equilibrium distance between two gold 

surfaces crosslinked with anhydride to be 0.85 nm. This prediction is consistent with the gap 

spacing between nanospheres observed in transmission electron microscopy (TEM) images 

(Figure 3.2a) which is approximately 0.9 nm. It is also important to note that the gap spacing 

observed is different when oligomers are assembled in the absence of applied bias; where previous 

reports show a range from 2-7 nm.137 Since all substrates are assembled in 23 mM electrolyte 

solution resulting in an electrostatic potential barrier between nanospheres.  

 

  

Figure 3.1: (a) Schematic of EHD attractive forces in colloidal solution of carboxylic acid functionalized Au 

nanospheres near the working electrode composed of a self-organized PS-b-PMMA diblock copolymer template on 

Si. Inset depicts the EHD flow that entrains nearby particles around a Au seed, increasing the probability of 

nanosphere-nanosphere collisions (b) Carbodiimide chemistry pathways yield covalent linkages to the amine 

functionalized surface via paths 1 and 3, while covalent linkages between nanospheres are achieved through path 2. 

 

 While the TEM results support anhydride bond formation, it is also possible to 

https://www.zotero.org/google-docs/?SIIR4n
https://www.zotero.org/google-docs/?gUuPOJ
https://www.zotero.org/google-docs/?OVQlVn
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spectroscopically probe molecules between nanospheres. Surface enhanced Raman scattering 

(SERS) spectra provides a means to interrogate molecules near the center of the gap where the 

electric field intensity is maximum. Figure 3.2b (lower blue curve) depicts a SERS spectra of a 

sample with 40 nm Au oligomers on the surface prepared as described in the methods section. 

Vibrational bands associated with anhydride groups are observed at 1011 cm-1, 1230 cm-1, 1380 

cm-1, similar to those reported for acetic anhydride. We further probe the ability to monitor local 

chemistry in the gap by cleaving anhydride linkages via nucleophilic substitution. The orange 

curve in Figure 3.2b depicts a SERS spectra observed after overnight treatment of a sample with 

0.5 mM methylamine, a molecule with weak Raman bands.66 Notably the vibrations associated 

with anhydride groups no longer stand out above the background indicating they have been cleaved 

by methylamine. In order to further probe chemistry in the gaps, nucleophilic substitution of the 

anhydride linker with aniline, a molecule with a higher Raman cross section than methylamine, is 

examined. The green curve in Figure 3.2b depicts SERS spectrum observed after overnight 

treatment of a sample with 0.5 mM aniline. Characteristic peaks are observed at 1000 cm-1 and 

1173 cm-1. For comparison, subsequent treatment of first methylamine (to cleave anhydride bonds) 

and then aniline (where selective attachment in the hotspot will now not occur since anhydride 

bonds have been cleaved) indeed shows a much weaker SERS signal for aniline. This spectrum is 

shown in the top green curve of Figure 3.2b. Here any indication of aniline in the spectrum would 

be due to binding to the gold surface via amine-Au interactions. This does not appear to be 

occurring at a significant rate and this is reflected in the SERS spectrum. The SERS spectra 

showing the presence of vibrations associated with anhydride groups and then aniline groups after 

nucleophilic substitution with methylamine indicates molecules can be placed in the gaps via a 

reaction with the crosslinking molecular group. Thus the crosslinking chemistry used to assemble 
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oligomers also enables sensing of nucleophilic compounds.   

 The SERS data of Figure 3.2b demonstrates that functional groups used for chemical 

assembly and other molecules in the gaps are observable in spectra due to high electric field 

enhancement in the nanometer gaps. Full-wave finite elements method simulations show an 

electric field enhancement on the order of 600 in the hotspot region of a dimer due to the narrow 

gap spacing; the electric field profile on a cross section passing through the middle of dimer is 

shown on a logarithmic scale in the inset of Figure 3.2c. We can also measure field enhancements 

using a standard Raman reporter molecule, benzenethiol (BZT). Figure 3.2c (lower curve) shows 

SERS spectra of an oligomer sample after exposure to BZT. Yet if anhydride bonds reside in the 

‘hottest’ region, BZT cannot access this region. An oxygen plasma treatment was then performed 

to remove ligands from nanosphere surfaces. SERS spectra of an oligomer sample with BZT self-

assembled onto the nanospheres’ surface after plasma treatment is shown in the upper curve of 

Figure 3.2c. Here, SERS signal from BZT increase up to 258%. The increased SERS signal is 

concomitant with increased hotspot occupation volume by BZT and can be attributed to diffusion 

of BZT into the hotspot that is possible after removal of the anhydride from the gaps between 

nanospheres. Interestingly, comparison of the 1076 cm-1 in plane ring deformation superimposed 

with C-S stretch and the 998cm-1 in plane ring deformation shows greater enhancement of the 1076 

cm-1 band after removing the anhydride linker; the two peaks show approximately equal intensity 

in SERS data before plasma etching. This further indicates that the C-S bond has displaced the 

anhydride previously located in the hotspot as the relative intensity of vibrational modes is related 

to the molecular orientation in the gap. The ability to remove anhydride groups in the gaps is 

important for label-free SERS sensing applications where analyte molecules in hotspots will yield 

lower detection limits. 
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Figure 3.2: (a) A representative transmission electron microscopy micrograph of EHD assembled Au nanospheres 

deposited on PS-b-PMMA coated graphene membrane grid. Gap spacings observed are consistent with anhydride 

linkers forming from LA ligands on nanospheres. (b) SERS spectra (each offset from one another by 1x103 for 
visual clarity) of EHD assembled oligomer sample of an untreated sample with anhydride group intact (blue curve), 

after overnight treatment of a sample with 0.5 mM (orange curve) methylamine - which cleaves anhydride groups - 

and (green curve) aniline - which cleaves the anhydride and leaves a phenol group, (red curve) after subsequent 

treatment with methylamine and then aniline and (c) when a BZT self-assembled monolayer is formed on a sample 

(blue curve) without and (orange curve) with oxygen plasma treatment. The inset depicts the magnitude of electric 

field in logarithmic scale 

 

Reactive molecular dynamics (MD) simulations illuminate the origin of the EHD driven 

anhydride crosslinking. The stability of Au nanosphere’s in solution with carbodiimide crosslinker 

indicates that the anhydride pathway is a rare event.240 We examine this hypothesis by analyzing 

the probability distribution function of the distance between the reactive carbon atom in 

acylisourea (OA) and the deprotonated oxygen atom in lipoic acid (LA) – dC-O – using the 

transferable ReaxFF potential.241,242 The exact concentration of LA and OA ligands on the surface 

may vary from nanosphere to nanosphere so three concentrations are analyzed: one OA to one LA 

(Low), one OA to four LA (medium) and two OA to four LA (High) concentrations. The 

concentrations investigated are in the range of LA ligands observed on the surface of gold 

nanospheres.243 In simulations, ligands are connected to opposing faces of an Au (111) slab at 11, 

15, and 20 Å nanogap separations, dAu. Simulation parameters are further detailed in the methods 

section. Figure 3.3a-c (dotted curves) depicts the distributions of dC-O in the various cases, with 

Figure 3.3d providing an interpolated contour map of the relationship between dAu, dC-O, and ligand 

https://www.zotero.org/google-docs/?tFOFKR
https://www.zotero.org/google-docs/?J4NOxE
https://www.zotero.org/google-docs/?53Z3bN
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concentration. Two features of the nanogap chemistry are salient: 1) 17 Å corresponds to fully 

extended LA and OA ligands and is thus the minimum dAu for the reaction to occur. This minimum 

distance for reaction is not observed in TEM images obtained from control samples assembled 

without EHD flow. This minimum distance for reaction is not observed in TEM images obtained 

from control samples assembled without EHD flow. 2) Regardless of ligand concentration and dAu 

the proximity required for reaction – dC-O = 2.9 Å – is at least 4 standard deviations from the mean 

dC-O. These results indicate that EHD flow is necessary for maintaining close proximity between 

nanoparticles in timeframes reasonable for reaction. 

 Interesting ligand dynamics also emerge from the MD study, indicating entropy’s role in 

this reaction. Gaussian mixture analysis of dC-O trajectory, depicted in Figure 3.3a-c as solid curves, 

identifies three normal distributions regardless of concentration and nanogap distance. The inset 

of figure 3.3b visualizes these states in red, violet and cyan in the configuration space. These three 

states are separated by energy barriers comparable to thermal fluctuations, kBT, schematically 

illustrated in Figure 3.3c’s inset. MD simulations probe these three degenerate states via a diffusive 

mechanism, which is entropic in nature. We find that the average dC-O decreases with increasing 

concentration except for the case of high concentration at small nanogap distances, dAu=11 Å. The 

latter is strongly affected by the presence of large steric forces between OA and LA groups that 

ultimately hinder the mobility of reaction sites in the nanogap. The minimum average proximity, 

dC-O=4.1±0.3 Å, occurs at high concentration, when the nanogap separation is 15Å. Yet, this 

distance is greater than the proximity required for reaction, 2.9 Å, and only the tail end of the 

probability distribution function samples this space. Therefore, we can conclude that entropic 

effects play a critical role in bringing reactive cores in proximity of each other – an event that 

occurs rarely as a result of competition with steric effects. Furthermore, our results confirm that 
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the probability of bringing reactive groups in the proximity of one another is dependent on both 

the concentration and nanogap size, Pentropy=Pentropy (C, dAu) hypothesized in previous work to drive 

anhydride bond formation via carbodiimide crosslinking.239 

 

 

 

Figure 3.3. Analysis of the distribution of C-O distance, dC-O, corresponding to the reactive carbon atom in OA and 

the deprotonated oxygen atom in LA for low (one OA+ one LA), medium (one OA+ four LA) and high (two OA+ 

four LA) concentrations. OAs and LAs are interacting in the aqueous medium between two Au surfaces that are 

separated at dAu (a) 11, (b) 15 and (c) 20Å. Gaussian mixture analysis indicates presence of three distinct degenerate 

dC-O. The inset in (b) represents superposition of the degenerate states that are depicted by red, violet and cyan 

regions corresponding to three distributions of dC-O averaged at 3.8, 5 and 6Å, respectively. Water molecules are not 
displayed and OA and LA are shown in gray color for the sake of clarity. The inset in (c) provides a schematic 

representation of the energy landscape consisting three states separated by energy barriers comparable to thermal 

fluctuations. (d) The color-map of the average dC-O as a function of concentration and dAu. The minimum average 

distance has an entropic nature as a result of competition between concentration and steric interactions. 
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With the role of entropy understood, we turn now to consider enthalpic processes. 

Observation of rare chemical reactions with the MD framework is facilitated via a harmonic bias 

potential that favors small dC-O. At high temperatures anhydride formation is indeed observed, 

consistent with the premise that EHD flow is necessary to facilitate this reaction. A nudged elastic 

band (NEB) technique is employed244,245 to probe the minimum energy path (MEP), given low dC-

O. Figure 4 depicts the MEP of Low concentration LA-OA (I) reaction to form an anhydride (III), 

exhibiting two enthalpic reaction barriers (TS1 and TS2) and a metastable intermediate complex 

(II) at different dAu. The configurations on top of Figure 3.4 provide a schematic representation of 

successive reaction stages extracted from NEB simulations. The enthalpy of reaction is found to 

vary between -2 and -6 kcal/mol, indicating an exothermic process. The TS1 activation energy 

barrier is roughly 27 kcal/mol (~ 45 kBT at ambient conditions) irrespective of dAu. This activation 

energy is comparable to that of imine carbons on polycarbodiimides measured in 13C CP/MAS 

NMR spectroscopy.246 The intermediate complex further dissociates to yield anhydride with TS2 

activation energy barrier estimated at 5-8 kcal/mol. NEB calculations indicate that transition 

through TS1 is the rate-controlling step in the anhydride formation. This enthalpic rate is controlled 

neither by the concentration, nor by the nanogap size. Therefore, the probability of such enthalpic 

reaction is just a function of temperature, Penthalpy= Penthalpy (T) x const., in our system. Thus the 

probability of reaction PReaction= Pentropy (C, dAu) x Penthalpy (T) x PCollision is tuned on the nanosphere 

assembly surface by modifying PCollision via EHD flow.  

 

https://www.zotero.org/google-docs/?HRatRn
https://www.zotero.org/google-docs/?8lULrA
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Figure 3.4. Minimum energy path of OA and deprotonated LA reaction obtained from nudged elastic band (NEB) 

calculations at dAu=13, 15 and 17Å. The initial (I), intermediate complex (II) and final states (III) are separated via 

two reaction energy barriers, transition states TS1 and TS2. The top schematics provide the snapshot of these states 

extracted from NEB calculations. The reactive carbon and oxygen atoms are highlighted respectively in blue and 

red, while the rest of the organic molecules are shown in silver and water molecules are omitted for clarity. The 

activation energy, Ea, is estimated to be around 27 kcal/mol for TS1 and 5-8 kcal/mol for TS2. 

 

3.3 EHD Driving Forces Influencing Oligomer Assembly 

We turn now to investigate how EHD flow induced anhydride crosslinking affects density 

and geometry of oligomers on substrates; hereafter we refer to samples as EHD-anhydride 

substrates. This analysis is aided by examining oligomer formation on substrates assembled 

without applied bias, hereafter referred to as Control substrates. Figure 3.5a,b depicts 

representative SEM images of substrate surfaces assembled at room temperature without and with 

an applied bias, respectively. First it is important to consider how oligomers form on Control 
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surfaces. In the case of zero bias-voltage deposition, amine-functionalized copolymer-coated Si 

substrates are placed in carboxylic acid-functionalized Au nanosphere colloid with carbodiimide 

crosslinker. Brownian motion drives the nanospheres to randomly collide with the substrate 

surface. Similar to Au seed assembly, collisions can result in a reaction between an O-acylisourea 

on the nanosphere and an amine on the surface, covalently binding nanospheres to the PMMA 

domains via an amide bond. An oligomer is formed when another nanosphere reacts with the 

PMMA surface near a monomer. The tendency to grow beyond a monomer is referred to as 

oligomerization. Oligomer configuration (measured as number of nearest neighbors), and 

oligomerization, is examined by measuring percent coverage of various oligomers (monomer, 

dimer, trimer, etc.) on the substrates’ surfaces. Coverage statistic data are shown in Figure 3.5e,f. 

We find, unsurprisingly, that Control substrates exhibit a steep decrease in percent coverage 

beyond a monomer, due to electrostatic repulsion between nanospheres, and a monotonic decrease 

in percent coverage beyond a dimer.  

Comparison of statistics in Figure 3.5e and 3.5f show a 336% increase in nanosphere 

coverage is observed on the EHD-anhydride substrate with respect to the Control. The increase in 

coverage can partially be attributed to electrophoretic sedimentation due to the applied bias. Yet 

examination of Figure 3.5e and 3.5f also show dramatically increased oligomerization, few 

monomers and many close packed oligomers - a signature of EHD flow driven assembly - are 

observed on the EHD-anhydride substrate. The average number of nearest neighbors per particle 

increases from 0.66 to 2.2 (where 0 is an isolated particle and 6 is a 2D hexagonally close packed 

lattice) from the Control to the EHD-anhydride substrate. If electrophoresis was the only driving 

force, surfaces would exhibit a monotonically decreasing oligomerization distribution similar to 

the Control substrate. Instead, the distribution is centered around quadrumers in Figure 3.5f and 
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anhydride linking induced by EHD flow leads to over a 2.5-fold reduction in the number of 

monomers with respect to the Control substrate. This observation is consistent with the seeded 

growth assembly mechanism where seed monomers are consumed when they oligomerize via 

anhydride attachment with nanospheres in colloid due to the presence of an applied bias driving 

EHD flow.  

 

Figure 3.5: Representative SEM images taken from the substrate surfaces with 40 nm Au nanospheres 

deposited at (a),(b) room temperature and (e),(f) corresponding oligomerization distribution observed on Control 

substrates and EHD-anhydride substrates, respectively. The close packing of oligomers and reduction of monomer 

observed on EHD-anhydride substrates are the hallmark of EHD flow driven oligomerization. (c),(d) Representative 

SEM images and (g),(h) corresponding oligomerization distribution observed on 60 0C Control substrates and 60 0C 

EHD-anhydride substrates, respectively. Nanosphere surface density is seen to increase greatly with increased 

Brownian motion of the particles. The 60 0C EHD-anhydride substrate is observed to have a reduced degree of 
oligomerization compared to the room temperature EHD-anhydride substrate.   

 

It is also important to consider how Brownian motion competes with EHD flow during 

oligomer formation. The effect of Brownian motion can be evaluated by examining oligomer 

configuration statistics after assembly when the colloid is heated to 60 0C during deposition; 

representative images are shown in Figure 3.5c,d for both Control and EHD-anhydride substrates, 

respectively. Without voltage, Figure 3.5c, one observes a nearly two-fold increase in the number 
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of nanospheres attached to the surface in comparison to room temperature deposition (compare 

with Figure 3.5a). With voltage, Figure 3.5d, one observes a dramatically increased density of 

oligomers, with respect to all other assembly conditions. The total nanosphere surface coverage 

for the 60 0C EHD-anhydride substrate is 15%, while the surface coverage the room temperature 

EHD-anhydride substrate is 3.7% (shown in Figure 3.5b). Figure 3.5g,h depicts the 

oligomerization statistics obtained from the Control and EHD-anhydride substrates, respectively, 

to understand the more complex behavior at elevated temperature. First Brownian motion is 

expected to increase the number of nanosphere collisions with the surface increasing the number 

of monomer seeds. Monomers indeed dominate in frequency on 60 0C Control substrate, as 

observed in the SEM image in Figure 3.5c and statistics in Figure 3.5g. The EHD-anhydride 

substrate deposited at 60 0C shows a reduced degree of oligomerization, see Figure 3.5h, when 

compared to the room temperature EHD deposition (shown in Figure 3.5f). There is a slight shift 

to smaller oligomers on average; trimers are observed with the higher frequency over quadrumers 

when deposition occurs at 60 0C versus room temperature. Oligomers are still observed to be close 

packed, with an average of 2.06 nearest neighbors per particle, indicating EHD is still a major long 

range driving force in assembly at 60 0C. This data unsurprisingly indicates that EHD flow 

competes with Brownian motion, yet Brownian motion does not completely overwhelm EHD flow 

in determining oligomer morphology during assembly of nanospheres with 40 nm diameter. 

Indeed, the increase in temperature is a means for limiting the size of oligomers and increasing 

their density on the surface by increasing the number of seed monomers on the template surface. 

For many applications, for example, SERS sensors, the higher surface coverage of the EHD-

anhydride substrate prepared at elevated temperature is desirable for high hotspots density. The 

increased oligomer density and reduced degree of oligomerization from a slight increase in 
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deposition temperature synergistically improve optical response uniformity as we shall see in the 

following section. 

The relative contributions of EHD flow, Brownian motion, and electrophoretic 

sedimentation can be further elucidated by comparing oligomerization of particles with different 

dimensions.247 While long range forces associated with EHD flow (Brownian motion) increases 

(decreases) with increasing particle diameter, electrophoretic mobility is primarily dependent on 

zeta potential.248 Figure 3.6a,b are representative SEM images and oligomerization statistics from 

room temperature and 60 0C depositions, respectively, performed with 20 nm diameter Au 

nanospheres. All other deposition parameters are identical to the 40 nm diameter Au nanosphere 

EHD-Anhydride depositions. Oligomerization statistics depicted in Figure 3.6c,d are determined 

from 25 SEM images with dimensions of 4.0 μm × 2.7 μm. The room temperature sample has 

significantly greater total surface coverage than its 40 nm diameter counterpart, 17% compared to 

3.7%, likely due to the reduced Stokes drag on the smaller particles.248 Figure 3.6d shows that 

increasing heat to 60 0C greatly reduces EHD flow induced oligomerization, this is likely due to 

the significant increase the average velocity of the 20 nm particles at these temperatures. This data 

shows that increased Brownian motion competes with EHD flow and the faster moving 

nanospheres have a reduced probability of being entrained by EHD flow. Overall the 20 nm 

diameter substrates are significantly less oligomerized than the 40 nm substrates, which is 

consistent with the fact that EHD flow force density scales with particle size; 20 nm diameter 

appears to be the lower limit in which EHD flows are an important driving forces for colloidal 

assembly, consistent with observations using optoelectrokinetic flows.217  

 

https://www.zotero.org/google-docs/?hJOtnN
https://www.zotero.org/google-docs/?6hLRJ1
https://www.zotero.org/google-docs/?kfeyA1
https://www.zotero.org/google-docs/?WiVhrq
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Figure 3.6 depicts nanosphere oligomer substrates assembled with 20 nm diameter Au nanospheres. (a),(b) are 

representative SEM images taken from the substrate surfaces and (c),(d) depict the oligomerization distribution 

observed on room temperature and 60 0C EHD-anhydride substrates, respectively. 

 

3.4 Plasmon Resonance Response of EHD-Anhydride Substrates 

The motivation for utilizing a long range driving force to induce chemical crosslinking is 

uniformity of coverage over large areas. UV-vis spectroscopy is used to probe the large area optical 

response of EHD-anhydride substrates with 40 nm Au nanospheres. An area of 9 mm x 0.5 mm 
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was measured and normalized attenuation spectrum of 60 0C EHD-anhydride and, for comparison, 

Control substrates are plotted in Figure 3.6a,b, respectively. Samples are prepared on transparent 

conductive substrates as detailed in the methods section and immersed in water during 

measurements. The absorption spectra of differing oligomer geometries with 0.9 nm gap spacings 

are simulated with the full-wave finite elements method and overlaid as dotted and dashed curves 

with the measured attenuation spectrum in Figure 3.6a. This allows us to examine how different 

geometries contribute to the measured attenuation spectrum.  

Four distinct peaks are readily observable within the 60 0C EHD-anhydride substrate’s 

attenuation spectrum. Simulations identify these peaks to be associated with monomers (536 nm, 

in good agreement with Mie scattering theory), dimers (686 nm), trimers (740 nm), and 

quadrumers (782 nm) with 0.9 nm gap spacings. These results indicate that the large area optical 

response is dominated by anhydride linked oligomers with characteristic 0.9 gap spacing. This is 

further corroborated by examining the attenuation spectrum of the 60 0C Control substrate, shown 

in Figure 3.7b. Unsurprisingly the spectrum is dominated by monomer attenuation. Lines 

representing the absorption maximum, determined from full-wave simulations of dimers, trimers, 

and quadrumers are also depicted on Figure 3.7a,b for visual clarity. No discrete oligomer peaks 

can be observed in the UV-Vis spectrum from the Control sample. Consider that the absorption 

maximum of a 2 nm gap dimer geometry, calculated in simulations and plotted with a dashed line 

in Figure 3.7a, shifts the dimer absorption peak by nearly 50 nm from the 0.9 nm dimer case. The 

blurring of the oligomer response for the Control substrate is attributed to the lack of anhydride 

mediated control of gap spacings, which results in a continuous distribution of spectral position 

for any given oligomer geometry. 
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Figure 3.7: Normalized attenuation spectra of a 40 nm (a) 60 0C EHD-anhydride substrate (solid blue curve) and (b) 

60 0C Control (solid red curve). Spectrum in (a) is overlaid with calculated absorption cross section of observed 

oligomers with various geometries with color-coded schematic. Close packed absorption cross-sections offset by 
3.9x104 for visual clarity. Clearly resolved dimer, trimer, and quadrumer peaks within the attenuation spectrum are 

indicative of the anhydride crosslinking which maintains gap spacings within oligomers. In (b) the calculated 

maximum value of absorption cross section of a linear dimer, trimer and quadrumer with 0.9 nm gap spacings are 

shown with a black, red, and green lines, respectively. 

 

Interestingly, UV-vis data and simulations demonstrate that oligomer gap spacings have a 

more profound impact on the spectral shift of an oligomer resonance than oligomerization. These 

results are unsurprising when one considers that the plasmon mode is only slightly perturbed by 

the addition of a nanosphere on an oligomer when it is not in the polarization direction of the 

incident excitation beam.249 Consider the spectral position in the simulated absorption spectra of 

Figure 3.7a of a linear trimer that is shown in the curve composed of orange squares is only blue 

shifted by 4 nm from a hexamer, shown in the brown curve. Adding two more particles to this 

configuration, shown in purple, results in a further 3 nm spectral shift. This is a much smaller 

broadening than occurs when the gap spacing increases from 0.9 nm to 2 nm. This observation is 

key to understanding why the optical response is narrower than one might expect from the 

oligomerization statistics in Figure 3.7d. As EHD flow drives the formation of close packed 

oligomers most oligomers have between three and four particles along any given polarization axis. 

Consider that the first circular perfectly close packed oligomer to have greater than four particles 

https://www.zotero.org/google-docs/?RDKXAM
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in a row contains 21 particles; 98% of oligomers observed in the 60 0C EHD-anhydride substrate 

contain fewer than 21 particles. More significantly, the distribution statistics by number show that 

93% of the surface is composed of oligomers of nine nanospheres or less. Thus, the clear majority 

of oligomers can be excited with a laser wavelength between the linear trimer and linear quadrumer 

resonance wavelengths. The peak maxima observed in the UV-vis absorption data of Figure 3.7a 

is associated with a trimer. By exciting a surface with densely packed oligomers, observed for 

example in Figure 3.5d,h, we can expect to excite a reproducible distribution of oligomers in any 

given laser spot diameter. 

3.5 SERS Response 

In order to further examine the optical uniformity, a SERS enhancement factor (EF) map 

was acquired over 1 mm2 of an oxygen plasma treated 60 0C EHD-anhydride substrate when 

excited with a 785 nm laser source at 76 μW for 0.1 s exposure times, shown in Figure 3.8. The 

small gap spacings in oligomers enabled by the (cleavable) anhydride crosslinker provided by 

template-seeded EHD flow should yield a model system for SERS. The EF is determined by 

assembling a self-assembled monolayer of BZT onto the substrate and observing the intensity of 

1573 cm-1 vibration band. The raw SERS data is converted into an EF using the following 

equation:137 

EF = (ISERS/NSERS)/(Ineat/Nneat)               (3.1) 

Where ISERS is the SERS intensity from the sample, Ineat is the neat Raman intensity from the bulk 

solution, NSERS is the number of molecules participating in the SERS, and Nneat, is number of 

molecules participating neat measurements. The number of BZT molecules participating in the 

SERS measurements is determined through the average surface coverage of nanospheres assumed 

to be coated with a self-assembled monolayer of BZT over the mapped region, obtained using 

https://www.zotero.org/google-docs/?JODiYY
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SEM images. The average coverage is used for all EF calculations. The SERS map shows an 

average SERS EF value of 1.4x109. The data shows a 10% relative standard deviation (RSD) of 

the 1573 cm-1 peak across the mapped area. SERS EF is approximately proportional to the electric 

field enhancement taken to the fourth power, indicating that the anhydride linked oligomers 

achieve extraordinarily large electric field enhancements while providing point to point uniformity 

in the spot size of the optical beam. The low signal deviation is a result of the seeded growth 

oligomerization protocol that is optimized by controlling the temperature, block copolymer 

template, and EHD flow. 
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Figure 3.8: SERS EF map of an oxygen plasma treated 60 0C EHD-anhydride across a 1 mm x 1 mm area where 

each measurement is separated by 10 μm, corresponding to 10,000 measurements. The laser power is 76 μW with a 

0.1 s exposure time. Inset: Histogram of measured SERS EF values with 57 bins depicting a mean of 1.4×109, full 

width at half maximum of 3.5×108, and RSD of 10%. 

 

3.6 Conclusion 

In this chapter, we propose a novel method for the seeded chemical assembly of discrete 

oligomers with high density over large areas. Electrohydrodynamic (EHD) flow is found to serve 

as a long-range driving force to bring Au nanospheres together, enabling local chemical 

crosslinking at an electrode surface using carbodiimide chemistry. We confirm the anhydride 

linker assembly mechanism with SERS spectroscopy, and show with transmission electron 

microscopy that the resulting gap spacings between particles are 0.9 nm only when an applied bias 
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is present to generate EHD flow. Parameters affecting assembly are elucidated by atomistic 

simulations.  The probability of forming an anhydride bond between nanospheres is the product 

PReaction= Pentropy (C, dAu) x Penthalpy (T)  x PCollision, where EHD flow is a key factor to increase the 

probability of nanosphere-nanosphere collisions. The effect on oligomer bulk optical response is 

observed with UV-vis microscopy.  Individual oligomer contributions to optical response is 

elucidated with electromagnetic full-wave simulations where it is found to depend more strongly 

on nanogap dimensions versus oligomer geometry. Finally, the electric field enhancement 

produced by oligomers, as determined with surface enhanced Raman scattering (SERS) 

spectroscopy, is shown to be relatively uniform over a 1 mm2 area, with a relative standard 

deviation in signal of 10%.  This is significant as the SERS enhancement factor has an average 

value of 1.4×109. There are typically tradeoffs between uniformity and high electric field 

enhancements in SERS measurements.  The results demonstrate that the use of long range driving 

forces to drive chemical crosslinking between nanospheres represents a new tool for scientists and 

engineers to fabricate plasmonic devices using colloidal assembly. In chapter 4, this tool will be 

extended to templated assembly, permitting precisely defined EHD flow fields for fabricating 

uniform oligomer structures and metasurfaces. 

3.7 Methods 

3.7.1 Materials 

Random copolymer Poly(styrene-co-methyl methacrylate)-α-Hydroxyl-ω-tempo moiety 

(PS-r-PMMA) (Mn = 7,400, 59.6% PS) and diblock copolymer poly(styrene-b-methyl 

methacrylate) (PS-b-PMMA) diblock copolymer PS-b-PMMA (Mn = 170-b-144 kg mol-1) were 

purchased from Polymer Source, Inc. (Dorval, Canada). Gold nanospheres diameter of 20 nm and 

40 nm with lipoic acid functionalization were purchased from Nanocomposix (San Diego, CA). 
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Si(001) wafers with resistivity of 0.004 ohm-cm were purchased from Virginia Semiconductor 

(Frederickburg, VA. Hydrofluoric acid (HF) was purchased from Fisher Scientific (Pittsburgh, 

PA). 2-(N-morpholino)ethanesulfonic acid (MES) 0.1M buffer, 1-ethyl-3-[3-

dimethylaminopropyl] carbodiimide hydrochloride (EDC), and N-hydroxy sulfosuccinimide (s-

NHS) were purchased from Pierce (Rockford, IL). Dimethyl sulfoxide (DMSO), ethylenediamine, 

benzenethiol, toluene, ethanol, isopropanol (IPA), aniline, methylamine, potassium carbonate, and 

52-mesh Pt gauze foil were all purchased from Sigma Aldrich (St. Louis, MO). Nanopure 

deionized water (DI) (18.2 MΩ cm-1) was obtained from a Milli-Q Millipore System. Single layer 

graphene on ultra-fine mesh copper TEM grids and 50 mesh copper TEM grids were purchased 

from Ted pella. 

3.7.2 Nanoantenna Oligomer Substrate Fabrication 

Lamella PS-b-PMMA block copolymer is spin-coated onto a HF-cleaned, heavily doped 

Si wafer and annealed as described in previous work.137 PMMA regions are selectively 

functionalized with amine end groups by first immersing the entire substrate in DMSO and then 

in ethylenediamine/DMSO solution (5% v/v), both for 5 minutes without rinsing between steps. 

The Si substrate coated with functionalized copolymer is then washed with IPA for 1 minute and 

dried under nitrogen.  

Au nanosphere solution (0.1mg/mL, 3 mL) is added to a 10 mL beaker. Freshly prepared 

s-NHS (20 mM) in a MES (0.1 M) buffer (35 μL) is added to the beaker and swirled. Next, freshly 

prepared EDC (8 mM) in a MES (0.1 M) buffer (35 μL) is added to the beaker and swirled. For 

heated samples, the beaker is placed on a hotplate and brought to 60 0C°C. Similar to previous 

work141 a 1 cm x 1 cm functionalized copolymer-coated Si substrate is placed into the solution 

vertically, held in place as the anode with alligator clips that do not contact the nanosphere solution. 

https://www.zotero.org/google-docs/?wAklVT
https://www.zotero.org/google-docs/?VvgdN4
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1 mm away from the substrate, a 1 cm x 1 cm Pt mesh is placed into the solution vertically, held 

in place as an anode with alligator clips that do not contact the nanosphere solution. A DC 

Regulated Power Supply was used to apply a voltage of 1.2 V for 10 minutes. The substrate, Pt 

mesh, and beaker are rinsed with IPA for 1 minute and dried under nitrogen. This process is 

repeated with the same substrate and fresh nanosphere solution as described above, but with 25 μL 

of EDC and s-NHS solution. Two growth steps are necessary to obtain oligomers with enough Au 

nanospheres to be on resonance at the 785 nm illumination wavelength used for surface enhanced 

Raman scattering (SERS) measurements. The second growth step is performed with reduced EDC 

and s-NHS concentrations to promote anhydride formation, which has been shown to increase with 

decreased concentration.250 Oxygen plasma treated samples are treated with a 50W oxygen plasma 

etch for 120 seconds. 

3.7.3 Assembly on Alternative Substrates 

Substrates fabricated for TEM characterization are fabricated as above, but on copper TEM 

grids for field-free Control substrates and graphene membrane TEM grids for EHD-anhydride 

samples. PS-b-PMMA block copolymer templates on ITO-coated glass are fabricated identically, 

but using ITO-coated glass that is oxygen plasma etched at 100W for 1 minute instead of the Si 

wafer. 

3.7.4 Characterization 

After nanoantenna oligomers are assembled onto the block copolymer-coated Si substrate, 

images are collected with a Magellan XHR SEM (FEI), and a CM-20 TEM (Philips).  

UV-Vis absorption spectra are taken of nanoantenna oligomer on ITO-coated glass 

substrates taped (away from the beam path) onto a quartz cuvette. The cuvette is then filled with 

water and imaged with a Shimadzu UV-1700 absorption spectrometer. 

https://www.zotero.org/google-docs/?fgrL4r
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Raman spectroscopy measurements are conducted using a confocal Renishaw InVia micro 

Raman system with a laser excitation wavelength of 785 nm. All surface enhanced Raman 

scattering (SERS) measurements are taken at 73 μW with exposure of 0.1 seconds for map 

measurements and 1 second for individual spectra on 60 0C°C EHD-anhydride substrates. All 

measurements use a 60X water immersion objective with a 1.2 NA, immersed in DI water. SERS 

enhancement factors (EF) are calculated according to the method of Cai et al.251 Briefly, NSERS is 

estimated by determining the average surface area of Au via SEM and using an experimentally 

determined density REF of benezenethiol (BZT) on Au surfaces. NNeat is determined by aliquoting 

neat BZT onto a Si wafer and a glass coverslip affixed on top. The effective height of the BZT – 

4.07μm – is determined by measuring the Raman intensity – depth profile and the bulk density of 

BZT is used in the calculation. As both the neat and SERS measurements are obtained with the 

same microscope objective the EF is not a function of spot size. ISERS and INEAT are normalized by 

laser power and acquisition time. Neat BZT benzenethiol (BZT) measurements are taken with the 

same laser and 60X water immersion objective but with 73 mW laser power and 10 second 

exposure time. The number of molecules probed in SERS measurements is determined by finding 

the average nanosphere coverage with SEM and calculating the BZT density using values from 

Aggarwal et al.252 

3.7.5 Finite Element Simulations: 

Full-wave simulations (frequency domain finite elements method solver) are implemented 

in CST Microwave Studio (CST AG). Absorption spectra are simulated for several nanosphere 

oligomers: dimer, linear trimer, linear quadrumer, close-packed quadrumer, close-packed 

hexamer, and close-packed octamer. Au nanospheres with diameter of 40 nm are used with 

permittivity from the Drude model with parameters extracted from Grady et al.253 We use a 0.9 

https://www.zotero.org/google-docs/?Seu2cN
https://www.zotero.org/google-docs/?QhMU22
https://www.zotero.org/google-docs/?7zcG09
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nm gap between nanospheres, consistent with both observed and the modeled length of an 

anhydride linker. The nanospheres were previously shown to be partially embedded in PMMA,141 

with the PMMA layer thickness set to 40 nm, and the center of the nanospheres 8 nm above the 

layer. Below the PMMA layer is 150 nm layer of ITO on top of a 2 μm layer of glass. The relative 

electric permittivity of water, PMMA, glass and ITO used in the simulations are 1.77, 2.47, 2.3207, 

respectively, and adapted from Moerland et al.254 The permittivity in the gap region is uncertain 

as the excitation source will probe a volume composed of the anhydride linker, aqueous solution, 

and copolymer environment. In order to account for this, a parameter sweep of the gap permittivity 

is performed using the dimer configuration, and the permittivity which best corresponds to the 

observed dimer structure peak at 686 nm is determined to be 2.25. This parameter is reasonable 

based on an estimate of the average permittivity of the materials255 and further verified by the 

correspondence between the trimer configuration’s simulated plasmon resonance and the trimer 

peak observed in the EHD-anhydride sample. 

 Oligomers are excited with plane wave illumination at normal incidence with electric field 

polarization along the axis of the linear oligomers, and the absorption cross section of the structure 

is determined. 

3.7.6 Atomistic Simulation: 

We construct a periodic supercell containing a total of 288 gold atoms arranged in six layers 

of (111) plane. The simulation box dimensions in xy plane are roughly 20 Å × 17 Å. The size of 

the simulation cell in z dimension varies between 23 Å and 32 Å to provide different nanogap 

distances. We change the number of water molecules from 30 to 120 to fill the free space between 

organic molecules in the nanogap. The number of water molecules depends on the concentration 

of organic molecules and gold surface-to-surface distance. We first construct all organic 

https://www.zotero.org/google-docs/?vmhK0C
https://www.zotero.org/google-docs/?hlwwHg
https://www.zotero.org/google-docs/?hsutnS
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molecules, both lipoic acid (LA) and O-acylisourea (OA), in AVOGADRO software256,257 and 

minimize the configurations using UFF forcefield258. We subsequently insert these organic 

molecules inside the nanogap such that sulfur atoms are next to the gold surface. We perform our 

simulations using ReaxFF potential,242 a reactive force field designed based on the notion of bond-

order parameter82,83 and the electronegativity equalization method84 to update variable charges at 

each step of the atomistic simulation. Here, we use a transferable set of ReaxFF parameters that 

were trained for bio-molecules and their interaction with gold surfaces.241 We use LAMMPS 

simulation package in all MD calculations.259 MD simulations are carried out in the canonical 

(NVT) ensemble using Nosé-Hoover thermostat240 with a relaxation constant of 0.01 ps. The time 

step in MD simulations is set to 0.1 fs.  

In simulations for carbon-oxygen distance analysis, we construct nine periodic simulation 

boxes with gold-gold surface distances of 11, 15, and 20 Å, each containing three levels of OA-

LA concentrations. In low and medium concentrations respectively, we attach one OA to one side 

of Au slab, while we place one and four LA molecules at the other surface. For the high 

concentration case, two OA molecules in one side face four LA groups on the other side of the 

gold slab. We adjust the number of water molecules in each simulation to achieve ambient 

conditions at equilibrium. We first perform potential energy minimization to relax the structure. 

We subsequently relax the position of water molecules in a 20-ps long MD simulation, while the 

rest of atoms are fixed in their position. Afterwards, we further relax the system in canonical 

ensemble for 100 ps. A 400 ps-long production phase produces the MD trajectory saved at intervals 

of 0.1 ps.  

For MEP simulations, we first construct three simulation boxes with nanogaps of 13, 15, 

and 17 Å. We place one OA molecule on one surface and one LA group on the other. We adjust 

https://www.zotero.org/google-docs/?OBEKrk
https://www.zotero.org/google-docs/?QaXIsj
https://www.zotero.org/google-docs/?HmNdCT
https://www.zotero.org/google-docs/?LM7Fdm
https://www.zotero.org/google-docs/?mxNZrU
https://www.zotero.org/google-docs/?09HnAs
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the number of water molecules to obtain ambient pressure at equilibrium. The purpose of these 

simulations is to capture a reasonable initial and final state on each side of the energy barrier for 

NEB calculations. To accelerate the formation of intermediate state, we apply a bias harmonic 

potential between reactive carbon and oxygen atoms. This spring should be strong enough to keep 

the reactive core in the proximity of the transition state. Also, a large spring constant biases the 

configuration space by preventing the organic molecules to properly relax to accommodate short 

C-O distances. Here, we determine the value of the spring constant to be roughly 100-200 kcal/mol 

x Å2. The equilibrium C-O distance is found to be around 3 Å. Since the number of degrees of 

freedom corresponding to atoms in organic molecules is large, it is critical to capture proper initial 

configurations in z(I, II, and III) states to obtain a smooth MEP. We take the initial and final states 

for NEB calculations right before and after transition states during a small window of time (less 

than 100 fs) in biased MD simulations.244,245 We find that the metastable intermediate complex 

(II), Figure 3.4, is at least stable for 20 ps in MD simulations at room temperature. Therefore, we 

divide the reaction path into two separate stages, one from state I to state II, and the other from 

state II to state III, see states in Figure 3.2. Since the reaction does not directly involve water 

molecules, we do not include them in NEB calculations. This also helps with NEB’s difficulty in 

determining transition state in the presence of soft degrees of freedom. For the second stage of the 

chemical reaction, it is enough to elevate the temperature to 600 K to reach state III. To perform 

NEB calculations, we use the standard LAMMPS implementation of a two-stage NEB 

procedure.260 First, we use the standard NEB245 by constructing replicas with linear interpolation, 

and imposing inter-replica forces to find MEP. We subsequently use a barrier-climbing technique 

to find the true transition state.245 

 

https://www.zotero.org/google-docs/?NWUrgZ
https://www.zotero.org/google-docs/?JRbv4P
https://www.zotero.org/google-docs/?XqPf2v
https://www.zotero.org/google-docs/?FdoFvq
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3.8 Supplemental Information 

Au nanospheres were assembled on PS-b-PMMA diblock copolymer templates on a Cu 

TEM grid without an applied bias to examine gap spacings between nanospheres in the absence of 

electrohydrodynamic flow. Figure 3.9a depicts a TEM micrograph of 40 nm radius Au 

nanospheres assembled on the copolymer coated copper TEM grid. The gap spacing of the dimer 

observed in Figure 3.9 is approximately 3.6 nm. Without EHD flow, gap spacings are not 

controlled by anhydride crosslinking, leading to a high degree of variability in observed values. 

Figure 3.9b depicts a SERS spectra acquired from a Control substrate assembled as described in 

the main text. Control substrates are sparsely populated with oligomers and have increased gap 

spacings with respect to EHD substrates. Thus higher laser excitation intensities are necessary to 

collect SERS spectra with similar intensity as the EHD substrates; here 7.3 mW laser power is 

used compared to the 73 μW used for EHD substrates. No significant peaks are observed that 

correspond to the anhydride vibrational modes identified in the main text and highlighted with a 

dashed line in Figure 3.9b.  The scattered intensity near 1600 cm-1 is associated with carboxylate 

vibrational modes from the lipoic acid. 

 

  

Figure 3.9: (a) TEM micrograph of an assembled oligomer without an applied bias Control substrate. (b) Surface 

enhanced Raman scattering (SERS) spectra from a similar Control substrate acquired at 785 nm with a laser power 

of 7.3 mW for 1s. Dashed red lines indicate spectral positions associated with anhydride linked samples. 
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To analyze the degree of oligomerization of a given oligomer and the number of nearest 

neighbors of a given Au nanoparticle, Wolfram MathematicaTM is implemented for image analysis. 

SEM images, an example shown in Figure 3.10a, are first binarized, and oligomers are 

distinguished from one another as being separate collections of foreground pixels, or 

morphological components. Single Au nanoparticle are identified through their circularity, defined 

as the ratio between the equivalent disk perimeter length and the perimeter length of a polygon 

formed by the centers of each perimeter element, only morphological components over a certain 

threshold of circularity are determined to be single nanoparticles. The remaining morphological 

components are then divided into component nanoparticles using a modified Euclidean distance 

transform approach, which is designed for implementation in SEM images, where edge effects can 

make identification of small nanoparticles in close packed structures difficult. For each 

morphological component, the original image is again binarized using local adaptive binarization, 

shown in the left side of Figure 3.10b. A Euclidean distance transform (figure distance transform) 

then reveals the nanoparticle centers as local maxima, shown in the right side of Figure 3.10b. The 

maxima are then used to determine the center of each nanoparticle and a distance threshold is used 

to determine the number of nearest neighbors of a given nanoparticle. From these images the 

number, density, and nearest neighbor statistics are obtained as shown in Figure 3.10c and d, 

respectively.  
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Figure 3.10 (a) SEM image of 40 nm EHD-anhydride substrate (b) left: local adaptive binarized oligomer, right: 

distance transform of the left image (c) Colorized image of the SEM image with oligomers identified (d) Histogram 

of the number oligomers identified for each degree of oligomerization. 

 

 Figure 3.11 depicts a TEM micrograph of a dimer assembled on a 20 nm EHD-anhydride 

substrate. The pictured substrate was assembled at room temperature. The gap spacing is consistent 

with anhydride linking, indicating that EHD flow induced anhydride crosslinking still occurs with 

particles as small as 20 nm. 
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Figure 3.11: TEM micrograph of a dimer assembled on a 20 nm EHD-anhydride substrate. 

 

 Multiple deposition steps may be used to increase the degree of oligomerization on a 

sample. Figure 3.12 depicts an SEM image of a 60 0C EHD substrate after four deposition steps, 

leading to greater oligomer density than the two deposition step samples presented in the main 

text. Here, we begin to see the formation of three dimensional oligomers as electrophoresis drives 

Au nanospheres onto existing oligomers. 
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Figure 3.12: SEM image acquired from a 60 0C EHD substrate after four depositions with 35 μL EDC and s-NHS 

solution in each deposition. 

 

Figure 3.13 depicts oligomers on a 60 0C EHD substrate with the underlying block 

copolymer template visible in the imaging conditions. Au nanospheres within the oligomers are 

observed on the amine-functionalized PMMA domains (dark with bright borders) and on PS 

regions. Anhydride crosslinking of Au nanospheres to one another, where one or more of the 

nanospheres in the oligomer is bound to the PMMA domain, will result in some nanospheres on 

the PS region. PMMA domains appear darker with bright edges due to topography changes during 

the ethylenediamine functionalization.  Thus they can be observed in SEM images when using 

lower current and accelerating voltage. 
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Figure 3.13: SEM image acquired at 2 KeV and 13 pA from a 60 0C EHD substrate to highlight the PS-b-PMMA 

block copolymer template. 

 

Additional SERS data is also provided here to further demonstrate reproducibility and 

stability of SERS response from EHD anhydride substrates.  Figure 3.14 includes SERS spectra 

acquired from samples undergoing the same treatments discussed in section 3.2 in Figure 3.2b,c.  

The five different spectra in each panel come from 5 different samples.  Reproducible SERS signal 

is clearly observed for the (a) anhydride, (c) aniline and (d) benzenethiol.  SERS signal after 

treatment of (b) methylamine has peaks associated with carbonate groups in lipoic acid in the 
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region around 1600 cm-1. The data is slightly noisier that would isbe consistent with less ordered 

molecular orientations in the hotspot. Figure 3.15 depicts SERS spectra before (lower) and after 

(upper) soaking samples in DI water for 7 days after undergoing treatments discussed in the main 

body text in Figure 3.2b,c. No additional treatment is performed after the 7 day soak. The similarity 

of spectra observed after soaking the samples demonstrates that the Au nanosphere oligomers are 

stable in aqueous solution. 

  

 

Figure 3.14: SERS spectra acquired from 5 different EHD-anhydride samples in the following conditions: a) 

untreated sample b) methylamine treated sample c) Aniline treated sample d) plasma cleaned benzenethiol treated 

sample. 
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Figure 3.15: SERS spectra acquired from: an a) untreated sample, b) methylamine treated sample, c) aniline treated 

sample, and d) plasma cleaned benzenethiol treated sample after soaking the sample in DI water for 7 days. 
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Chapter 4 

Templated Electrokinetic Directed Chemical Assembly for 

the Fabrication of Close-Packed Plasmonic Metamolecules 

 

4.1 Introduction 

 Metal architectures using colloidal nanoparticles as meta-molecule building blocks have 

shown great promise as a scalable self-assembly method to control light matter interactions in large 

area devices. The magnetic interaction of light and matter at optical frequencies is negligible 

compared to its electric counterpart249,261–263 as natural magnetism fades away at infrared and 

optical frequencies. By forming discrete sub-wavelength clusters, devices that rely on narrow-band 

resonances — i.e., Fano resonances — based on dark (i.e., low scattering) electric and magnetic 

resonances can be realized.201,203 Conventional split-ring resonators, that in principle could provide 

narrow band resonances, are prohibitively difficult to scale down to optical wavelengths,264 

whereas coupled nanospheres can be scaled.265 As these architectures are composed of 

subwavelength building blocks, traditional optical lithography methods cannot be utilized for large 

area device fabrication. Optical magnetic resonators composed of nanoparticle building blocks 

have shown that large magnetic dipoles, and suppression of electric dipoles are achievable.266,267 

These systems lead to highly confined, extremely large magnetic fields which are designed to 

probe magnetic transitions in molecules at optical frequencies.268 Optical frequency magnetic 

resonator structures are of special interest for templated self-assembly (directed assembly) because 

they can be composed of close-packed nanoparticles.208 Still, control of gap spacings and particle 

geometries within metamolecules is an ongoing challenge in directed assembly. 

https://www.zotero.org/google-docs/?ITs4wn
https://www.zotero.org/google-docs/?eDlmqb
https://www.zotero.org/google-docs/?6kdQeO
https://www.zotero.org/google-docs/?RlwV2J
https://www.zotero.org/google-docs/?snHur5
https://www.zotero.org/google-docs/?CLWmDj
https://www.zotero.org/google-docs/?m13C1S
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 In this chapter, in order to assemble plasmonic metamolecules, chemical crosslinking, 

using carbodiimide based chemistry, between nanoparticles and templates is selectively performed 

on surface using electrohydrodynamic (EHD) flow as a driving force. Templates are composed of 

Au pillars on the substrate’s surface. These pillars serve as perturbations that drive EHD flow and 

electrophoresis, directing the assembly of nanoparticles around the pillars. Induced by an electric 

field in colloidal solution, EHD flow promotes lateral motion and close-packing of particles in 

colloid at an electrode surface, thereby, assembling transient close-packed structures.269,270 We 

freeze in transient structures with local carbodiimide131,137,271 crosslinking. The EHD flow 

increases the nanoparticle residence time at small interparticle spacings; this is necessary to enable 

the O-acylisourea – lipoic acid pathway of the carbodiimide crosslinking to occur in high yields. 

This chemical pathway leads to an anhydride bridge between ligands on Au nanoparticles, yielding 

permanent close-packed nanoparticle oligomers.272 The metamolecules produced with this 

technique are simulated and shown to deliver large magnetic resonances at optical frequencies. 

This work represents a step forward for directed assembly of nanoarchitectures to create 

metasurfaces by demonstrating the influence of both the template and physical driving forces in 

assembly to control oligomer morphology and uniformity of gap spacing. Close-packed plasmonic 

metamolecules fabricated using the EHD – anhydride assembly method have already been 

demonstrated as effective biosensors using their electric field enhancements,273,274 now we pave 

the way forward to their use in sensing magnetic transitions in biomolecules. 

https://www.zotero.org/google-docs/?lRIrca
https://www.zotero.org/google-docs/?6elRoP
https://www.zotero.org/google-docs/?65i31V
https://www.zotero.org/google-docs/?CEj7Ne


78 

 

4.2 Results and Discussion 

 

Figure 4.1: a) Schematic of electrohydrodynamic nanoparticle assembly on block copolymer template. Inset depicts 

electrohydrodynamic flow fields generated by nanoparticles bound to the surface. b) Close-packed plasmonic 

metamolecule array before chemical removal of excess nanoparticles. 

 

 Metamolecules composed of close-packed nanoparticles are assembled via a directed 

assembly approach. Electrohydrodynamic (EHD) flow enables carbodiimide crosslinking of 

nanoparticles to a template composed of Au nanopillar arrays. The EHD flow – crosslinking 

assembly system, depicted in figure 4.1a, works as follows: a conductive substrate with Au 

nanopillars and counter electrode are placed in a carboxylic acid functionalized Au nanoparticle 

electrolytic colloid solution and a bias is applied across the electrodes. At the substrate surface, 

the ion double layer around a nanopillar is deformed by the applied bias resulting in an ionic 

concentration gradient. This concentration gradient results in lateral osmotic flows towards the 

nanostructure (equilibrium charge electroosmosis) and the action of the double layer on the 

substrate’s double layer also causes lateral osmotic flows towards the nanostructure (induced 

charge electroosmosis), the combined osmotic flows are called EHD flow. An additional induced 

charge electroosmotic flow is generated by the hydrophobic/hydrophillic interface between the 

amine terminated Au nanopillars and the alkane terminated Si surface. The Au nanoparticles are 

driven to the templated substrate due to electrophoretic sedimentation and are entrained by EHD 

flows generated by the nanopillars. This results in assembly around the pillar to form close-packed 
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assemblies. When the field is removed, assemblies will rapidly dissolve into solution, so 

crosslinking is necessary to “freeze-in” these assemblies for use in plasmonics. 

In order to prevent the dissolution of the assembled metamolecules, chemical crosslinking 

is used to covalently bind the nanoparticles and nanopillars together. The carbodiimide activates 

the carboxylic acid moieties on the nanoparticles, forming O-acyliosureas that participate in 

crosslinking reactions. Two crosslinking pathways are possible: 1) the O-acylisourea attacks the 

amine groups on the nanopillars, linking the nanoparticles via an amide bond. 2) the O-acylisourea 

attacks the carboxylic acid group on the nanoparticles, linking together nearby nanoparticles via 

an anhydride bond. The latter process does not occur in solution due to the long timeframes 

necessary for reaction and is selectively enabled by the extension of the residence time of 

nanoparticles in assemblies generated by EHD flow. The result is permanent, anhydride linked, 

close-packed assemblies on a conductive substrate. The anhydride linker is a key advantage of this 

assembly system. Plasmonic systems with small gap spacings, or hotspots, are incredibly sensitive 

to variations of the gap spacings and lead to detuning of resonances that are a significant fraction 

of the resonance linewidth. Here, these gap spacings are controlled to the molecular level by 

chemical crosslinks. 

Figure 4.1b depicts close-packed metamolecules as assembled according to the methods 

section before methylamine treatment. The diameter of pillars ranges from 40-100 nm diameter 

with 50 nm height pillar arrays and 1 μm pitch. One may observe that the nanoparticle deposition 

is strongly affected by the EHD flow producing Au nanopillars. These assemblies are significantly 

larger than one ring around a pillar due to continued entrainment of nanoparticles into EHD flows 

and anhydride crosslinking of nanoparticles onto existing nanoparticles. The primarily two-

dimensional character of these assemblies is due to the relative strength of the EHD flow fields 
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which are lateral. Nanoparticles observed in the plane above the surface can be observed to be 

directly linked to pillars and are likely caused by brownian motion or electrophoresis. Assemblies 

such as these contain magnetic resonances, but are clearly not uniform enough for plasmonic 

metasurface applications; further treatment of the substrate is necessary to achieve large area 

functional magnetic resonator surfaces.  

 

Figure 4.2: a) SEM micrograph of a close-packed metamolecule after methylamine treatment. b) Large 

magnification image of a close-packed metamolecule. 

 

The dual pathway carbodiimide crosslinking enables the selective removal of nanoparticles 

that are not bound to pillars. Over-assembled metamolecules occur on the surface due to the 

continued entrainment of nanoparticles into EHD flow fields generated by the metamolecules and 

further anhydride crosslinking. Fortunately, the anhydride group linking nanoparticles may be 

attacked via nucleophilic substitution and cleaved, unlinking the nanoparticles, while the amide 

bond between particles and pillars is robust to nucleophiles. Figure 4.2a depicts metamolecules 

after an assembled substrate is sonicated in 5% methylamine solution for 10 minutes. The process 

leaves pillar defined metamolecules significantly increasing the uniformity of the assemblies. Due 

to the close-packed assembly provided by EHD flow, proper design of the center pillar ensures 

uniform numbers of nanoparticles in a metamolecule, the gap spacing control – which may be 
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observed in Figure 4.2b – further ensures consistent spectral position of magnetic resonances 

exhibited by the metamolecules. 

 

Figure 4.3: a) Schematic depicting nanoparticles assembled around a Au pillar defined with electron beam 

lithography on an ITO coated glass substrate. b) Full wave simulation plotting the current density distribution of the 

structure with a schematical representation of the polarization and magnetization produced by the close-packed 

metamolecule structure. c) Plot of the magnetic field enhancement FH in the gap between two nanoparticles as a 

function of wavelength at two gap spacings. The small gap spacings that result from anhydride crosslinking are 
shown to significantly increase FH. Both structures are shown to have magnetic resonances in the visible regime d) 

Full wave simulation depicting the magnetic field enhancement of the structure in Figure 4.2b at a crossectional 

slice taken from the halfway point of the pillar height at the structure’s resonance wavelength.  

 

Having observed close-packed metamolecules, we turn now to consider their properties as 

magnetic resonators. Reflections from Si disrupt magnetic resonances so Figure 4.3a shows six 

gold nanoparticles with diameter of 40 nm are placed around a pillar with diameter 40 nm and 

height of 50 nm on ITO coated glass, this substrate is compatible with the assembly method 
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outlined above. With excitation from two oblique plane waves at +/- 450 we observe, in Figure 

4.3b, circular currents that give rise to an orthogonal magnetism. This effect is a result of the six 

fold rotational symmetry where electric dipoles in individual Au nanoparticles hybridize with their 

neighbors to generate current distributions with the continuous symmetry of the metamolecule. 

 The magnetic field enhancement is defined as the ratio of the magnitude of the total 

magnetic field in presence of nanoparticles and pillar, to the magnitude of the incident magnetic 

field in their absences at the same location. Figure 4.3c shows the magnetic field enhancement 

versus wavelength in visible and NIR region, for the structure shown in Figure 4.2b.  Two gap 

spacings are analyzed to demonstrate the efficacy of using molecular linkers to build magnetic 

resonators. While artificial magnetism is an inductive effect and small gap spacings are typically 

used as capacitors in the context of metamolecules, we still observe a large increase from ~1.6 to 

~2.1 of the magnetic field enhancement in the gaps between nanoparticles. This effect is due to 

the field confinement. Smaller gap spacings yield more strongly hybridized modes and thus lower 

energy, larger wavelength resonances. With the mode volume reduced somewhat with the smaller 

gap spacings and the wavelength made larger, the field confines more than compensates for the 

increased capacitance leading to larger magnetic field enhancements. In either case, one can 

observe a Fano lineshape of the response due to interference between the narrow magnetic 

resonance and the broad electric resonance. The narrow Fano-type magnetic resonance 

demonstrates the necessity of fine control over gap spacings between nanoparticles and the pillar, 

the small deviation from 0.9 nm to 2 nm leads to low overlap between the modes which would 

reduce device performance if the two metamolecules coexisted on the same surface.  

Magnetic field enhancement profile, in the transverse cross section of the structure for 0.9 

nm gap, has been shown in Figure 4.3d. As it is clear from the figure, in the all gap spacings 
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between nanoparticles and the pillar, magnetic field enhancement is strong. Unlike metamolecules 

for enhancing electric fields, we see that the magnetic field enhancement occurs over a large 

fraction of the metamolecule area. This enables sensors based on this technique to probe a 

significantly greater number of molecules than electric field enhancing resonators which may help 

compensate for the somewhat smaller field enhancements achieved by magnetic resonators. 

4.3 Conclusion 

In this chapter, we have demonstrated the importance of combining short range and long 

range driving forces in self-assembly of Au nanospheres from colloid. Nanoantenna surfaces 

composed of oligomers are formed using local chemical reactions and EHD flow that drives 

nanospheres together for the formation and retention of anhydride bridges. The anhydride linker 

is observed with surface enhanced Raman scattering spectroscopy and also shown to be 

cleavable via nucleophilic substitution. The process by which anhydride linkers are selectively 

promoted between particles on a substrate surface is elucidated via molecular dynamics 

simulations that demonstrate long residence times at small nanoparticle gap distances are 

necessary. The EHD flow – anhydride crosslinking directed assembly method is then used on Au 

nanopillar arrays to control the deposition of close-packed plasmonic metamolecules. The 

magnetic resonance of an individual metamolecule is investigated and shown via full wave 

electromagnetic simulations to enhance the local electric field by a factor of 3.5. These results 

represent a step towards sensing of molecules with optical magnetic moments over a large area. 

4.4 Methods 

4.4.1 Chemically Functionalized Template Fabrication 

 Arrays of Au nanopillars on silicon are prepared using electron beam lithography (EBL), 

depicted in Figure 4.4. First, a highly doped Si wafer (0.004 ohm-cm) is cleaned via a standard 
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cleaning protocol: 1) Piranha acid treatment for 15 minutes 2) Sonication in Acetone for 5 minutes 

3) Sonication in IPA for 5 minutes 4) Nitrogen drying 5) Vacuum baking at 200 0C for 5 minutes. 

45 nm of Au with a 5 nm Cr adhesion layer is electron-beam evaporated (Angstrom) onto the clean 

Si wafer. The Au on Si wafer is diced and cleaned again. Ma-N 2400 negative tone photoresist 

(Microchem) is spin-coated onto the clean Au on Si substrates and baked at 900C for 1 minute. 

Pillars are defined by exposing the photoresist with an electron beam (FEI) and a 1 minute 

development in Ma-D 525 (Microchem). The Ma-N pillars are used as a mask for ion milling 

(IntIvac), where the samples are etched until reaching the Cr layer, leaving Ma-N on Au pillars. 

The Cr layer is etched with Cr etchant (Sigma Aldrich) to avoid any overetching of the pillars with 

ion milling. The Ma-N is removed via piranha cleaning and samples are rinsed with deionized 

water and dried with nitrogen. Next two self-assembled monolayers are formed on the substrate. 

The Au pillars are selectively functionalized with Amine terminated ligands by overnight 

treatment of 0.5 mMol 11-Amino-alkane-thiol (Sigma Aldrich) in ethanol overnight. Samples are 

vigorously rinsed in methanol and dried with nitrogen. The Si wafer is then selectively 

functionalized via a vapor phase with trimethoxy(octyl)silane (Sigma Aldrich) by placing a wafer 

in a desiccator with an open vial of trimethoxy(octyl)silane under low vacuum for three hours. The 

substrates are then sequentially rinsed with toluene, acetone, and isopropyl alcohol and dried with 

nitrogen. 
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Figure 4.4: Schematic of the fabrication process for seeded growth of close-packed metamolecules 

 

4.4.2 EHD Flow Assisted Chemical Assembly of Nanoparticles onto Pillar Templates 

 Au nanoparticles with  40 nm diameter in colloid are synthesized using a seeded growth 

method275 at a concentration of 0.2 mg/ml.  Nanoparticles are functionalized with lipoic acid 

(Sigma Aldrich) by replacing the citrate solution with pH 11 water and adding 100 μM of lipoic 

acid in ethanol. After overnight treatment the nanoparticle solution is then washed with DI water 

and the concentration is maintained at 0.2 mg/mL. 3 mL of this solution is added to a clean 10 mL 

beaker and 60 μL of 20 mMol s-NHS (Sigma Aldrich) in DI water with 100 mMol MES buffer 

(Sigma Aldrich) is added to this solution and swirled. Subsequently 60 μL of 8 mMol EDC (Sigma 

Aldrich) in DI water with 100 mMol MES buffer is added and swirled. 

 The functionalized Au pillars on Si substrate, as the working electrode, is then placed in 

the nanoparticle solution 0.5 mm apart from a Pt mesh counterelectrode with 1.2 V bias across 

them for 1 hour at room temperature. The bias is then removed and the substrate is moved to the 

bottom of the beaker where subsequent dilutions of the nanoparticle solution are performed with 

10 mMol NaCl solution until the solution is diluted 1000 fold. This is performed to minimize 

https://www.zotero.org/google-docs/?D8Qkw4
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aggregation of nanoparticles on the surface due to drying effects.  The substrate is then rinsed 

thoroughly  with isopropyl alcohol as it is removed from solution and then quickly dried with 

nitrogen. Excess nanoparticles are then selectively removed by submerging the substrate in 5% 

methylamine solution and sonicated for 10 minutes. 

4.4.3 Characterization 

 Scanning electron microscopy images are obtained with a Magellan (FEI) SEM. The 

optical responses of close-packed oligomers are understood with full wave electromagnetic 

simulations (CST). 
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Part Three: Machine Learning Enabled Biosensing with 

Surface Enhanced Raman Scattering Spectroscopy 

 

 

 

“Nothing contributes so much to tranquillize the mind as a steady purpose- a point on which the 

soul can focus its intellectual eye” 

-Mary Shelley, Frankenstein, or the Modern Prometheus  
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Chapter 5 

Longitudinal Monitoring of Biofilm Formation via Robust 

Surface-Enhanced Raman Scattering Quantification of 

Pseudomonas aeruginosa-Produced Metabolites  

 

5.1 Introduction 

During biofilm formation, differential gene expression is regulated through a cell density-

dependent mechanism called quorum sensing (QS).43,276 Soon after surface attachment, bacteria 

begin producing extracellular polymeric substances (EPS) and QS signaling molecules.277 Once 

formed, a combination of physical mechanisms and genetic and metabolic adaptations within 

biofilms impart extreme antibiotic tolerance or resistance to constituent cells,278 which can 

withstand up to 1000 times higher doses of antibiotics than their free floating planktonic 

counterparts.279 While new antimicrobial strategies are being developed to combat antibiotic 

resistance, here we investigate a promising parallel strategy, sensing bacterial metabolites 

associated with QS for early detection of Pseudomonas aeruginosa biofilm formation at a stage 

where antibiotic treatment has higher efficacy.  P. aeruginosa is a biofilm-forming, opportunistic 

pathogen that is associated with contamination of medical devices, respiratory infections in 

immunocompromised patients,280,281 and is one of the most common bacteria isolated in chronic 

wounds.282  Among the many virulence factors and QS compounds that P. aeruginosa produces is 

pyocyanin,283 a redox-active secondary metabolite which can act as a terminal signaling factor in 

the QS process.   

Interestingly, recent Raman spectroscopy-based studies have demonstrated the ability to 

distinguish between species of bacteria,284,285 identify molecules enriched in particular species, and 

https://www.zotero.org/google-docs/?abErQ1
https://www.zotero.org/google-docs/?u93phj
https://www.zotero.org/google-docs/?fZfLZK
https://www.zotero.org/google-docs/?HTadON
https://www.zotero.org/google-docs/?4OmAI0
https://www.zotero.org/google-docs/?7POtAJ
https://www.zotero.org/google-docs/?7BjvZh
https://www.zotero.org/google-docs/?KG5WPm
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even detect specific local metabolic activity in environmental samples using stable isotope probing 

techniques.286 Raman spectra provides “molecular fingerprints” composed of the vibrational 

spectrum of molecules serving as a label free detection method. Biologically relevant 

concentrations of metabolites often range from nM to mM levels in clinical samples,287,288 and 

have enormous potential for enabling personalized medicine. The limit of detection and 

quantification range of metabolite concentration needed at physiologically significant levels in 

biological samples, though this may vary with molecules and environments,289 is often in the µM 

range,290 and thus requires large and reproducible enhancements of Raman signals. Surface 

enhanced Raman scattering (SERS), when employing plasmonic nanogaps, is capable of providing 

necessary enhancements to achieve detection at biologically relevant concentrations. SERS has 

been used to distinguish between colony biofilms of bacteria species during maturation phases291 

and even detect pyocyanin in spiked saliva down to 2.1 μg·mL-1 (10 µM)292 and spiked in 

subcutaneous implants in mice down to 0.1 µM. Yet challenges still exist in incorporating 

nanogaps with large and uniform enhancement factors in device architectures with nM detection 

limits and quantification spanning the range of metabolite concentrations found in biological 

samples.   

SERS enhancement factors due to plasmonic nanogaps are highly dependent on the 

distance between plasmonic nanoantennas, increasing monotonically with decreasing gap size. 

Statistical analysis of various size controlled nanogaps using DNA-tethering observed single 

molecule SERS intensity when nanogaps are on the order of 0.5 – 0.9 nm.207,293 At nanogap 

distances below approximately 0.5 nm, depolarization effects attributed to quantum tunneling 

reduce enhancements.294 Reaching sub-nanometer nanogap dimensions over large area without 

large variations is difficult and thus, SERS substrates often exhibit tradeoffs between 

https://www.zotero.org/google-docs/?1ZFsye
https://www.zotero.org/google-docs/?KPy4iz
https://www.zotero.org/google-docs/?5zVkWy
https://www.zotero.org/google-docs/?zaZiuq
https://www.zotero.org/google-docs/?eZGl1G
https://www.zotero.org/google-docs/?Bi4xxt
https://www.zotero.org/google-docs/?sPozxF
https://www.zotero.org/google-docs/?wdZSIh
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reproducibility and large enhancement factors. Yet it is necessary to have both uniform and large 

enhancement factors across SERS substrates to reproducibly achieve low detection limits in 

quantitative sensing applications. Consider that at extremely low concentrations, analyte 

molecules will not be uniformly distributed across the surface.295,296 SERS measurements on a 

mixture of two different analytes determined that single molecule sensing events occur at nM 

concentration as not every molecule in the scattering volume will reside in a hotspot.297,298 Inherent 

variances in SERS substrates’ enhancement factors only worsen any analyte’s location-dependent 

signal variations and will lead to large SERS intensity fluctuations. While such surfaces may 

produce a low limit of detection due to the presence of a few hotspots on the surface, the limit of 

quantification will be much higher. Thus increasing the uniformity and density of nanogaps with 

high enhancements will lead to a higher probability that an analyte will adsorb on a hotspot in the 

illuminating laser spot size and thereby reproducibly contribute to the SERS signal at low 

concentrations. 

Here, large scale uniformity in hot spot intensity from nanoantennas on SERS substrates is 

achieved using a hierarchical self-assembly method for fabricating Au nanospheres into close-

packed structures, referred to as oligomers, on a diblock copolymer template.  Assembly combines 

long range, electrohydrodynamic (EHD) flow,269,270,299 and short range,  chemical crosslinking, 

driving forces to provide a high density of oligomers with sub-nanometer nanogap spacing. 

Induced by an electric field in colloidal solution, EHD flow promotes lateral motion and close-

packing of nanospheres in colloid at the electrode surfaces, assembling transient close-packed 

oligomers. Transient oligomers are frozen using EDC, a carbodiimide crosslinker, to form an 

anhydride bridge between the carboxylic acid ligands on Au nanospheres. We have previously 

reported that this process achieves a high yield of close-packed oligomers composed of ten 

https://www.zotero.org/google-docs/?vJfoWL
https://www.zotero.org/google-docs/?SN0tsh
https://www.zotero.org/google-docs/?WhDlV4
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nanospheres or less with gap spacing of 0.9 nm, having an electric field enhancement on the order 

of 600 in the hotspot region.247 Close-packing is also advantageous as it allows for variability of 

oligomer orientation with respect to polarization of incident light. In a close packed oligomer, the 

plasmon resonance will most closely reflect that of a linear oligomer along the polarization axis.272 

When using benzenethiol as the analyte, here we report that SERS signal exhibits a relative 

standard deviation of 10% across a 100 µm × 100 µm area with over 1000 different measurements. 

This achievable uniform SERS response allows for incorporation in microfluidic device 

architectures and spectral data analysis using multivariate machine learning algorithms.177,300,301 A 

large number of training data sets and the full spectra collected from SERS substrates are necessary 

for accurate quantitative analysis by accounting for signal variance inherent to SERS. By 

combining uniform SERS substrates having high signal enhancements with multivariate statistical 

analysis of SERS spectra, we are able to differentiate pyocyanin in the complex soup of biological 

media at concentrations down to 1 ng·mL-1 (4.8 nM) and robustly quantify concentrations 

spanning five-orders of magnitude. Moreover rapid SERS analysis in solutions negates the need 

to grow biofilm directly on SERS substrates or to drop cast plasmonic clusters on static biofilms, 

thus allowing instantaneous quantification of pyocyanin for detection of biofilm formation on any 

surface. Longitudinal monitoring of supernatant from bacterial cultures in microfluidic devices 

exhibits SERS signal from pyocyanin as early as 3 h after P. aeruginosa culture inoculation. This 

is before surface-attached bacteria exhibits a decreased susceptibility to bactericidal antibiotic 

carbenicillin that was measured at 10 h. Low cost fabrication of nanoantennas with nanometer 

scale nanogaps over large areas enabled by self-assembly and statistical spectral analysis of SERS 

data demonstrate the capacity for fabricating device architectures capable of early detection of 

biofilms enabling effective antimicrobial treatment.  

https://www.zotero.org/google-docs/?5BYHg9
https://www.zotero.org/google-docs/?G4HsDE
https://www.zotero.org/google-docs/?hExNDq
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5.2 Large-Area Uniformity of SERS Substrates  

Directing assembly of Au oligomers with uniformly distributed electromagnetic hotspots 

over large areas is achieved by utilizing electrohydrodynamic (EHD) flow to drive chemical 

crosslinking to form nanogaps with sub-nanometer gap spacing as reported previously.272 

Chemical assembly is facilitated using a two-step growth process: (1) electrophoretic 

sedimentation driving chemical crosslinking of Au nanoparticle seeds onto a working electrode 

and (2) growing oligomers via EHD flow, and stabilizing via chemical crosslinking. During 

electrophoresis, depicted in Figure 5.1a, lipoic acid functionalized Au nanoparticle monomer seeds 

are chemically assembled on amine functionalized PMMA regions of a diblock copolymer 

poly(styrene-b-methyl methacrylate) (PS-b-PMMA) coated working electrode using 1-Ethyl-3-(3-

(dimethylamino) propyl)carbodiimide/N-hydroxysulfosuccinimide (EDC/sNHS) carbodiimide 

chemistry (inset).  In the second deposition step, an applied field deforms the ionic double layer 

around the Au seeds, shown on the right of Figure 5.1a, inducing an osmotic flow towards the 

seeds’ equator, termed EHD flow.191,232 These flow fields entrain nearby nanospheres and drives 

them toward Au seeds to form transient close packed oligomers, which are subsequently stabilized 

through an acylisourea – carboxylic acid reaction that forms anhydride bridges between 

nanospheres, shown in Figure 5.1b. These bridges result in oligomers with uniform interparticle 

gap spacings of approximately 0.9 nm, corresponding to the sulfur-sulfur distance of an anhydride 

bridge calculated from atomistic simulations.272 

https://www.zotero.org/google-docs/?CGPgRW
https://www.zotero.org/google-docs/?x2YgrH
https://www.zotero.org/google-docs/?Sks6rP
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Figure 5.1. Schematic overview of chemical assembly of SERS substrates. (a) Lipoic acid-functionalized Au 

nanoparticles are electrophoretically driven toward a working electrode.   Au seeds chemically crosslink with amine 

functionalized PMMA regions on self-organized diblock copolymer PS-b-PMMA template (inset).  The resultant 

EHD flow field around the seed entrains nearby nanoparticles forming transient oligomers. (b) Illustration of 

anhydride bridge that forms between carboxylic acid and acylisourea on neighboring nanoparticles that stabilizes 

oligomers when the external field is turned off.  

 

A scanning electron microscopy (SEM) image of a SERS substrate composed of self-

assembled oligomers is displayed in Figure 5.2a. The size distribution in percent area (Figure 5.2b 

inset), determined from image analysis of SEM images using Wolfram MathematicaTM indicates 

that trimers are observed with the highest probability, with quadrumers being the second. The 

absorption cross section of a dimer, linear trimer, and linear quadrumer with a nanogap size of 0.9 

nm – corresponding to the calculated sulfur-sulfur distance of an anhydride bridge – was calculated 

from full-wave simulations and shows good agreement with the fine structure observed in UV-

visible measurement as shown in Figure 5.2b. This agreement suggests that measured attenuation 

is dominated by frequencies near the trimer resonance with contributions from frequencies 

associated with dimers and quadrumers, blue and red shifted, respectively. Larger oligomers 

observed in the SEM image of Figure 5.2a contribute to the broad shoulder at higher wavelength.  
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This observation can be understood by considering the effect of the close packed arrangement of 

nanospheres in oligomers on their plasmon resonance. It has been previously shown using dark 

field microscopy and full-wave simulations that an oligomer’s plasmon mode is only slightly 

perturbed by the addition of a nanosphere when the added nanosphere is unaligned with the 

incident beam’s polarization. For example, a hexamer made up of two trimers on top of each other 

has a plasmon mode that is slightly redshifted from that of a linear trimer.272 Consider that for a 

close packed oligomer to have more than 4 nanospheres in a row, it must be composed of more 

than 21 nanospheres. From the oligomer size distribution, Figure 5.2b inset, it was determined that, 

by number, 98% (88% by area) of oligomers are composed of 21 nanospheres or less. It is then 

unsurprising that the resonance is dominated by dimers, trimers and quadrumers. Full-wave 

simulations of the electric field enhancement – |Eolig|/|E0|, where Eolig and E0 are the plane wave field 

with and without oligomers, respectively –  was performed for nanogaps of 0.9 nm and 2 nm in 

dimers and linear trimers and are shown in Figure 5.2c. As expected the resonance red shifts as 

the gap distance decreases. Furthermore, increasing gap spacing from 0.9 to 2 nm reduces the 

calculated field enhancement from 621 to 240 (762 to 314) in a dimer (linear trimer). The SERS 

enhancement can be estimated as the fourth power of the field enhancement, |Eolig|/|E0|
4, and thus 

even slight variations in field enhancement will lead to large variations in SERS intensity. Overall 

the plasmon resonance is less affected by close packed oligomer size than the resultant field 

enhancement in the nanogaps when spacing decreases below 2 nm. Thus chemically controlled 

gap spacing enables uniform SERS intensity, observed in Figure 5.2d. 

https://www.zotero.org/google-docs/?eqemnd
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Figure 5.2. (a) SEM micrograph of self-assembled Au oligomers. (b) Attenuation curve of SERS substrates in DI 

water. Dotted curves represent absorption cross section of a dimer (×), linear trimer (squares), and linear quadrumer 

(+) from full-wave simulations. Inset shows oligomers distributions in percent area on SERS substrate calculated 

from SEM images acquired over 10 μm2. (c) Calculated field enhancement of Au (i) linear trimer with 0.9 nm gap, 

(ii) dimer with 0.9 nm gap, (iii) linear trimer with 2 nm gap, and (iv) dimer with 2 nm gap from full-wave 

simulations. Curve (i) and (ii) are offset by 100 for clarity. (d) Normalized SERS intensity map of benzenethiol’s 
1573 cm-1 vibrational band. Inset shows distribution of normalized intensity with a RSD of 10.4%. 

 

Figure 5.2d displays the normalized SERS intensity of a benzenethiol vibration band, 1573 

cm-1, acquired over a 100 μm × 100 μm area.  The SERS intensity has a relative standard deviation 

(RSD) of 10.4%. While nanogap spacing of 0.9 nm is important to achieve large and uniform 

SERS enhancements, at the same time, the assembly method provides a sufficiently broad band 

response, ranging over a window of 625 nm to 875 nm in the attenuation measurement, to enhance 
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signals at both the plasmon excitation wavelength and Raman scattered wavelength. The uniform 

SERS response with large enhancements over large area enables the use of these SERS substrates 

in device architectures. Of further significance, it also enables the acquisition of large datasets 

needed for statistical analysis enabling quantitative detection.  

5.3 Quantification and Detection of Pyocyanin in Aqueous Media 

Pyocyanin exhibits a broad absorption band from 550 nm to 900 nm,302 thus using a 785 

nm laser to excite nanoantennas results in surface enhanced resonance Raman scattering (SERRS). 

SERRS spectra of aqueous pyocyanin from 1 μg·mL-1 (4.8 μM) to 100 μg·mL-1 (480 μM) (Figure 

5.3a) displays clear Raman bands similar to pyocyanin spectra reported using surfaces with Ag 

and Au nanorods293,303 at 552 cm-1, 1353 cm-1, 1602 cm-1, and 1620 cm-1. These bands rise at a 

concentration as low as of 100 pg·mL-1 (480 pM), as exemplified in Figure 5.3b for the band 552 

cm-1. The log-log dose-response curve of pyocyanin at 552 cm-1 (Figure 5.3c) reveals a linear 

regime between 1 ng·mL-1 and 10 μg·mL-1, consistent with Langmuir adsorption kinetics.     

Within this linear regime, pyocyanin concentration can be quantified using the formula 

shown in equation (1) with R2 = 0.951. 

log C = a log I + b             (5.1)  

Here a and b are fitting constants with value of 3.623 and 2.924, respectively, while C and I 

represent pyocyanin concentration and normalized SERRS intensity at 552 cm-1, respectively. For 

concentrations below the limit of quantification (LOQ), 1 ng·mL-1, SERS substrates detection of 

pyocyanin was determined by comparing signal and background at 552 cm-1 per guideline EP17 

of the Clinical and Laboratory Standards Institute.304 The limit of blank (LOB) is calculated by 

adding the mean background signal (DI water) Ībg at 552 cm-1 to 1.645 its standard deviation σbg , 

shown in equation (2): 

https://www.zotero.org/google-docs/?f8WNoo
https://www.zotero.org/google-docs/?0TXQI7
https://www.zotero.org/google-docs/?6LPcxj
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LOB = Ībg + 1.645σbg              (5.2) 

Detection is defined in the standard manner where the mean signal, ĪD, at 552 cm-1 is at least 1.645 

standard deviations, σD, larger than or equal to the LOB, shown in equation (3): 

ĪD – 1.645σD ≥ LOB                           (5.3) 

From this analysis, SERS substrates exhibit detection of pyocyanin in aqueous media at 

concentration of 100 pg·mL-1, above which one can observe pyocyanin signals above the 

background in Figure 5.3c. We did not measure pyocyanin at lower concentration since our interest 

was in establishing a LOD in biological media. These results are discussed in the following section.   

 
Figure 5.3. (a) SERRS spectra of (i) DI water, (ii) 1 μg·mL-1, (iii) 10 μg·mL-1, and (iv) 100 μg·mL-1 pyocyanin in 

water. Grey bars indicate Raman bands of pyocyanin. (b) SERRS spectra of of (i) DI water, (ii) 100 pg·mL-1, (iii) 1 

ng·mL-1, (iv) 10 ng·mL-1, and (v) 100 ng·mL-1 pyocyanin in water. Dark grey bar highlights pyocyanin’s 552 cm-1 

band while light grey bars indicate other pyocyanin Raman bands. (c) Dose-response relationship of pyocyanin and 

normalized SERS intensity at 552 cm-1. Error bars depict standard deviation of 100 measurements. 

 

5.4 Training Data Acquisition and Building Multivariate Predictive Model 

Using linear regression on a single Raman band allows for facile comparison with other 

SERS surfaces in the literature as it is widely used for quantitative calibration.171,172,305–307 While 

this method is sufficient for analysis of a pure analyte in water, it discards the remaining rich 

information in each spectrum and can lose sensitivity when other molecules are present in solution 

as is the case when monitoring biofilm growth. Alternatively multivariate analysis, specifically 

partial least square (PLS) regression, analyzes the full spectra collected from SERS substrates and 

https://www.zotero.org/google-docs/?ILLvvx
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improves limit of quantifications in complex media.308 Thus we capitalize on the uniform SERS 

response of our surfaces to acquire necessary training data and employ PLS analysis to quantify 

pyocyanin in more complex biological media, an important requirement for diagnostic 

applications. Training data sets, composed of SERRS spectra from known concentrations of 

pyocyanin spiked in LB media, generate a robust PLS predictive model for pyocyanin 

concentration in the increased background noise of the biological media. The multivariate model 

predictive capability is subsequently demonstrated by quantifying pyocyanin production from P. 

aeruginosa planktonic cultures during in vitro growth.  

First we demonstrate the suitability of our substrates for detecting pyocyanin in complex 

media by comparing SERRS spectra of blank LB media, LB media spiked with 10 μg·mL-1 of 

pyocyanin alongside spectra from of cell-free supernatants collected from mid-stationary phase 

cultures of wild type P. aeruginosa PA14 and its phenazine-deficient mutant strain Δphz1/2 as a 

control (Figure 5.4a). The Δphz1/2 strain does not produce phenazines, hence its SERRS spectrum 

(multiplied a factor of 5 for clarity) indeed lacks the vibrational fingerprint of pyocyanin; it is 

similar to the spectrum obtained for blank LB media. Meanwhile, SERRS spectra of wild type 

PA14 and pyocyanin in LB broth exhibit similar features, including distinct pyocyanin vibrational 

bands, and thus confirming the suitability of our substrates for the task. While pyocyanin signals 

are clearly seen here, signal interference from other molecules is amplified at low concentration, 

requiring more the more sophisticated analysis. 

The calibration datasets that were acquired by collecting SERRS spectra of LB media 

spiked with 100 pg·mL-1 to 100 μg·mL-1 pyocyanin generated a predictive model of pyocyanin 

concentration in LB media using PLS regression. From the 400 spectra collected for each 

pyocyanin dose, 380 were randomly selected as training set and the remaining 20 withheld as 

https://www.zotero.org/google-docs/?mDXktk
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testing set. To optimize the model, over- and under-fitting are avoided by using 10 PLS 

components where a minimum in RMSE of cross validation (RMSECV) is observed, displayed in 

inset of Figure 5.4b. With the testing set, the model demonstrates accurate prediction between 1 

ng·mL-1 and 100 μg·mL-1 as shown in Figure 5.4b. Fitting the predicted versus actual concentration 

with a line having a slope of 1 – representing perfect predictive capability – gives a R2 value of 

0.956. 

5.5 Pyocyanin Quantitative Detection in Complex Media 

The generated predictive model was used to quantify pyocyanin from SERRS spectra of 

cell-free conditioned growth medium of wild type P. aeruginosa and Δphz1/2 as a function of 

incubation time. For each incubation time point, 400 SERRS spectra were collected within the 

span of less than 4 minutes, and their corresponding pyocyanin concentrations were calculated 

using the PLS model; the average concentration for incubation times ranging from 0 to 24 h are 

shown in Figure 5.4c. The performance of SERRS-PLS was compared with UV-vis absorption 

spectroscopy typically employed to quantify pyocyanin. Pyocyanin concentrations were calculated 

from UV-vis absorption peaks using the reported molar absorptivity 𝜀 = 4.31 × 103 𝑚𝑜𝑙−1 𝑐𝑚−1 

at 𝜆𝑚𝑎𝑥 = 690 𝑛𝑚.309  

The pyocyanin-deficient Δphz1/2 strain were used to calculate the instrument noise and 

contributions from the background media.  This yielded the UV-vis LOD as 197 ng·mL-1 (0.94 

μM), equivalent to 3 standard deviations above the background of the Δphz1/2 strain. This value 

agrees well with the reported LOD of 1 μM for UV-vis.310 The UV-vis data is also plotted in Figure 

5.4c for comparison with SERRS data. The LOD of SERRS observed in Figure 5.4b is 1 ng·mL-1 

(4.8 nM) using the same definition for differentiating from background noise and PLS model 

discussed above. Thus SERS substrates are able to detect pyocyanin as early as 2 h of shaking 

https://www.zotero.org/google-docs/?Ksfrq5
https://www.zotero.org/google-docs/?5kxJHT


100 

 

culture growth and quantify the concentration as 2.5 ng·mL-1 (12 nM), as opposed to after 8 h of 

shaking culture growth when using UV-vis absorption. From 8 h onward, quantitative performance 

of the two methods is comparable. The sharp increase in pyocyanin concentration detected by 

SERRS from 2 to 8 h correlates with the exponential growth phase of P. aeruginosa in shaking 

culture, which is observed in Figure 5.4d as an increase in optical density and thereby accumulation 

of biomass.  Overall this data validates SERS substrates robustness toward detection of pyocyanin 

in complex media. 
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Figure 5.4. (a) SERRS fingerprint of (i) bacteria-free supernatant from mid-stationary phase cultures of wild-type P. 

aeruginosa PA14, (ii) 10 μg·mL-1 pyocyanin in LB broth, (iii) phenzine-null mutant strain Δphz1/2 and (iv) LB 

broth. Spectra in (i) and (ii) are multipled by a factor of 5. (b) Pyocyanin concentration predicted by PLS model for 

spectra in testing set. Error bars depict standard deviation of 20 measurements. Inset shows RMSECV of the PLS 
model with respect to the number of components used. (c) Pyocyanin concentration in bacteria-free supernatants of 

wild-type P. aeruginosa PA14  and its phenazine-null strain over 24 hours. Concentrations from SERS and UV-Vis 

measurements are calculated using trained PLS model and reported molar absorptivity 𝜀 = 4.31 × 103 𝑚𝑜𝑙−1 𝑐𝑚−1 

at 𝜆𝑚𝑎𝑥 = 690 𝑛𝑚,47 respectively. Error bars show standard deviation of 400 measurements. (d) Growth curves for 

planktonic cultures of P. aeruginosa PA14 and its phenazine-null mutant strain as determined from optical density. 

 

5.6 Monitoring Biofilm Formation via Pyocyanin Quantification 

Here we integrate microfluidic channels with SERS substrates to perform inline sampling 

of biofilm effluent, thus enabling rapid quantitative detection of pyocyanin as a means to 
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longitudinally monitor biofilm growth. P. aeruginosa biofilms were grown in tryptone broth (TB) 

medium as previously described.311 Effluent from the biofilm growth channel is delivered to a 

microfluidic channel with Au oligomers assembled on the surface as illustrated in Figure 5.5a. 

Every three hours, 200 SERRS spectra are collected in the effluent with a total acquisition time of 

2 minutes, thus eliminating the need for performing chloroform extraction or incubating on SERS 

substrates293 or evaporating solvent on SERS surfaces.303 To quantify pyocyanin, a suitable 

predictive model was generated by repeating PLS analysis on training dataset acquired using the 

appropriate collection parameters for TB media (as oppose to LB in planktonic cultures growth) 

as reported in our methods. The resulting LOD from this analysis is 10 ng·mL-1
. Using the model, 

pyocyanin was detected in the SERRS signal above the LOD starting between 6 h - 9 h after 

inoculating as observed in Figure 5.5b. Thus the time of quantification (TOQ) falls within this 

range. Pyocyanin concentration after 9 h was determined to be 24 ng·mL-1 (115 nM), above the 

determined LOD. Thus, the calculated concentrations are indicative of the instantaneous 

production of pyocyanin in biofilm growth channel. Investigation of results generated from the 

model shows that some spectra at 3 and 6 h reveals Raman bands associated with pyocyanin above 

the background. By analyzing the individual spectra it was determined that 7.8% and 14.3% of the 

spectra at 3 and 6 h, respectively, show a pyocyanin concentration above the background; 

representative spectra are plotted in Figure 5.5c. This fraction increases to 70.3%, 96.7%, and 

100% for the subsequent time points. This is consistent with non-uniform distribution of pyocyanin 

on the substrate surface at low concentrations. So while the averaged concentration of pyocyanin 

calculated for the set of Raman spectra at 3 and 6 h of biofilm growth lies below the LOD, a 

fraction of those spectra shows that pyocyanin is detected at those early time points. Thus 3 hours 

is set as the time of detection (TOD). The calculated concentrations of pyocyanin correlate with 

https://www.zotero.org/google-docs/?UP5CsJ
https://www.zotero.org/google-docs/?rq7z7u
https://www.zotero.org/google-docs/?ELmyCd
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the time-dependent accumulation of biofilm biomass obtained from analysis of fluorescence 

images of the microfluidic growth channels (Figure 5.5d). Representative confocal fluorescence 

images of the growth channels show the initial stages of bacterial cell adhesion (6 h), microcolony 

formation (10 h), and three-dimensional growth of biofilms above the channel surface (16 h). The 

biomass and imaging data indicates that biofilm formation can be monitored reliably after TOQ. 

More significantly, it reveals that the earliest detection of biofilms, corresponding to TOD, occurs 

during the initial stages of bacterial cell adhesion, earlier than observed in fluorescence confocal 

images. 

Bacterial biofilms impart antibiotic resistance and tolerance on constituent cells via several 

distinct mechanism.278 These mechanisms are characteristic of bacterial phenotypes and properties 

of mature biofilms, so early treatment with antibiotics can be more effective than equivalent 

treatment of mature biofilms. The potential for early detection to provide a therapeutic 

improvement for infection outcomes was assessed by measuring the antibiotic susceptibility of 

surface-attached bacteria at different stages of biofilm growth. Bacteria exposed to a bactericidal 

antibiotic, carbenicillin, were differentially susceptible after 10 h of growth, after which their 

susceptibility decreased significantly with increasing growth time as they transition into a more 

protected state (Figure 5.5d inset); this transition is also captured as the sharp increase in pyocyanin 

concentration measured from SERRS in Figure 5.5d between 9 h and 12 h. A control biofilm was 

grown for 24 h and exposed to PBS instead of Carb. n.s. indicates no statistically significant 

difference between the antibiotic susceptibility of cells grown in flow channels for 6 and 10 h. 

Consequently, detection of a P. aeruginosa infection and intervention at early stages of 

colonization (< 10 h growth) show potential to substantially improve the effectiveness of antibiotic 

treatment. 

https://www.zotero.org/google-docs/?xIYPln
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Figure 5.5. (a) Schematic of the biofilm inline measurements setup. (b) Pyocyanin concentration predicted by PLS 

model from SERS spectra of various time. Each data point represents the averaged of predicted concentrations and 

error bars show standard deviation from 200 measurements. (c) Individual representative SERS spectra at (i) 12h (ii) 

9h, (iii) 6h, and (iv) 3h contrasted with spectrum of (v) TB media. Grey bars indicate pyocyanin vibrational bands. 

(d) Accumulated biomass of biofilm growth in the flow cell over time. Error bars depict standard deviations from n 

= 3 independent growth channels. Confocal fluorescence microscopy images show representative bacterial 

accumulation on the glass surface at the time points indicated by the arrows (scale bars are 20 μm). (e) Susceptibility 

of surface-associated cells to carbenicillin treatment at the specified growth times. Error bars depict standard 

deviation of dead cell fraction from n = 3 biological replicates.  

 

6.7 Conclusion 

Chemical assembly of SERS substrates, using electrohydrodynamic flow to initiate chemical 

crosslinking, yields nanogap spacings of 0.9 nm. The resultant nanogaps provide high and 

reproducible SERS enhancements over μm2 areas when excited at 785 nm with power as low as 

7.3 μW.  This allows for integration in a device platform and the rapid acquisition of large data 

sets for statistical analysis.  SERRS measurements yielded a limit of detection of 100 pg·mL-1 of 

pyocyanin in aqueous solution by tracking the linear relationship between the SERRS intensity at 
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a characteristic pyocyanin molecular vibrational mode.  Longitudinal studies demonstrated that 

pyocyanin concentration is correlated with accumulation of biomass. In more complex media, 

SERS substrates were able to robustly quantify analyte concentration in biologically relevant 

levels when using an established machine learning algorithm for spectral data analysis. Using PLS 

regression to analyze SERRS spectra collected from cell-filtered supernatant in a microfluidic 

channel, before a decreased susceptibility to bactericidal antibiotic carbenicillin is observed for 

surface-attached bacteria at 10 h, the ability to detect biofilm formation as early as 3 h after 

inoculation was demonstrated. Thus detecting microbial production of metabolites associated with 

quorum sensing with chemically assembled SERS substrates is a promising strategy for early 

intervention of bacterial infections. 

5.8 Methods 

5.8.1 Materials 

Random copolymer Poly(styrene-co-methyl methacrylate)-α-Hydroxyl-ω-tempo moiety 

(PS-r-PMMA) (Mn = 7,4 kg mol-1, 59.6% PS) and diblock copolymer poly(styrene-b-methyl 

methacrylate) (PS-b-PMMA) (Mn = 170-b-144 kg mol-1 ) were purchased from Polymer Source, 

Inc. (Dorval, Canada). Gold nanospheres with diameter of 40 nm and lipoic functionalization were 

purchased from Nanocomposix (San Diego, CA). Si(001) wafers with resistivity of 0.004 ohm-cm 

were purchased from Virginia Semiconductor (Frederickburg, VA). Hydrofluoric acid (HF) was 

purchased from Fisher Scientific (Pittsburg, PA). 2-(N-morpholino)ethanesulfonic acid (MES) 

0.1M buffer was purchased from Pierce (Rockford, IL). 1-ethyl-3-[3-dimethylaminopropyl] 

carbodiimide hydrochloride, N-hydroxy sulfosccinimide (s-NHS), dimethyl sulfoxide (DMSO), 

ethylenediamine (ED), toluene, ethanol, isopropanol (IPA), potassium carbonate, and 52-mesh Pt 
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gauze foil were purchased from Sigma Aldrich (St. Louis, MO). Nanopure deionized (DI) water 

at 18.2Mohm cm-1 was obtained from Milli-Q Millipore System. 

5.8.2 Self-Assembly of SERS Substrates 

Si wafers were cleaned in 10% HF to remove the native oxide. The potential of HF to cause 

severe injury mandates extreme caution during usage. Random copolymer PS-r-PMMA and 

diblock copolymer PS-b-PMMA solution in toluene (1 wt%) were spun coat on the flat Si surface 

and annealed at 198oC to form thin films as described in previous work.137 PMMA regions are 

selectively functionalized with amine end groups by first immersing in DMSO and then in 

ED/DMSO solution (5% v/v) for 5 minutes each step and without rinsing in between. The substrate 

is then washed with IPA for 1 minute and dried under nitrogen. 

Lipoic acid functionalized 40 nm Au nanospheres in aqueous solution is concentrated 

twofold by adjusting the pH to 8 with potassium carbonate and centrifuging for 25 minutes at 1700 

RCF and redispersed in DI water. 3 mL of concentrated Au nanosphere solution is added to a 10 

mL beaker, followed by 35 uL of freshly prepared 20 mM s-NHS in 0.1 M MES buffer and 35 uL 

of freshly prepared 8 mM EDC in 0.1 M MES buffer. The solution is swirled and moved on a 

hotplate to be heated to 8o°C. A 1 cm x 1 cm Pt mesh and 1 cm x 1 cm Si substrate are stabilized 

using alligator clips and placed into the solution vertically as the anode and cathode, respectively. 

A DC Regulated Power Supply was used to apply a voltage of 1.2V for 10 minutes to drive 

electrophoretic sedimentation of Au nanospheres to the surface. EDC initiated carbodiimide 

crosslinking chemistry is used to covalently bind carboxylic acid functionalized Au nanospheres 

to the selectively amine-functionalized PMMA regions of the template via an amide bond.131 The 

substrate, Pt mesh, and beaker are rinsed with IPA for 1 minute and dried under nitrogen. The 

process is repeated on the same substrate with a freshly concentrated Au nanospheres solution, but 

https://www.zotero.org/google-docs/?tAoOzQ
https://www.zotero.org/google-docs/?JxVQRP
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with 30uL of EDC and s-NHS solution. Here electrohydrodynamic flow around previously 

attached nanospheres drives nanospheres to chemically crosslink via EDC coupling chemistry to 

nanospheres assembled in the first step.  Finally, the diblock copolymer layer is etched under 

oxygen plasma (50W, 60s) in the PC2000 Plasma Cleaner from South Bay Technology (San 

Clemente, CA) to remove organic groups from nanoparticle surfaces.  Assembly on indium tin 

oxide (ITO)-coated glass are carried out identically, with the exception of the surfaces undergoing 

oxygen plasma etching at 100 W for 1 min before spin coating PS-r-PMMA. 

5.8.3 Characterization 

Images of SERS substrates are collected with a Magellan XHR scanning electron microscope 

(FEI). UV-vis absorption measurements of SERS substrates are carried out using a Shimadzu UV-

1700 absorption spectrometer. Absorption spectra are taken of ITO-coated glass substrates taped 

(away from the beam path) on to a quartz cuvette filled with DI water. 

5.8.4 P. aeruginosa cell free supernatant preparation 

Wild type P. aeruginosa (strain PA14312) shaking culture supernatant was used to measure 

pyocyanin production over time. PA14 was streaked onto lysogeny broth (LB, EMD Millipore) 

agar plates from frozen glycerol stocks and grown overnight at 37 °C. Shaking cultures were 

inoculated from single colonies on the LB plate into 5 mL of liquid LB and grown at 37 °C on an 

orbital shaker overnight. 50 μL of the shaking culture was diluted into 24 mL of 10 g/L tryptone 

media (Bacto tryptone, BD Scientific) and this subculture was grown at 37 °C on an orbital shaker. 

Aliquots were taken periodically from the shaking subculture for optical density measurements. 

To measure pyocyanin production, P. aeruginosa conditioned medium was isolated by 

centrifuging the 2 mL cultures at 15000 x g and passing the resulting supernatant through a 0.2 μm 

https://www.zotero.org/google-docs/?gjR5AM
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PES vacuum filter (Corning). The filtered supernatants were dropped onto the SERS substrates 

and measured within 1 hour from their collection time. 

5.8.5 Fluidic Device Fabrication and Biofilm Growth 

The microfluidic device consists of two channels, one for the biofilm and the other for the 

SERS substrate.  Microfluidic channels for the biofilm were made by bonding the plasma-activated 

surfaces of PDMS with a glass slide. SERS substrate and a glass slide are separated by an adhesive 

spacer of 100 μm thickness (3M 415) with channel design laser cut (Epilog Fusion Laser Cutter) 

in the adhesive layer. 

P. aeruginosa biofilms for in-line detection of pyocyanin were grown in the above 

microfluidic devices as previously described using a P. aeruginosa strain constitutively expressing 

yellow fluorescent protein (YFP).311 P. aeruginosa cells were seeded with no flow in the biofilm 

growth channel for 2 h. The fluid feed was then switched to sterile tryptone media and the outlet 

of the channel was connected to the SERS channel input. The 0 h SERRS measurements were 

collected once the in-line device in fully connected, prior to start of flow. Media was then pulled 

through the in-line detection device at 10 μL·h-1 and SERRS spectra were collected at the indicated 

time points. Identical biofilms were grown and imaged in the flow cells to measure the time-

dependence of biofilm growth. The biofilm volume was obtained from Volocity imaging analysis 

software (PerkinElmer) of confocal fluorescence images of the YFP-producing biofilms. SERRS 

collection parameters are described below. 

5.8.6 Antibiotic Susceptibility Measurements 

P. aeruginosa biofilms were grown for 10, 15, and 24 h on glass coverslips submerged in 

2 mL of TB supplemented with 3 g⋅L-1 NaCl in sterile, six well tissue culture plates (Fisher 

Scientific). After the indicated growth time, the growth media was aspirated and the biofilms on 

https://www.zotero.org/google-docs/?NdYHUL
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the coverslips were rinsed once with PBS while still in the wells. The PBS rinse solution was then 

aspirated and replaced with 600 μg⋅mL-1 carbenicillin (minimum inhibitory concentration in P. 

aeruginosa strain PA14 128 μg⋅mL-1)313 in PBS or PBS only for the control. Biofilms were soaked 

in the antibiotic or control solutions for 3 h, rinsed again with PBS, and then stained with live/dead 

cell viability assay stains, propidium iodide and Syto 9 (Fisher Scientific) at 2 μM final 

concentration each, for 15 min. Coverslips were rinsed once more in PBS, removed from the wells 

and placed face down on a microscope slide for confocal fluorescence imaging. The fraction of 

dead cells was calculated using the biovolumes of each color channel (red and green) obtained 

from Volocity imaging analysis software (PerkinElmer) of confocal fluorescence images of 

biofilms. 

At 6 h biofilm growth, the washing steps described above removed all cells from the 

coverslips. Instead, the antibiotic susceptibility of surface-associated cells was measured from cells 

grown in microfluidic devices. After 6 h of growth, as described above for pyocyanin detection 

experiments, the input line was changed from TB to 600 μg⋅mL-1 carbenicillin in PBS for 3 h. The 

input line was then changed again to BacLight for 15 min and finally PBS for 30 min, after which 

cells attached to the channel surface were imaged and the dead cell fraction quantified by counting 

individual cells of each color channel. 

5.8.7 Spectroscopic, Measurements, Instrumentation, and Procedure 

Surface enhanced Raman spectroscopy (SERS) measurements are conducted using a 

Renishaw InVia Raman Microscope system. A 785 nm continuous wave laser is chosen to excite 

near the plasmon resonance of Au nanoparticle assemblies as determined from electromagnetic 

simulations and ultraviolet-visible absorption measurements.272 

https://www.zotero.org/google-docs/?WeTl58
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In droplet measurements, as referred to in the main text, a 60X water immersion objective 

with 1.2 NA is used for illumination and collection. Approximately 150 μL of solution of interest 

is transferred onto SERS substrates and the measurements are acquired with laser power and 

acquisition time of 7.3 μW and 0.5 second, respectively, over area specified for each case. SERS 

substrates are cleaned with IPA and DI water for 1 minute each and dried under nitrogen between 

measurements. One substrate was used per set of measurements (concentrations or time points).  

For in-line measurements, a 50X objective is used. Measurements are taken with laser power and 

acquisition time of 14.6 μW and 0.1 second, respectively. Illumination and collection were done 

through SERS microfluidic channel.  

5.8.8 Spectra Processing and Analysis 

Raman scattering spectra processing and analysis were performed off-line using MATLAB 

R2016b (The MathWorks Inc, Natrick, MA). Each spectrum undergoes baseline correction, 

smoothing with Savitzky-Golay, and normalization to the average intensity of Si second-order 

vibrational band, reported between 920 – 1045 cm-1,314 from the substrate.   This allows for 

comparison of different samples where slight intensity variations may arise due to deviations in 

optical collection in the experimental setup. While this band was previously only the range 

between 920 – 970 cm-1 was used due to the appearance of pyocyanin ring stretching vibrational 

band at 975 cm-1. When preparing SERRS spectra for full-spectrum partial least squares (PLS) 

regression, a constant 𝑘 = 1.0067 was added to the processed signals to eliminate negative values 

in the calibration matrix associated with variations due to noise. This is necessary as signals are 

then log-transformed before analysis with PLS regression. PLS regression combines 

characteristics of principal component analysis with multiple linear regression to predict a set of 

dependent variables from a large set of independent variables.315 

https://www.zotero.org/google-docs/?RNeCRi
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5.8.9 Simulations 

Full-wave simulations (frequency domain finite elements method solver) are implemented 

in CST Microwave Studio (CST AG). We calculate the absorption cross sections of several 

nanosphere oligomers: dimer, linear trimer, and linear quadrumer. The structure identical to that 

considered in chapter 3. Au nanospheres of 40 nm in diameter with 0.9 nm interparticle gaps are 

partially embedded in a 40 nm PMMA layer with their centers 8 nm above the PMMA. The PMMA 

layer is directly above a 150 nm ITO layer, which is directly above a 2 μm glass layer. The upper 

medium surrounding nanospheres is water. The total size of the structure in x-y plane (transverse 

plane) is assumed to be 4 μm × 4 μm, which is approximately four times larger than the largest 

excitation wavelength of 900 nm, and we applied software's open boundary condition. Au 

permittivity was calculated from Drude model with parameters extracted from Grady.316 The 

relative electric permittivity used for water, PMMA, glass, and ITO are 1.77, 2.47, 2.3207, and 

adapted from Moerland,254 respectively. The permittivity in the gap region was unknown due to 

anhydride bonding, and thus was approximated by performing a parameter sweep of the gap 

permittivity and calculating the absorption of the dimer configuration to determine which best 

corresponds with the observed dimer peak at 686 nm. The resulting permittivity of 2.25 was used 

in simulations. Oligomers are excited with plane wave illumination at normal incidence with 

electric field polarization along the axis of the linear oligomers, and the absorption cross section 

of the structures is determined. 

Field enhancement was also calculated from full-wave simulations of dimer and linear 

trimer with 0.9 nm and 2 nm interparticle gaps using the same conditions. Field enhancement is 

defined in equation (4). 

FE =  |Eolig|/|E0|            (6.4) 

https://www.zotero.org/google-docs/?KZNL5x
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|Eolig| represents the electric field magnitude at the center of the gap in the oligomer (dimer or 

trimer), and |E0| is the electric field magnitude at the same location in the absence of the structure.  
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Chapter 6 

SERS-based Odor Compass: Locating Multiple Chemical 

Sources and Pathogens 

 
6.1 Introduction 

From October 2015 through February 2016 100,000 tons of methane and 2.5 tons of 

benzene were leaked from the Aliso Canyon natural gas storage facility, making it the second 

worst natural gas leak in US history.317 Rapid and early detection and identification of hazardous 

gas leaks is essential to reduce the damage of these disasters, dangerous industrial gas leaks, and 

contamination of virulent bacteria. Yet most gas sensors merely alert of the presence of gasses and 

give no indication of the gas source direction. Often, leaks are identified using a mobile odor 

detector and gas distribution mapping, an incredibly time consuming process. 

To improve upon existing methods, the odor compass was developed in 1991.318 The 

canonical odor compass is composed of two semiconductor gas sensors mounted to a rotating stage 

with a fan mounted to draw analyte containing air towards the gas sensors.319,320 Heuristics are used 

to identify odor source direction by comparing the relative signal from the gas sensors at various 

rotation angles.321,322 These odor compasses are mounted onto mobile robots so that they can travel 

through the gas concentration gradient and eventually find the odor source, a process called 

chemotaxis in the biological context. Often, simple algorithms inspired by Braitenberg vehicles323 

are used, but sophisticated methods for odor source localization have been developed using genetic 

algorithms,324,325 fuzzy logic,326,327 and infotaxis.328 Mobile odor compasses have now been used on 

land, air,329,330 and sea.331,332  

https://www.zotero.org/google-docs/?yM8kea
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https://www.zotero.org/google-docs/?FUlcQ4
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 While most odor compasses rely on semiconductor gas sensors,333,334 other gas sensors 

have been used such as conductive polymers,335,336 quartz crystal microbalance gas sensors,337,338 

and even silkworm antennae.339 Yet (aside from silkworm antennae), these detectors cannot 

effectively differentiate different types of gasses, limiting their usefulness in many applications. 

More sophisticated sensors are thus necessary for odor identification. Classification of odors 

during odor localization was first achieved with an electronic nose,340,341 composed of an array of 

semiconductor gas sensors with differing composition. Electronic noses have been shown to be 

very effective at identifying odors in a range of applications, particularly food342 and health 

applications.343 Nevertheless, electronic noses suffer from two limitations: 1) they require a 

seperate electronic readout for each sensor in the array limiting the number of unique sensors to 

often as little as 4,340 making classification of similar odors challenging, and 2) a limit of detection 

(LOD) of analyte in the parts per million range is typical for electronic noses used as an odor 

compass.344,345 In comparison, many biological systems have detection limits reaching the parts 

per trillion range.346 The achievable limits of detection of typical odor compasses have limited 

their applications to plume detection. This necessitates the use of fans to draw in odor plumes, 

mechanical rotation347 of the odor compass apparatus, and robotic system to travel through large 

areas in order to identify the true odorant direction, greatly slowing the odor localization 

process.321,322 

 We present the use of surface enhanced Raman scattering (SERS) sensors to obviate many 

of the challenges associated with odor source direction identification. SERS brings three main 

benefits: 1) the use of vibrational spectroscopy enables superior differentiation of even extremely 

similar analytes,348 2) SERS has extremely low limits of detection of molecules, with typical 

operation in the parts per billion, and can reach LODs as low as 1 part per trillion with the use 

https://www.zotero.org/google-docs/?Llhcij
https://www.zotero.org/google-docs/?b0YPbd
https://www.zotero.org/google-docs/?TAMGyc
https://www.zotero.org/google-docs/?zbJdVj
https://www.zotero.org/google-docs/?6oQ2Dq
https://www.zotero.org/google-docs/?HpapMG
https://www.zotero.org/google-docs/?Pvjpuv
https://www.zotero.org/google-docs/?aZMrqZ
https://www.zotero.org/google-docs/?iZLMCX
https://www.zotero.org/google-docs/?HhRgTL
https://www.zotero.org/google-docs/?Khmi5y
https://www.zotero.org/google-docs/?jJueUq
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statistical analysis and appropriate nanoarchitectures that can achieve single molecule SERS,349 

and 3) each sensing element does not need a seperate electrical readout. In this chapter, we 

demonstrate that a passive (i.e., without fans or motors) SERS sensor array can identify the 

direction of multiple odor sources with similar vibration spectra relying only on diffusion of 

analytes to reach the array. We use a machine learning approach to analyze the SERS spectra, 

which has been shown to be useful in this context.177,187,188,273 Raman spectra are first analyzed 

with non-negative matrix factorization to differentiate the analytes, benzenethiol and 3-

methoxybenzenethiol. Then, various machine-learning classifiers are compared in terms of their 

ability to correctly identify the odor source direction via evaluation of SERS data from the sensor 

array. Machine learning interpretation of signals from sensor arrays realize a marked improvement 

of well over 20% classification accuracy compared to heuristics typically used for odor compasses. 

The best in class models, support vector machine classifier and convolutional neural networks, 

correctly identify the direction of one or two odor sources over 90% of the time vs 4.2% chance. 

Models are also evaluated with k-folds cross validation and categorical accuracy achieves a cross 

validation standard deviation of less than 0.2%. Finally, we demonstrate that this approach can be 

used to detect the presence of Escherichia coli biofilms as well as identify its source direction by 

tracking volatile organic compounds from the bacteria. 

6.2 SERS Sensor Array Fabrication and Validation 

Passive odor compasses relying on diffusion of analytes to sensor surfaces require 

significantly better sensitivity, limit of detection (LOD), and precision compared to typical plume 

based detection due to both lower gas concentrations and smaller differences in analyte 

concentration from point to point. Uniformity of signal response across a passive sensor is 

necessary to ensure variations are related to analyte concentration rather than variable sensor 

https://www.zotero.org/google-docs/?qPzYa5
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response. In order to fabricate nanosensors with spatially uniform response we use 2-dimensional, 

physically activated chemical assembly (2PAC), to produce surface enhanced Raman scattering 

(SERS) sensors with billion-fold Raman scattering enhancements over large areas.272 2PAC 

assembly involves seeded growth of close-packed gold nanosphere assemblies, described in detail 

elsewhere.272,273 Briefly, nanosphere seeds are driven to deposit on select regions of a copolymer 

coated Si electrode by electrophoresis. After seeding, the interaction between the electrical double 

layers of the electrode and the nanospheres drives electrohydrodynamic (EHD) flow. This lateral, 

attractive flow entrains nearby particles, forming close-packed nanosphere assemblies with 

carbodiimide-mediated crosslinking between carboxylic acid groups on adjacent nanoparticles. 

2PAC results in uniform gap spacings of approximately 0.9 nm, which leads to reproducible SERS 

enhancements and thereby signal. A scanning electron microscopy (SEM) image of a 2PAC 

assembled SERS surface is depicted in Figure 6.1a. One may observe discrete, close-packed 

nanosphere assemblies. Discrete assemblies have greater field enhancements than 2-D close 

packed films, while still having a relatively dense collection of hotspots for analyte molecules to 

reside. The reproducibility of the gap spacings due to chemical crosslinking and the rotational 

invariance of the close-packed oligomers enables the surfaces to be optically uniform within the 

laser spot size across large sample surfaces.350 

 In this work, we focus on using SERS sensors to not only to detect but also to identify the 

direction of analyte sources. We show that 2PAC fabricated SERS sensors in the vicinity of liquid 

phase analyte sources are sensitive to gradients arising from diffusion based gas transport of the 

vapor. Analytes from the gas phase will chemisorb onto nanosphere assemblies and the spatial 

concentration gradient measured across sensors is used to locate the source of the analyte. In order 

to ensure that diffusive gas transport of analytes dominates the measured concentration gradient 

https://www.zotero.org/google-docs/?hcYCsB
https://www.zotero.org/google-docs/?xaxF2d
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(as opposed to fan driven plume transport typically used in odor compasses), we place SERS 

sensors in a 3 x 3 array into a sealed desiccator at a pressure of 0.5 atm. The arrangement of SERS 

sensors and analyte source is depicted schematically in Figure 6.1b. A 5 μL drop of neat analyte 

is placed on one side of the array. Analytes used in this chapter, benzenethiol (BZT) and 

methoxybenzenethiol (MBZT), are chosen due to the similarity of their SERS spectra and affinity 

to chemisorb on Au. Both analytes are in the liquid phase and have a vapor pressure of 0.13 kPa 

and 1.33 kPa at room temperature for BZT and MBZT, respectively. Analytes are exposed to SERS 

sensors for 15 minutes before characterizing the sensor response ex situ. For SERS data 

acquisition, nine Raman maps (one from each sensor in the array) are acquired in 128 μm x 128 

μm regions across each sensor surface. The point to point reproducibility across a sensor allows 

for acquisition of a higher quality data sets than repeated illumination of a single spot. It is known 

that repeated, prolonged laser illumination of a diffraction limited spot on a SERS surface can lead 

to photodegradation of nanosphere assemblies due to the high temperature in the hotspots.351 Also, 

when using sensors having hotspots with high signal enhancements, it is essential to sample many 

regions to properly train the model to account for small signal variations which may arise due to 

variations in analyte chemisorption on hotspots.  

Characteristic SERS spectra are plotted in Figure 6.1 c and d. Preprocessing of SERS 

spectra before machine learning analysis is essential to aid in distinguishing analyte signals from 

other molecular signals that may emerge from the sample environment and will limit 

generalizability of machine learning models for environmental sensing. The processed spectra are 

then divided into training and validation sets in an 80/20 split. Next, the training dataset is used to 

train non negative matrix factorization (NMF) dimensional reduction (when closure, unimodality, 

and local rank constraints are used with alternating least squares (ALS) optimization, NMF is 

https://www.zotero.org/google-docs/?bo3hXL
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called multivariate curve resolution (MCR-ALS), which is also used in spectroscopy).352,353 The 

dimension of spectra are reduced from 1011 wavenumber features to 3 NMF scores. Finally, a 

spectrum from each sample in the 9 sample grid are bundled into a 3 x 3 matrix for each NMF 

score; the value of each spectra bundle are scaled to a mean of 0 and variance of 1 to improve 

model convergence.354 These NMF score matrices are depicted schematically in Figure 6.1 e.  

 

 

Figure 6.1: a) SEM image of nanosphere assemblies that comprise the SERS sensors. b) Schematic of SERS sensor 

array and example of multi-analyte placement with respect to array. This schematic depicts the case where MBZT is 

exposed to the left of the sensor array, and BZT is exposed to the right of the sensor array. Representative SERS 

spectra of a BZT, MBZT mixture acquired from SERS sensor in c) the bottom left of the array and d) the bottom 

right of the array. SERS spectra are acquired with a 785 nm diode laser at 760 μW and 0.3 s exposure time. e) 

Schematic of the resulting input into the model that is constructed from NMF decomposition of the SERS spectra 

acquired across the sensor array. 
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6.3 Visualization of Odorant Chemisorption on SERS Surfaces 

 A intrinsic advantage of SERS over comparable methods, such as an electronic nose, is 

that the signal is composed of the vibrational spectra of analyte molecules enabling visual 

matching of signal contributions from individual analyte to the observed SERS spectra. In a 

complex mixture SERS signals are additive, thus NMF is well suited to to isolate molecular signals 

in complex spectra because the non-negativity constraint results in a decomposition of the spectra 

into a parts-based representation with contributions from different analyte primarily emerging as 

the different parts (components).355 Figure 6.2 a, c, and e depict plots of the three NMF components 

extracted from the total training dataset. The training dataset contains spectra of both odor sources, 

BZT only, and MBZT only. Comparing raw SERS spectra from sensors only exposed to BZT or 

only to MBZT, plotted in Figure 6.2 b, and c, respectively, ー one can easily identify NMF 

component 1 as mainly corresponding to signal caused by BZT and NMF component 2 mainly 

corresponding to signal caused by MBZT. NMF component 3 is associated with background 

signals emerging from the sensor surface chemistry (ligands on the gold nanospheres, polymer 

template, etc.) and molecules in the ambient environment due to the ultralow detection capacity of 

the sensor.  

 Figure 6.2 f depicts the values of NMF scores extracted from sensor elements in the array 

exposed to MBZT and BZT sources emerging from opposite directions. The average values of 

NMF scores acquired from a sensor element in the same column in the grid, which are expected 

to have similar scores due to the symmetry of the deposition, are within 10% of one another. 

Though more variance is observed within a sensor element’s Raman map, with the largest relative 

standard deviation (RSD) approaching 20% for BZT. This is significantly larger than the 10% 

RSD reported previously for these Raman sensors soaked overnight in a BZT solution in chapter 

https://www.zotero.org/google-docs/?tmGyC7
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3 from identically manufactured SERS sensors.272 Thus we attribute this variance to two effects: 

1) incomplete chemisorption of analyte into the hotspots of the gold nanosphere assemblies and 2) 

leakage of the NMF components into one another. Leakage may be observed by comparison of 

neat analyte spectra with their respective components. 

From Figure 6.2 f, one observes that a clear trajectory across the SERS sensors in the array 

emerges in the NMF scores clearly reflecting the location of analytes. The NMF score increases 

for sensor elements in the array closer to their corresponding analyte. While promising, for the 

general multiple source problem, the variance in NMF score complicates source direction 

assignment, and will be further complicated when the odor sources are separated by just 90°. Thus 

instead of simply comparing average sensor element contributions from a row or column on the 

sensor array to different NMF components, a more holistic, supervised machine learning method 

must be used to achieve high prediction accuracy for analyte location. 
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Figure 6.2: Non-Negative Matrix Factorization (NMF) components determined from analyte training datasets. NMF 

components a) 1, c) 2, e) 3 most strongly corresponds to b) neat BZT SERS spectrum, c) neat methoxybenzenethiol 

(MBZT) SERS spectrum and e) background spectrum, respectively. f) NMF scores of the BZT and MBZT 

components in the sensor array. Upper right inset: schematic of SERS sensor array and location of odor source for 

the plotted data. Crosses correspond to average value of the 800 test spectra acquired in each SERS sensor in the 

array. The lines represent one standard deviation of NMF values within a sensor element. Lower left inset: 

schematic of the trajectory of analyte signal across the sensor array.  

 

6.4 Model Performance on Multi-Source Task 

 While supervised machine learning methods have been applied to the problem of tracking 

an odor source using a mobile odor compass, comparatively little effort has been put into 

supervised methods of identifying odor source direction from a stationary measurement. We 

evaluate 4 machine learning models and 1 heuristic to identify the model best fit for this task, a 

2D convolutional neural network (CNN), an artificial neural network (ANN), a support vector 

machine classifier (SVM), and a k-nearest neighbors classifier (KNN). The label generation for 

odor location in our supervised approach is depicted in Figure 6.3. Specifically, we consider the 1 

or 2 odor source problem with distinct odors with a location without multiple sources of the same 

odor and a resolution of 90°, resulting in 24 possibilities. The CNN uses the full 3x3 pixel spatial 
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relationships of the input data, while the inputs are flattened for the other classifiers. The 

architectures of the neural networks are described in the methods section. This results in a multi-

class, multi-label problem as one or two labels may be true, thus both neural networks are trained 

with a binary crossentropy loss function. We simplify the problem for the SVM and KNN, 

evaluating them with labels transformed from a binary representation of the 4 possible directions 

per odor to 24 labels total, one for each possible outcome. The heuristic first evaluates the variance 

of each input matrix to determine whether or not an odor exists based on a user defined threshold, 

and then the average value from the rows or columns are compared with its opposite and the largest 

difference is used to identify the odorant direction for each matrix. Each model performance and 

the heuristic are evaluated using the categorical accuracy and plotted in Figure 6.4 a. 
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Figure 6.3: a) Schematic of the deposition conditions used in this work, and b) their corresponding labels. c) 

Schematic of the data augmentation used in this work, where small random numbers are also added to the NMF 

scores of the training data. d) Schematic of 24 labels possible in this work. 
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 The prediction accuracy can be greatly improved by simultaneously considering multiple 

input data matrices. Averaging sensor inputs has been an important method for improving sensor 

precision and is ubiquitous in natural olfaction in the form of sniffing, where it greatly improves 

the accuracy of predictions made by mammals356 and spike timing dependent plasticity models of 

a moth olfactory bulb.357 We implement an averaging procedure, with each extra input referred to 

as a sniff, and plot the categorical accuracy over sniffs in Figure 6.4 a. Extra sniffs are added to 

the inputs as time series in a LSTM for the CNN model, and are added to lengthen the input vectors 

for the other models. The inputs are averaged elementwise for the heuristic.  

All models and the heuristic greatly benefit from the averaging procedure, with the 7+ sniff 

SVM and 9+ sniff CNN achieving >90% categorical accuracy. The CNN receives a 

disproportionate boost in model performance from the extra sniffs, especially the 2-4 sniff models 

due to the integration into a LSTM as a time series, while the KNN actually declines in accuracy 

beyond 4 sniffs due to the increased sparsity of the input space. Although the sniffing procedure 

increases the acquisition time, acquiring one SERS matrix only consumes 0.9s of exposure time, 

so even a 10 sniff input requires only 9 seconds of exposure time, which is significantly less than 

is necessary for many plume based odor compasses.322 
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Figure 6.4: Cross validation accuracy of the models used. Error bars are obstructed by the markers, but are less than 

0.45% in all cases. For a prediction to be considered correct, the direction of both odors must be correctly identified 

by the model.  

 

 SERS’s rich spectral information and low limit of detection for small molecules have 

made it an important technique in the detection and discrimination of bacteria by sensing the 

volatile organic compounds (VOCs) that it produces.358–360 Here, we use E. coli as an odor source 

to test the efficacy of our odor compass with complex mixtures of VOCs. SERS arrays are 

exposed to E. coli VOCs in a desiccator at ambient pressure and for 6 hours. Similar to chemical 

analytes measured above the E. coli source is placed adjacent to of the array. After exposure, the 

sensor elements are characterized ex situ. The resulting dataset is decomposed into NMF 

components which were compared to SERS spectra of E. coli acquired at 785 nm wavelength 
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excitation. Figure 6.5 a depicts the NMF component that is in best agreement with previous work 

reporting SERS analysis of E. coli.151 It is also important to note that this NMF component 

provides the highest accuracy of predictions for the location of the E. coli biofilm. The dataset is 

then reduced to the score of this component and evaluated with a 4 class, 1 sniff SVM model as 

in this single odor source problem there are just a total of 4 possible outcomes and there is just 

one possible label. A categorical accuracy of 82.95% is achieved on the test dataset, vs 25% 

chance. A confusion matrix of the test dataset is plotted in Figure 6.5 b, demonstrating well 

behaved predictions that are invariant with rotation. 

 

 

Figure 6.5: a) NMF component acquired from bacterial VOC training dataset used in bacterial odor 
source localization b) Normalized confusion matrix produced by 1 sniff SVM model applied to bacterial 

VOC test dataset. 

 

6.5 Conclusion 

 In this chapter, we have demonstrated the efficacy of a diffusion based odor compass for 

the multiple odor source problem using surface enhanced Raman scattering (SERS) sensors. 

Specifically, we have implemented a sensor grid array to identify small spatial variations in analyte 

chemisorption and used various machine learning models to identify multiple analyte source 

https://www.zotero.org/google-docs/?r5xjcS
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direction. We have shown that support vector machine classifier and convolutional neural network 

models can achieve greater than 90% categorical accuracy for this multiple source problem with 

90° resolution. We have further shown that the sensor grid array can be used to locate complex 

odor sources such as Escherichia coli. This work uses SERS as the gas sensor in an odor compass 

and paves the way for its use in passive internet of things devices and mobile odor compasses. We 

envision this integrating this strategy with newly emerging waveguide excitation of SERS sensors 

for device miniaturization and continuous monitoring.249,361 These devices promise to make a 

material impact on people’s health by identifying and locating toxic gases and volatile organic 

compounds produced by indoor pathogens. 

6.6 Methods 

6.6.1 Materials  

Random copolymer poly(styrene-co-methyl methacrylate)-α-hydroxyl-ω-tempo moiety 

(PS-r-PMMA) (Mn = 7400, 59.6% PS) and diblock copolymer poly(styrene-b-methyl 

methacrylate) (PS-b-PMMA) (Mn = 170-b-144 kg mol −1 ) were purchased from Polymer Source, 

Inc. (Dorval, Canada). 40 nm diameter gold nanospheres were purchased from Nanocomposix 

(San Diego, CA, USA). Si(001) wafers with a resistivity of 0.004 ohm-cm were purchased from 

Virginia Semiconductor (Frederickburg, VA, USA). Hydrofluoric acid (HF) was purchased from 

Fisher Scientific (Pittsburgh, PA, USA). 2-(N-morpholino)ethanesulfonic acid (MES) 0.1 M 

buffer, 1-ethyl-3-[3-(dimethylamino)propyl]carbodiimide hydrochloride (EDC), and N-hydroxy 

sulfosuccinimide (s-NHS), dimethyl sulfoxide (DMSO), ethylenediamine, benzenethiol, toluene, 

ethanol, isopropyl alcohol (IPA), potassium carbonate, and 52-mesh Pt gauze foil were purchased 

from Sigma-Aldrich (St. Louis, MO, USA). Nanopure deionized water (DI) (18.2 MΩ cm −1 ) 

was obtained from a Milli-Q Millipore System.  

https://www.zotero.org/google-docs/?3OSka8
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6.6.2 SERS Sensor Fabrication  

Sensor fabrication has been described in depth in previous chapters.272,273 First, block 

copolymer templates for nanoparticle attachment are prepared. Random PS-b-PMMA block 

copolymer is spin-coated onto a HF-cleaned (the potential of HF to cause severe injury mandates 

extreme caution during usage), 0.004 ohm-cm Si wafer and annealed for three days followed by a 

toluene rinse and spin coating of lamella forming PS-b-PMMA block copolymer and further 3 

days of annealing, as described elsewhere.131,137,141 Then, the PMMA regions are selectively 

functionalized with amine end groups by immersing the entire substrate in DMSO and then in 

ethylenediamine/DMSO solution (5% v/v), both for 5 min without rinsing between steps. The 

functionalized template is then washed with IPA for 1 min and dried under nitrogen, and used 

immediately. 

Au nanosphere assemblies are deposited on the surface as follows: A Au nanosphere 

solution (0.1 mg/mL, 3 mL) is added to a 10 mL glass beaker. Then s-NHS (20 mM) in a MES 

(0.1 M) buffer (35 μL) is added to the beaker and swirled. Afterwards, EDC (8 mM) in a MES (0.1 

M) buffer (35 μL) is added to the beaker and swirled. This beaker is placed on a hot plate and 

brought to 60 °C. Next, a 1 cm × 1 cm functionalized template-coated Si substrate is placed into 

the solution vertically and held in place with alligator clips. 1 mm away from the substrate, a 1 cm 

× 1 cm Pt mesh is placed into the solution vertically. A DC power supply is used to apply a voltage 

of 1.2 V across the Pt mesh and substrate for 10 min. The substrate, Pt mesh, and beaker are rinsed 

with IPA for 1 min and dried under nitrogen. This process is repeated with the same substrate and 

fresh nanosphere solution as described above, but with 25 μL of EDC and s-NHS solution. 

https://www.zotero.org/google-docs/?TU6Bdi
https://www.zotero.org/google-docs/?bfKPvJ
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6.6.3 Analyte Deposition 

SERS sensors are exposed to analyte with 9 sensors arranged in a grid. Depositions are 

performed in a sealed desiccator with a 10 cm diameter. A 5 μL drop of neat analyte is placed on 

a glass slide at the edge of the desiccator, when a second analyte is used it is similarly placed on a 

glass slide at the edge of the desiccator either 90° offset, 180° offset, or adjacent to the first analyte. 

The sensor grid array is organized such that each sensor is placed 3 cm away from other sensors 

to form a square grid, with an analyte - sensor spacing of 2 cm for the closest sensor. The desiccator 

was then sealed and brought to 0.5 atm for 5 minutes followed by 15 minutes of static deposition. 

6.5.4 Characterization 

Au nanoparticle assemblies are imaged with a Magellan XHR SEM (FEI). All Raman 

spectroscopy measurements are conducted using a confocal Renishaw InVia micro Raman system 

with a 785 nm diode laser, a laser power of 760 μW, an exposure time of 0.3 s, and a 50x air 

objective with a 0.75 NA. Raman maps are collected with a spacing of 2 μm spacing between 

points. For the sensor grid array, one 64 x 64 pixel Raman map is acquired per sensor, while for 

the single sensor measurement, 64 x 64 pixel maps were acquired with 3 mm spacing between 

each map, arranged on a square grid. 

6.6.5 Spectra Preprocessing 

Raman spectra preprocessing was performed using Python 3.3 programming language. 

Savitzky-golay smoothing was implemented with Scikit-learn, using an 11 pixel window and 

polynomial order 3. Asymmetric least squares background subtraction was implemented in 

NumPy with λ = 10000, p = 0.001. Non-negative matrix factorization (NMF) was implemented 

with Scikit-learn, 3 components, and default settings, trained only on the dataset segregated for 

use in training the models. This trained NMF transformation was used to reduce the dimension of 
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all data to 2. NMF reduced maps from each point on the sensor grids were then rearranged into a 

3x3 matrix, with two NMF scores per map per datapoint. Each datapoint was then scaled to a 

variance of 1 and mean of 0. 

Data augmentation was performed by rotating the rank 2 tensors that compose each 

datapoint 90°, and similarly rotating the labels. A gaussian random number (μ = 0, σ = standard 

deviation of that component extracted from each deposition condition * 0.1) is added to each 

component for the training data. These data are then stacked along a third dimension, called 

“sniffs” producing a rank 4 tensor with shape (sniffs, sensor grid axis 1, sensor grid axis 2, number 

of analyte). For the SVM, KNN, and ANN models these inputs are flattened into a vector before 

being fed into the model. For the heuristic, the components are averaged along the sniff axis and 

then flattened, and each analyte is considered separately. 

6.6.6 Compass Models 

 Support vector machine classifier (SVM) and k-nearest neighbor classifier (KNN) were 

both implemented in Scikit-learn using default settings. The artificial neural network (ANN) and 

convolutional neural network (CNN) models were implemented in Keras. The ANN model is 

composed of an input layer, 3 fully connected layers with succeeding dropout layers, and one fully 

connected output layer with 8 sigmoid nodes. The CNN model is composed of an input layer, then 

4 time distributed 2D convolutional layers performed over the sensor grid axes with succeeding 

batch normalization layers followed by a time distributed 2D maximum pooling layer with a pool 

size of 2x2 and strides of 1x1. The pooling layer is followed by 2 more time distributed 2D 

convolutional layers and a time distributed flattening layer. Next, a long short term memory layer 

is used across “sniffs” axis. Following that layer are 3 fully connected layers with succeeding batch 

normalization layers and dropout layers, outputting ultimately to a fully connected output layer 
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with 8 sigmoid nodes. Each output node on the ANN and CNN are associated with a direction and 

analyte, so binary crossentropy is used as the loss function. Early stopping and reduction of 

learning rate on a performance plateau are implemented using test loss as the metric. The heuristic 

identifies odorant direction in two steps, first identifying the odorant, and then the direction. First, 

the variance of each input matrix to determine whether or not an odor exists based on a user defined 

threshold. Then the average value from the rows or columns are compared with its opposite and 

the largest difference is used to identify the odorant direction for each matrix. 

 The generalizability of each model is performed using k-folds cross validation. First 20% 

of the data is removed as the validation dataset. The remaining 80% of the data is used to train the 

NMF transformation which is also applied to the validation dataset. Then k-folds cross validation 

is implemented on the remaining 80% of the data using Scikit-learn, with the number of folds 

equal to 5. The training fold is used to train each model. Each test fold is used to train the early 

stopping for the ANN and CNN models but are discarded for the SVM and KNN models. Finally, 

each of the trained models are evaluated on the validation dataset, the average and standard 

deviation across the 5 folds are plotted in Figure 6.6a. 

6.6.7 Static Biofilm Preparation and Characterization 

Escherichia coli MC4100 strain frozen stock was streaked on Lysogeny broth (LB) agar 

plates and grown overnight at 37 °C. One colony was harvested, inoculated into 2 mL of liquid 

LB and grown overnight at 37 °C on an orbital shaker at 200 rpm. The overnight culture was 

diluted with 10 g/L bacto tryptone (TB) to an optical density (OD) of 0.02. 2 ml of the diluted 

culture was added to each well of sterile 6-well plate. One 18x18 mm coverslip submerged in each 

well and plate was kept in room temperature (22 °C) for 24 hours. Three of the coverslips and their 

inoculum solution were transferred into a sterile petri dish that was placed into a covered 10 cm 
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diameter desiccator. A sensor grid was then placed in the desiccator as described above and the 

system was kept isolated for 4 hours. These sensors were then removed and SERS measurements 

were performed as described above.  
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Chapter 7 

Improved Concentration Regressions with Convolutional 

Neural Networks for Surface Enhanced Raman Scattering 

Sensing 

 

7.1 Introduction  

Vibrational spectroscopies hold enormous promise as chemosensors due to the 

“fingerprint” spectral region – roughly from 400 cm-1 to 1700 cm-1 – that can be used to uniquely 

identify small molecules. Yet traditional vibrational spectroscopies like infrared spectroscopy and 

Raman spectroscopy have insufficiently large absorption and scattering crossections, respectively, 

for use in sensing at small concentrations.14 Surface enhanced Raman spectroscopy (SERS) has 

emerged as a promising method for enhancing Raman scattering to the point where small 

concentrations of analyte molecules can be quantified.362 SERS relies on the near electric field 

enhancement of light due to scattering with metal nanostructures,38 which can result in increases 

in Raman scattering by factors as large as 109.255 

SERS has many attractive qualities for sensing. Large SERS EFs eschew the need for 

labeled detection schemes as even nonresonant molecules with small Raman cross-sections can be 

directly sensed.142 SERS has been used for the detection of explosives,363 drugs,364 and toxins.365 

Additionally, the fingerprint spectral window enables highly multiplexed sensing.366 Finally, 

SERS surfaces enable real time, in-line measurements for longitudinal monitoring of molecules, 

making it ideal for monitoring infections.273 

https://www.zotero.org/google-docs/?jD0Ozg
https://www.zotero.org/google-docs/?BWXygl
https://www.zotero.org/google-docs/?FSWHcg
https://www.zotero.org/google-docs/?rIVngA
https://www.zotero.org/google-docs/?1vX2Qb
https://www.zotero.org/google-docs/?arIG3I
https://www.zotero.org/google-docs/?W5grUa
https://www.zotero.org/google-docs/?stEmwJ
https://www.zotero.org/google-docs/?xigZs2
https://www.zotero.org/google-docs/?vNcHNL
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Fabrication methods compatible with nanomanufacturing, specifically chemical self-

assembly, have advanced to the point where the sub-nanometer gaps between nanostructures used 

in SERS can be reliably produced.222,224,367,368 In the context of plasmonics these gaps, called 

hotspots, yield unprecedented enhancements of light matter interactions.204 We have recently 

demonstrated a chemical assembly method – 2-dimensional physically activated chemistry 

(2PAC) – capable of obtaining a SERS EF exceeding 109 with just 10% relative standard deviation 

over a 1 mm2 area.272 This advance has enabled the collection of large, uniform datasets that enable 

a big data, machine learning approach to SERS sensing.369 Traditional methods of calibrating 

SERS surfaces’ quantitative response only track a single Raman band, an analysis termed 

univariate linear regression, and discard the remaining rich spectral information.293,305 We have 

recently shown that this technique may be greatly improved upon with multilinear regression, due 

to fluctuations in band enhancements relative to one another.308 

The complexity in quantitative, predictive SERS has led to the adoption of machine 

learning methods such as partial least squares,273 support vector machines,177 and artificial neural 

networks (ANNs).370 Of these ANNs have several properties uniquely advantageous for SERS. As 

a nonlinear method, ANNs are well suited for deviations from Langmuir adsorption dynamics.371 

ANNs also have the universal approximation property that enables them to approximate any latent 

random variable, an essential property for multiplexed SERS.372 Finally, they naturally denoise 

complexly varying signals.373 

Yet ANNs are not perfectly suited for predicting analyte concentration from maps of SERS 

spectra. Underlying spatial variation of Raman enhancement and hotspot volume from the SERS 

sensing surface leads to variance in predictions.308 Indeed, consider that at low concentrations, 

analyte molecules will not be uniformly distributed across the surface.297,374 In this work, we 

https://www.zotero.org/google-docs/?VJRIQ2
https://www.zotero.org/google-docs/?05ku5t
https://www.zotero.org/google-docs/?WcSkpO
https://www.zotero.org/google-docs/?t0PSl6
https://www.zotero.org/google-docs/?JYoSd9
https://www.zotero.org/google-docs/?MWRmQo
https://www.zotero.org/google-docs/?BX5Mhs
https://www.zotero.org/google-docs/?ImMhIc
https://www.zotero.org/google-docs/?Pkt80c
https://www.zotero.org/google-docs/?30fqYf
https://www.zotero.org/google-docs/?RwX2Lo
https://www.zotero.org/google-docs/?vNAIyr
https://www.zotero.org/google-docs/?kal29k
https://www.zotero.org/google-docs/?AlhSGB
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obviate these challenges by employing convolutional neural networks (CNNs). 1D CNNs, which 

have been shown to perform well on data having spatial relations in a single dimension, such as 

stock price,375 electroencephalograms (EEGs),376 audio signals.377 

Here, we bundle multiple Raman spectra into a 1D line with channels representing the 

wavenumber features of each spectrum. This strategy enables the network to learn the underlying 

distribution of Raman enhancement and hotspot volume within sensor surfaces. Thus, each input 

is given as a sparse distribution of these latent variables in addition to the analyte information. In 

a complex biological fluid, we train models to predict concentrations of pyocyanin, an important 

biomolecule.274 We demonstrate that this approach significantly improves prediction accuracy, 

yielding an r2 of 0.95, compared to the ANN r2 of 0.89. Further, we demonstrate that this model 

uses the important spectral information from the analyte and is capable of making reasonable 

interpolations between trained concentrations. 

7.2 Results and Discussion 

2-dimensional physically activated chemistry (2PAC) is used to self-assemble high quality 

surface enhanced Raman scattering (SERS) sensing surfaces. Figure 7.1a depicts a schematic of 

the 2PAC assembly, which is a seeded growth of close-packed nanoparticle assemblies. 2PAC is 

described in more detail elsewhere.272 Briefly, nanoparticle seeds are driven to a copolymer coated 

Si electrode by electrophoresis. EDC activates the carboxylic acid functionalized nanospheres, 

enabling a crosslinking reaction to amine functionalized domains of the copolymer. At the surface, 

the interaction between the electric double layers of the electrode and the nanoparticles drives 

electrohydrodynamic (EHD) flow. This lateral, attractive flow entrains nearby particles, forming 

close-packed nanosphere assemblies. The close proximity of the nanospheres within oligomers 

https://www.zotero.org/google-docs/?GQNTe6
https://www.zotero.org/google-docs/?Fn9u2m
https://www.zotero.org/google-docs/?s8PJDy
https://www.zotero.org/google-docs/?CysvpW
https://www.zotero.org/google-docs/?0nJy8Z
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gives rise to repeated collisions, enabling a carbodiimide-mediated crosslinking between 

carboxylic acid groups on adjacent nanoparticles that results anhydride linked gaps of ~0.9 nm. 

 

Figure 7.1. a) Schematic of 2PAC self-assembly. Electrophoresis drives carboxylic acid functionalized nanoparticle 

“seeds” to collide with the amine functionalized block copolymer coated electrode where EDC crosslinks them to 

the surface. Inset: seeds drive electrohydrodynamic flow that entrains nearby particles enabling a second EDC 

activated crosslinking between particles yields anhydride linked two-dimensional close-packed assemblies. 

 

Raman spectra used to train and validate our models are acquired from concentrations 

gradients of the biomolecule pyocyanin. To simulate biosensing environments, pyocyanin is 

dissolved in LB broth, a bacterial nutrient solution. Figure 7.2 depicts representative Raman 
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spectra of pyocyanin where characteristic Raman bands are observed at 552, 1353, 1602, and 1620 

cm−1, among other spectral regions.  SERS spectroscopy is performed on the surfaces by acquiring 

16 x 24 μm maps with 2 μm spacings between acquisitions. Spectra are acquired for 0.1 s at a laser 

power of 760 μW at 785 nm with a 1.2 NA water immersion objective. 

 

Figure 7.2 depicts representative Raman spectra acquired from 2PAC assembled surfaces with pyocyanin 

concentrations of i) 0 ng/mL ii) 100 ng/mL  iii) 1 μg/mL and iv) 10 μg/mL. Spectra are offset by 500 units for visual 

clarity. 

 

 In this work, we seek to demonstrate that grouping multiple measurements together as 

inputs into a regression model significantly improves concentration predictions. To this end, we 
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evaluate several methods for quantifying concentration from Raman spectra. A 20/80 test/train 

split is performed, and the models are evaluated based on its test r2. Early stopping based on r2 is 

used on all neural network models as a regularization method. Principal component analysis 

(PCA), just fit to the training dataset, is used for all methods to reduce the dimension of the 1011 

wavenumber features to 60 features. Analyte hotspot occupation is expected to follow the 

Langmuir isotherm, which predicts a log-linear relationship between concentration and hotspot 

occupation. Due to this, all regressions are performed on a log-linear scale with the blank (water) 

dataset manually set to 10 fold smaller concentration than the next smallest concentration, 0.1 

ng/mL. 

 Figure 7.3 depicts two models that use one spectra to infer one concentration, multilinear 

regression (MLR) and a multilayer perceptron (MLP). First, we consider MLR, which is used to 

give a baseline performance for the problem of inferring analyte concentration from Raman 

spectra. In Figure 7.3 a, one may observe a mean squared error of 0.85 and an r2 of 0.88, indicating 

significant bias and variance in the predicts. Bias in the predictions is interpreted as deviation from 

the Langmuir isotherm, while variance indicates fluctuating Raman enhancement and analyte 

hotspot occupation from the underlying SERS sensing surface. Using a nonlinear model like MLP, 

deviations from Langmuir adsorption behavior can be captured upon model training. Further, this 

model more effectively uses the spectral information to infer the Raman enhancement of each 

spectra, reducing variance. A mean squared error of 0.74 and r2 of 0.89 is observed for this model, 

whose predictions are plotted in Figure 7.3 b. 
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Figure 7.3. a) depicts the concentration predictions of the multilinear regression  model for spectra obtained from the 

test dataset.  b) depicts the concentration predictions of the MLP model for spectra obtained from the test dataset. 

 

 Due to the use of a sensing surface, SERS necessarily introduces signal fluctuations that 

emerge from spot to spot variations in Raman enhancement and hotspot volume. While the MLP 

seems to be able to infer these parameters to some degree from one spectra, significant 

improvements to predictions could be made by taking into account the distribution of these 

fluctuations while making predictions about concentration. Convolutional neural networks 

(CNNs) are well suited for identifying distributions within pixels of an image. We implement a 

CNN for concentration quantification, depicted in figure 7.4, by encoding five spectra as pixels 

within a one dimensional image, where each pixel has 60 channels to encode the pca components. 
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Figure 7.4. A schematic representation of the convolutional neural network model used in this work. 

 

 Figure 7.5 a depicts the concentration predictions of the 1D CNN. We find this model 

achieves a mean squared error of 0.29 and an r2 of 0.95, significantly better than either the PLSR 

or MLP models. In the regression problem, interpolation is critical. Often, increased model 



141 

 

complexity reduces variance, but at the expense of the ability of the model to interpolate. Yet we 

find, despite the complexity, the 1D CNN is still capable of making good interpolations. Figure 

7.5 b is produced by removing two concentrations from the training dataset, 102 ng/mL, and 105 

ng/mL, and plotting the predictions of the test dataset with the concentrations included. We find 

the model predicts these concentrations with reasonable accuracy. 

 

 

 

Figure 7.5. a) depicts the concentration predictions of the CNN model for spectra obtained from the test dataset. b) 
depicts the concentration predictions of the CNN model for spectra obtained from the test dataset with 102 and 105 

ppb removed from the training dataset. 

 

 While challenging, interpreting neural network models is critical to ensuring that decisions 

are being made using features for which there is a causal relationship with the output. In Raman 

sensing, this amounts to ensuring that the network is using spectral information associated with 

pyocyanin vibrations. Here, we implement gradient assisted class activation mapping, 

gradCAM,378 to interpret what spectral information is being used. Gradcam identifies network 

attention by determining how much the output changes with respect to the derivative of the input 

into the final fully connected layer. We implement this by omitting PCA dimensionality reduction 

https://www.zotero.org/google-docs/?jktlnr
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and averaging the gradCAM values in each wavenumber channel over all of the spectra. Thus, we 

visualize the attention on a given wavenumber value. We find the network uses the 1353, 1602, 

and 1620 cm−1 to make its predictions, corresponding to prominent pyocyanin vibrational energies. 

 

 

Figure 7.6 depicts a heat map of the spectral averaged gradCAM score of the wavenumber features. A Raman 

spectrum is plotted for reference. 

 

7.3 Conclusion 

 In this work, we have demonstrated the use of 1D convolutional neural networks (CNNs) 

to learn the distribution of underlying, sensor based signal fluctuations to reduce variance in 

concentration predictions. We have shown this method yields an improvement in r2 from 0.89 to 

0.95, for the multilayer perceptron and 1D CNN, respectively. We have shown that the 1D CNN 
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model uses analyte spectral information for its predictions, and the ability of the model to 

interpolate between concentration values. This method is broadly applicable to any sensing 

platform where it is unnecessary to predict concentration from each measurement, and where 

variance arises from latent distributions of intensity enhancement that emerge from spatial 

variations on the sensor surface. 

7.4 Methods 

7.4.1 Materials 

Random copolymer poly(styrene-co-methyl methacrylate)-α-hydroxyl-ω-tempo moiety 

(PS-r-PMMA) (Mn = 7400, 59.6% PS) and diblock copolymer poly(styrene-b-methyl 

methacrylate) (PSb-PMMA) (Mn = 170-b-144 kg mol−1 ) were purchased from Polymer Source, 

Inc. (Dorval, Canada). Si(001) wafers with a resistivity of 0.004 ohm-cm were purchased from 

Virginia Semiconductor (Frederickburg, VA, USA). Hydrofluoric acid (HF) was purchased from 

Fisher Scientific (Pittsburgh, PA, USA). 2-(N-morpholino)ethanesulfonic acid (MES) 0.1 M 

buffer, 1-ethyl-3-[3- (dimethylamino)propyl]carbodiimide hydrochloride (EDC), and N-hydroxy 

sulfosuccinimide (s-NHS) were purchased from Pierce (Rockford, IL, USA). Rhodamine 800, 

Methylene Blue, dimethyl sulfoxide (DMSO), ethylenediamine, toluene, ethanol, isopropyl 

alcohol (IPA), potassium carbonate, and 52-mesh Pt gauze foil were all purchased from Sigma-

Aldrich (St. Louis, MO, USA). Nanopure deionized water (DI) (18.2 MΩ cm−1 ) was obtained 

from a Milli-Q Millipore System. 

7.4.2 2-Dimensional Physically Activated Chemical (2PAC) Assembly 

Assembly is performed as in previous work. Random PS-b-PMMA block copolymer is 

spin-coated onto a HF-cleaned (the potential of HF to cause severe injury mandates extreme 

caution during usage), heavily doped Si wafer and annealed at 198 0C for three days. The sample 
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is rinsed with toluene and lamella-forming PS-b-PMMA block copolymer is spin-coated onto the 

sample. PMMA regions are selectively functionalized with amine end groups by immersing the 

entire substrate in DMSO and then in ethylenediamine/DMSO solution (5% v/v), both for 5 min 

without rinsing between steps. The surface is rinsed with IPA and dried under nitrogen. Au 

nanosphere solution (0.1 mg/mL, 3 mL) is added to a 10 mL glass beaker. Freshly prepared s-NHS 

(20 mM) in a MES (0.1 M) buffer (35 μL) is added to the beaker and swirled. Next, freshly 

prepared EDC (8 mM) in a MES (0.1 M) buffer (35 μL) is added to the beaker and swirled. The 

solution then is brought to 60 °C. A 1 cm × 1 cm functionalized copolymer-coated Si substrate is 

placed into the solution vertically. One millimeter away from the substrate, a 1 cm × 1 cm Pt mesh 

is placed into the solution vertically. A dc regulated power supply is used to apply a voltage of 1.2 

V for 10 min. This process is then repeated with the same substrate and fresh nanosphere solution 

as described above, but with 25 μL of EDC and s-NHS solution. 

7.4.3 Characterization 

SEM Images are collected with a Magellan XHR SEM (FEI). Raman spectroscopy 

measurements are conducted using a confocal Renishaw InVia micro Raman system with a laser 

excitation wavelength of 785 nm. All measurements are taken at 7.3 μW with exposure of 0.5 s 

and use a 60× water immersion objective with a 1.2 NA. 
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Chapter 8 

Quantification of Analyte Concentrations in the Single 

Molecule Regime Using Convolutional Neural Networks 

 

8.1 Introduction 

 Optical detection and spectroscopy of single molecules in the condensed phase has 

uncovered a wealth of understanding of molecular dynamics in physical, chemical, and biological 

systems since the first measurement in 1989 using frequency modulated laser spectroscopy by 

Moerner and Kador.379 This led to an explosion of demonstrations of single molecule (SM) imaging 

and spectroscopy including SM imaging using near-field scanning optical microscopy in 1993,380 

confocal microscopy of a dye molecule at an air/polymer interface,381 and diffusion of a rhodamine 

tagged phospholipid in membranes382 in 1996. In 1997 SM surface enhanced Raman scattering 

(SERS) of dye molecules was first reported.121,122  Unlike many imaging techniques, SM-SERS can 

directly sense non-emitters and non-resonant molecules with small Raman cross-sections,142 i.e., 

when the enhancement to the signal is sufficiently high. SERS enhancement factors needed for 

SM SERS are estimated to be about 108 non-resonant molecules,383 and as low as about 106 for 

resonant molecules.374 Furthermore, SM-SERS has benefited from techniques used for SM imaging 

to examine the location of the analyte with respect to the nanoantenna and the resulting effect on 

signal using fitting of the point spread function for super localization.384  SERS in general acquires 

rich spectral information from  the “fingerprint” region in vibrational spectroscopy which can be 

used to uniquely identify molecules.14 For this reason, SERS sensing may be highly multiplexed366 

and enable real time, in-line measurements for longitudinal monitoring of molecules.143,385 One of 

https://www.zotero.org/google-docs/?47RvsR
https://www.zotero.org/google-docs/?LDc23R
https://www.zotero.org/google-docs/?Vs2znz
https://www.zotero.org/google-docs/?7kRbDd
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https://www.zotero.org/google-docs/?L8KbrY
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the most alluring applications of SM-SERS is in sensing for medical diagnostics293 where 

concentrations of biomarkers are often ultralow386 and present in the background requiring 

quantification.   

 The following challenges are associated with SM-SERS sensing and quantification in 

aqueous media: 1) generation of hot spots providing sufficient signal enhancements to enable SM 

detection. 2) SM signal intensity must compete with background signal from ligands and other 

molecules adsorbed to hotspots which may greatly outnumber analyte molecules.272 Additionally, 

with in-line measurements, water interacts with analyte molecules and the surface.14   3) Spectral 

positions and intensities of vibrations are not as reliable as in bulk SERS due to molecular 

orientation,387 vibronic coupling,388 and other factors389 which are averaged out in bulk SERS. 4) 

Inconsistent signal intensities due to analyte diffusing in and out of hotspots which have rapid 

spatial variations of field enhancement.390 These challenges are compounded when one’s goal is 

to use SM-SERS measurements to quantify analyte concentration below nM values needed for 

biological and water quality applications. 

The complexity in quantitative, predictive SERS sensing even at M concentration, well 

above the single molecule limit, has led to the widespread adoption of nonlinear machine learning 

methods such as support vector machines,177 artificial neural networks.370 These techniques greatly 

improve concentration predictions because they are robust to non-analyte signal and can handle 

deviations from the Langmuir isotherm, but they map one spectrum to one concentration value. 

SM SERS is characterized by discrete jumps in analyte number observed in any given 

measurement, so concentration will not be correctly inferred from one measurement. This 

observation has led quantification methods based on mapping the distribution of analyte 

observations to concentration including the Brule methods143 and the digital method.349 Yet these 

https://www.zotero.org/google-docs/?QRvoiH
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methods are not robust to complex backgrounds from non-analyte molecules which complicate 

sensing at ultralow concentrations in solution needed for real time measurements of, e.g., 

biomarkers in biological systems or contaminants in water. 

Here we approach this problem by recasting the analyte signal variations and non-analyte 

fluctuations as distributions of latent variables that must be learned for correct concentration 

predictions. A robust CNN model is used to address the challenge of mapping analyte signal 

distributions to concentrations and separating from fluctuating non-analyte signals. In recent years, 

convolutional neural networks (CNN) have been demonstrated to be exceptional at determining 

complex distributions, they are widely used for the problem of image recognition where the 

distribution of pixel values that correspond to various objects,391 and have recently been used in 

SERS.188 

Yet, machine learning necessitates big, high quality datasets. This is hindered by one of 

the longstanding challenges in SERS, lack of point to point reproducibility in SERS intensity and 

variability from sample to sample. While nanofabrication – specifically chemical self-assembly – 

has advanced to the point where sub-nanometer gaps can be reliably produced,222,368 it is difficult 

to obtain high coverage of discrete clusters needed for acquiring large data sets of SM sensing 

events. While top down methods are able to achieve high density over large areas, nanogap spacing 

is typically larger than 1 nm.235,367  To overcome these challenges, we use our recently demonstrated 

chemical self-assembly method – 2-dimensional physically activated chemical self-assembly 

(2PAC) – capable of obtaining a SERS EF exceeding 109 with just 10% relative standard deviation 

over a 1 mm2 area.272 With these sensors, spectra are acquired across the SM concentration regime and 

are bundled into 8x8 pixel maps (with each pixel being a SERS spectra), and used to train a CNN model. 

The model’s predicted concentrations have an average r2 value of 0.958 over 6 orders of magnitude 

as determined by k-folds cross validation. Further, the demonstrated limit of blank (LOB) is 1 fM 

https://www.zotero.org/google-docs/?KWfUes
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for Rhodamine 800, with a limit of quantification (LOQ) of 10 fM. The LOQ observed here is 

comparable to state-of-the-art methods involving recognition elements,392 and is significantly 

lower than has been achieved by the same sensor without the use of CNNs.385 Generalization of 

the model to other molecules using transfer learning is demonstrated with methylene blue. Transfer 

learning also significantly reduces the amount of training data necessary, with good results being 

observed with as few as 50 8x8 pixel maps, requiring just 5.3 minutes of total laser exposure time 

per concentration. 

8.2 Discussion 

In order to understand how CNN enables quantification in the SM regime let’s first 

examine SERS quantification in a typical concentration regime. The central problem in SERS is 

the inverse problem of determining analyte concentration, C, from SERS intensity of vibrational 

modes, denoted by IP, i.e., the p-dimensional spectral feature space acquired in a Raman 

measurement. Two classes of parameters, concentration independent and concentration dependent, 

determine IP. First: those that do not vary with concentration include Raman cross section, location 

and orientation of molecule in hotspot, hotspot volume, and electric field enhancement. Second: 

clearly the number of molecules adsorbed in the hotspots, NH, is concentration dependent and is 

often related to C by some molecular adsorption isotherm such as the Langmuir adsorption 

isotherm or the Freundlich isotherm. In SERS analysis, one often assumes NH is large such that it 

will vary continuously with concentration. The adsorption isotherms are log-linear, so it is 

common practice to log transform the concentration values and absorb the adsorption rate constant 

into the other concentration-independent factors that determine IP, and fit the data with a 

multilinear regression from IP to C. 

https://www.zotero.org/google-docs/?DWXXaJ
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The situation is very different for SM SERS sensing. C, and consequently NH are extremely 

low, so at any moment NH can be 0 in the laser spot size. One may alternately lengthen the 

acquisition time sufficiently to enable NH to converge to its expected value, yet, IP will average all 

the signals in the acquisition time and the analyte signal may not be discernible above the 

background. Thus it is necessary to acquire short measurements where IP from molecules of 

interest can be differentiated from IP of the blank signal. It is clear then that in the SM regime it is 

not possible to map individual SERS measurements to concentration as most acquisitions will have 

NH of zero. Instead, the sensing problem for SM SERS amounts to using multiple IP measurements 

to determine the distribution of IP that is reflective of NH having finite or zero value in a given  

measurement and mapping this onto C. 

Our approach to determining the distribution of IP begins with bundling Raman spectra into 

8×8 pixel maps, where each pixel is a Raman spectrum. These maps are randomly split into test 

and train groups for k-fold cross validation. Each spectrum is reduced to 32 independent signals 

using non-negative matrix factorization (NMF) that is trained on the training dataset. During the 

training period, each map is given a log transformed C label. At these low concentrations, these 

64 spectra exhibit a sparse distribution of NH which the regression model uses to learn the mapping 

of Ip to C. 

8.3 Experimental System 

Integral to any machine learning approach are access to large and high quality datasets. 

Using 2-dimensional physically activated chemical (2PAC) self-assembly, we have shown we 

can achieve enhancement factors of 109 with less than 10% RSD over 1 cm2.272 Since 2PAC is 

described in detail elsewhere,272 we only briefly describe here. Gold nanoparticle seeds are 

assembled on a poly(styrene-b-poly(methyl methacrylate) copolymer coated Si electrode by 

https://www.zotero.org/google-docs/?havjfj
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electrophoresis. 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) activates a crosslinking 

reaction between the carboxylic acid functionalized nanoparticles and amine functionalized 

poly(methyl methacrylate) domains. The nanoparticle seed perturbs the electrical double layers 

of the electrode and leading to electrohydrodynamic (EHD) flow. This lateral, attractive flow 

entrains nearby particles, forming close-packed nanoparticle assemblies. The close proximity of 

the nanoparticles during 2PAC assembly enables a carbodiimide-mediated crosslinking between 

carboxylic acid groups on adjacent nanoparticles forming an anhydride bond with a gap spacings 

of ~0.9 nm. Figure 8.1a is a schematic of a resulting dimer formed from 2PAC assembly with an 

anhydride bond linking the Au nanoparticles. A scanning electron microscopy (SEM) image of a 

2PAC assembled SERS surface is depicted in Figure 8.1b.  

 

Figure 8.1. (a) depicts a schematic of 2PAC self-assembly, where EHD flow enables a chemical crosslinking 

reaction to occur between gold nanoparticles and results in the formation of 2-dimentional close-packed assemblies. 

(b) SEM micrograph of as-assembled gold nanoparticle assemblies. 

 

Large area SERS maps are acquired from these 2PAC assembled surfaces. Unless 

otherwise stated, SERS spectroscopy is performed on the surfaces by acquiring maps across an 

area of 100 μm  120 μm with 2 μm spacing between acquisition spots. Spectra are acquired for 

0.1 s at a laser power (wavelength) of 760 μW (785 nm) with a 1.2 NA water immersion objective. 
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Here, nonnegative matrix factorization (NMF) is used to visualize areas with spectral features 

associated with Rhodamine 800 (R800) scattering events on sample surfaces. NMF is chosen over 

PCA because SERS spectra satisfy NMF’s assumption of all positive signals, resulting in improved 

differentiation of spectral features that emerge from analyte and non-analyte sources,355 which is 

necessary in SM SERS where non-analyte spectra will have more variation than analyte spectra. 

NMF obviates the need to perform coordinate transformations after applying PCA that are 

common in SM SERS.166 An extracted NMF component vector associated with R800 is acquired 

from a 100 nM R800 dataset and depicted in Figure 8.2 a. Here, in the many molecule regime, the 

R800 NMF signal is free of contamination from non-analyte signal. Thus, we use this extracted 

loading vector to assess R800 score of spectra acquired at trace concentrations (1 nM and below). 

In this work, we seek to map groups of 64 Raman spectra to concentration values. We visualize 

the average R800 score of these 64 spectra groups as a function of concentration in Figure 8.2 b. 

The violin plots depict an upward trend of these average scores across the trace concentration 

regime. Yet the complex background arising from non-analyte signals causes large variance in the 

R800 loading. These results are similar to those obtained by Albequerque et al.349 This complexity 

motivates the deep learning approach taken below. 
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Figure 8.2. (a) NMF component of Rhodamine 800 acquired from 100 nM SERS measurements. (b) Normalized 

NMF scores averaged from 64 spectra bins across the SM concentration regime.   

 

8.4 Convolutional Neural Network (CNN) for Single Molecule SERS Quantification 

The CNN architecture used in this work is depicted schematically in Figure 8.3 a. The 

model’s predictions of the CNN on a test dataset are shown in Figure 8.3 b, where we observe an 

r2 of 0.95 over 5 orders of magnitude. We perform a 5-fold k-folds cross validation to validate the 

model, observing a cross validation mean squared error (MSE) loss of 0.111+/-0.029, and r2 of 

0.958+/-0.012. The limit of blank (LOB) is determined to be 1 +/- 1.1 fM and the limit of 

quantification (LOQ) is approximately 10 fM. These results demonstrate that the CNN model is 

robust to complex background, which resulted in difficult to discriminate NMF scores. Figure 8.3 

c depicts the MSE loss as a function of training epoch. One may observe the model briefly finding 

local minima corresponding to the degenerate solution of predicting all inputs as having identical 

concentrations, depicted in the inset of Figure 8.3 c. 
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Figure 8.3. (a) Schematic of the CNN model used to determine concentration of analyte molecules. (b) 

Representative Rhodamine 800 concentration predicted by the CNN model on a test dataset acquired during k-fold 

cross validation. (c) Model test loss and r2 over gradient descent steps of the model depicted in Figure 8.3 b. Inset: 

test loss and r2 depicting local minima of loss when the model predicts similar concentrations for all inputs. 

 

8.5 Transfer Learning for New Analyte Molecule 

 Here, we seek to test the generalizability of the R800 CNN model to another analyte, 

Methylene Blue (MB). We do this with a transfer learning approach, that is, pretrained weights 

from the R800 CNN model are used in the training of a MB CNN model. The weights of the third 

and fourth convolutional layers are frozen throughout training. New NMF components are found 

using the MB training dataset. First, we evaluate a MB CNN model trained from scratch with the 

same architecture as the R800 CNN model. The regression results are depicted in Figure 8.4 a, 

where a cross validation MSE loss of 0.288  +/- 0.085, r2 of 0.932 +/- 0.02, and LOB of 1.2 fM +/- 

1 fM. Here we observe increased variance of the predictions compared to those in R800. This is 

due to greater overlap between MB Raman vibrational modes and non-analyte modes arising from 

the SERS surface. The loss, LOB and r2 of this model, trained on a full MB dataset, is used as the 

lower (upper) limit of transfer learned model performance depicted in Figure 9.4 b as horizontal 

bars. In the transfer learning experiments we greatly restrict the number of training examples 

observed by the model to be between 1 and 100. One may observe near optimal model performance 

with as few as 100 training examples. Models trained without transfer learning from the R800 

model with 100 or less examples are unable to escape the degenerate local minimum described 
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previously. This effect also leads to large standard deviations in the cross validation values of 

metrics at 1 and 3 examples. These results demonstrate that the R800 CNN model is broadly 

applicable to SM concentration regression. 

 

Figure 8.4. (a)  Representative Methylene Blue concentration predicted by the CNN model on a test dataset acquired 

during k-fold cross validation. (b) Cross validation loss, r2, and LOB of transfer learned Methylene Blue model as a 

function of number of unique input maps. The model is identical to Figure 8.3 a, but with weights acquired from the 
Rhodamine 800 model depicted in Figure 8.3 b, with the third and fourth convolutional layers frozen. Horizontal 

bars represent the metric performance depicted in Figure 8.4 a. Number of examples for r2 and LOB are offset by 

5% for visual clarity. 

 

8.6 Conclusion 

 In this work, we have proposed a convolutional neural network (CNN) model to perform 

concentration regressions on 8x8 maps of surface enhanced Raman scattering (SERS) spectra. 

This proof of concept shows that the CNN model dramatically simplifies the implementation of 

concentration regressions in the single molecule (SM) concentration regime. Using Rhodamine 

800 , we have demonstrated the the CNN model makes excellent concentration predictions, even 

with complex background signals. Specifically, a k-fold cross validated r2 of 0.958 is achieved 

with quantification down to 10 fM. Further, we have shown that the model is generalizable to 

new analyte (methylene blue) by the implementation of transfer learning. This strategy results in 

good predictions with as few as 50 training examples. We believe that CNN models applied to 
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maps of spectra can be generalized both to other SERS sensor platforms as well as other 

chemical analysis techniques capable of single molecule detection. 

8.7 Methods 

8.7.1 Materials 

Random copolymer poly(styrene-co-methyl methacrylate)-α-hydroxyl-ω-tempo moiety 

(PS-r-PMMA) (Mn = 7400, 59.6% PS) and diblock copolymer poly(styrene-b-methyl 

methacrylate) (PSb-PMMA) (Mn = 170-b-144 kg mol−1 ) were purchased from Polymer Source, 

Inc. (Dorval, Canada). Si(001) wafers with a resistivity of 0.004 ohm-cm were purchased from 

Virginia Semiconductor (Frederickburg, VA, USA). Hydrofluoric acid (HF) was purchased from 

Fisher Scientific (Pittsburgh, PA, USA). 2-(N-morpholino)ethanesulfonic acid (MES) 0.1 M 

buffer, 1-ethyl-3-[3- (dimethylamino)propyl]carbodiimide hydrochloride (EDC), and N-hydroxy 

sulfosuccinimide (s-NHS) were purchased from Pierce (Rockford, IL, USA). Rhodamine 800, 

Methylene Blue, dimethyl sulfoxide (DMSO), ethylenediamine, toluene, ethanol, isopropyl 

alcohol (IPA), potassium carbonate, and 52-mesh Pt gauze foil were all purchased from Sigma-

Aldrich (St. Louis, MO, USA). Nanopure deionized water (DI) (18.2 MΩ cm−1 ) was obtained 

from a Milli-Q Millipore System. 

8.7.2 2-Dimensional Physically Activated Chemical (2PAC) Assembly 

Assembly is performed as in previous work.272,385 Random PS-b-PMMA block copolymer 

is spin-coated onto a HF-cleaned  heavily doped Si wafer (the potential of HF to cause severe 

injury mandates extreme caution during usage), and annealed at 1700 C for three days. The sample 

is rinsed with toluene and lamella-forming PS-b-PMMA block copolymer is spin-coated onto the 

sample and annealed. PMMA regions are selectively functionalized with amine end groups by 

immersing the entire substrate in DMSO and then in ethylenediamine/DMSO solution (5% v/v), 

https://www.zotero.org/google-docs/?eQBRib
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both for 5 min without rinsing between steps. The surface is rinsed with IPA and dried under 

nitrogen. Au nanosphere solution (0.1 mg/mL, 3 mL) is added to a 10 mL glass beaker. Freshly 

prepared s-NHS (20 mM) in a MES (0.1 M) buffer (35 μL) is added to the beaker and swirled. 

Next, freshly prepared EDC (8 mM) in a MES (0.1 M) buffer (35 μL) is added to the beaker and 

swirled. The solution then is brought to 60 °C. A 1 cm × 1 cm functionalized copolymer-coated Si 

substrate is placed into the solution vertically. One millimeter away from the substrate, a 1 cm × 1 

cm Pt mesh is placed into the solution vertically. A DC regulated power supply is used to apply a 

voltage of 1.2 V for 10 min. This process is then repeated with the same substrate and fresh 

nanosphere solution as described above, but with 25 μL of EDC and s-NHS solution. 

8.7.3 Characterization 

SEM Images are collected with a Magellan XHR SEM (FEI). Raman spectroscopy 

measurements are conducted using a confocal Renishaw InVia micro Raman system with a laser 

excitation wavelength of 785 nm. All measurements are taken at 760 μW with exposure of 0.1 s 

and use a 60× water immersion objective with a 1.2 NA. 

8.7.4 Data Analysis and Models 

Each spectrum acquired is Savitsky-Golay smoothed (implemented in python with scikit-

learn), background subtracted (with asymetric least squares), and min-max scaled to have a 

minimum value of 0 and a maximum value of 1 (implemented in python with scikit-learn). At each 

value of concentration, the preprocessed spectra from are randomly shuffled together and reshaped 

into 8 x 8 maps of 1011 wavenumber spectra. Next, data augmentation393 is performed to increase 

the amount of training data fed into the model. In general, data augmentation applies a 

transformation to the data that is invariant. Here, we reshuffle data and produce new 8×8×1011 

maps, in this way the data is expanded by a factor of 32. 

https://www.zotero.org/google-docs/?MS3DQc
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Before input into the model, the dimension of spectra are reduced from 1011 to 32 using 

non-negative matrix factorization (NMF), implemented in python with scikit-learn. The 

convolutional neural network (CNN) architecture is depicted in Figure 8.3 a, and implemented in 

python with keras. The model begins with an entry flow of convolutional layers: two 2×2 

convolutional layers with 16 filters and relu activations followed by a 2×2 max pooling layer, 

yielding 4×4×16 maps. This is followed by two 2×2 convolutional layers with 32 filters and relu 

activations and a followed by a 2x2 max pooling layer, reducing the dimension to 2x2x32. This is 

followed by an exit flow where the output is flattened yielding 128 dimensional vectors that are 

fed into a fully connected layer with 16 nodes with a relu activation and dropout regularization set 

to 0.3. Finally this is sent to a single linear node that executes the regression.  

Transfer learning, depicted in Figure 8.4 b, is implemented in python with keras. A 

Rhodamine 800 model’s pretrained weights are used with the third and fourth convolutional layers 

frozen. New NMF components are used for dimensional reduction that are identified from the new 

analyte’s training dataset. Each unique input, or example, used to train the model in Figure 8.4 b 

is augmented 32 fold with the strategy described above. 
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Chapter 9  

Semi-Supervised and Unsupervised Rapid Antimicrobial 

Susceptibility Testing with SERS 

 
9.1 Introduction 

Every year 700,000 people die of antimicrobial resistant (AMR) bacteria infections.394 

Today a full third of antibiotics prescribed are to treat bacteria that are resistant to those drugs.395 

The problem is especially bad for the treatment of urinary tract infections – one of the most 

prevalent diseases, accounting for 17% of all hospital acquired infections157 –  where more than 

half of bacteria tested were AMR.396 AMR is a growing problem, and by 2050 it is expected to 

cause 10 million deaths and a 3.8% reduction of the total world gross domestic product.397 While 

AMR is a multifaceted problem that will require many systemic changes to healthcare, the 2016 

Review on Antimicrobial Resistance lists rapid diagnostics to reduce the unnecessary use of 

antimicrobials as a key intervention for the reduction of AMR. 398 

To this end, antimicrobial susceptibility testing (AST) is an indispensable tool. 

Traditionally, AST has involved acquiring bacteria samples from patients, culturing the samples, 

and using disk-diffusion or broth microdilution studies (among other techniques) to identify a 

suitable antibiotic for treatment.399 Despite challenges associated with long culture times, AST is 

widely used and has been shown to reduce hospital stays and save money.400 AST has also been 

proposed to aid the development of new antibiotics,401,402 and reduce the costs of clinical trials.403 

Point-of-care genomic AST has been proposed to obviate the need for culturing and has shown 

promising results, but phenotypic (growth based) AST is considered the gold standard for AST 

and genomic AST still requires phenotypic validation.404–406  
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Rapid phenotypic AST is possible through metabolomic profiling of bacterial response due 

to antibiotic treatment through methods such as surface enhanced Raman scattering (SERS) 

spectroscopy.407 Rapid AST seeks to bridge the gap between traditional AST, which takes between 

24 and 72 hours,408 and AST times that are necessary for optimal patient outcomes, 30 minutes to 

1 hour.409 SERS is an obvious choice for rapid AST due the rich vibrational information that 

Raman scattering produces and can be used to identify small molecules or differentiate complex 

mixtures of small molecules with a label-free approach.14 Additionally, with sensor surfaces 

capable of single molecule detection and proper statistical analysis tools, SERS can detect 

molecules in concentrations as low as 1 part per trillion,410 enabling its application for a host of 

metabolomics problems. For these reasons SERS has been extensively used in bacteria 

detection,358,411,412 and the metabolites identified with SERS151 have been validated with mass 

spectroscopy.413 SERS can also be used for in situ bacteria detection,414 and can monitor bacteria 

biofilm formation longitudinally to detect infection before some AMR mechanisms are 

generated.385 This work culminated (for our purposes) in 2016 when liu et al407 convincingly 

demonstrated AST and identified the minimum inhibitory concentration (MIC) of antibiotics with 

SERS. 

We believe that for SERS to enter general use in healthcare, a machine learning (ML) based 

approach will be necessary. ML, especially deep learning, is emerging as an important force to 

revolutionize healthcare, with ML approaches now surpassing the performance of doctors in 

computer vision tasks like diagnosing skin cancer415 and breast cancer.416 Deep ML approaches 

are not limited to computer vision and have applications in surgery,417,418 predicting diagnoses 

from medical records,419,420 and in interpreting electroencephalograms to predict seizures421 and 

parkinson's disease.422 The fates of SERS and ML have been entangled since 2006 when principal 
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component analysis was used to convincingly demonstrate single molecule SERS for the first time 

by Le Ru et al.423 Since then great progress has been made in applying sophisticated ML techniques 

to solve SERS problems. These include: the fully-connected artificial neural network for analyte 

concentration regression,370 DNA classification,424 and cancer detection,425 the convolutional 

neural network (CNN) for classification of metabolite signals from cells,188 the support vector 

machine for classification of drug use from urine,177 and the genetic algorithm for cancer 

diagnosis.426  

From this discussion it seems like an ML based SERS approach to AST would be easily 

implemented due to the relative ease of collecting large SERS datasets of bacterial metabolites. 

Yet one key challenge faces this approach that was alluded to earlier: rapid AST approaches must 

be validated with traditional AST approaches to be accepted into practical use.427,428 From an ML 

viewpoint this means that every AMR status label that corresponds to a SERS spectra will require 

a 24-72 hour culturing process. Consider that deep ML algorithms that tackle healthcare problems 

require tens of thousands of labeled examples.429 This challenge places an enormous barrier for 

the development of SERS AST in a clinical setting.  

In this work, we seek to overcome the challenges of label generation through the use of 

few shot and semi-supervised ML, which have already been used in healthcare.430–433 Here, we use 

SERS to examine cell lysate of Psuedomonas aeruginosa (PA) that has been treated with 

antibiotics that it is resistant or susceptible to. We demonstrate the use of a deep generative model, 

the variational autoencoder434 (VAE) – which has already revolutionized the field of drug 

discovery435 – as an ideal method for SERS based semi-supervised ML. We show that the VAE 

produces good clustering behavior of SERS spectra from different antibiotic treatments into its 

latent space. Further we show that the ability to continuously reconstruct spectra across the latent 
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space enables facile interpretation of the decision making process of the deep learning algorithm. 

Encoding spectra into the latent space of a VAE enables greatly improved performance of AST 

classification algorithms, with as SVM trained on encoded spectra achieving over 80% accuracy 

on a test dataset with just 10 example spectra. Finally, we expand the latent space of a VAE by 

including spectra acquired from 63 different mixtures of bacteria metabolites. This results in 

superior clustering of SERS AST spectra, enabling an unsupervised Bayesian Gaussian Mixture 

model to achieve 99.3% accuracy on a test AST dataset, even higher than a deep CNN transfer 

learning based approach for fewer than 10 example spectra. This work is an important proof of 

concept, demonstrating that SERS analysis of AST data is amenable to a semi-supervised and even 

an unsupervised approach, making SERS AST a practical method for clinical AST. 

9.2 Experimental System 

 Above, we discussed how growth based (phenotypic) antimicrobial susceptibility testing 

(AST) is considered the gold standard. In order to reduce the time required for phenotypic AST 

we, and many other groups, seek to use a metabolomics approach over the direct measurement of 

cell viability. We pay an important price to reduce AST time in this way: metabolomics approaches 

introduce an enormous parameter space. For example, the e-coli metabolome contains over 2600 

unique small molecules (metabolites).101 AST analysis is even more complex in a clinical setting 

where samples extracted from patients are typically mixtures of many bacterial species. Therefore 

machine learning based approach is essential in order to build complex enough models to capture 

these variations. 

 We then need a tool capable of measuring the metabolomic profile of a bacterial system 

rapidly enough to be compatible with a machine learning approach. To this end, surface enhanced 

Raman scattering (SERS) spectroscopy is an ideal method. Sample preparation is minimal, where 

https://www.zotero.org/google-docs/?CZJpmf
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cellular supernatant or lysate can be directly placed on a SERS sensor with no separation processes, 

and individual measurements can be acquired in under one second with sufficiently powerful 

SERS sensors. The primary challenge with SERS is just that one must manufacture SERS sensors 

with sufficiently large and uniform signal enhancements. To this end, our group has recently 

proposed a 2-dimensional physically activated self-assembly method272 (2PAC) that produces 

SERS sensors with excellent signal enhancements and uniformity. The sensor fabrication 

procedure is described in the methods section. We have used this technique to drive forward SERS-

metabolomics-machine learning methods,273 and we are now turning to AST.  

 SERS AST has already been demonstrated,407 so the focus of this work is to demonstrate 

that SERS spectra are compatible with semi-supervised and unsupervised deep machine learning 

techniques that will greatly reduce the costly overnight cell culture that is necessary to acquire 

labels (eg antibiotic resistant or susceptible). Our proof of concept experiment is to differentiate 

cell lysate of Psuedomonas aeruginosa (PA) acquired from cultures exposed to three antibiotic 

conditions: 1) untreated with antibiotics (-), 2) treated with carbenicillin (+C), which PA is 

susceptible to, and 3) treated with rifampicin (+R), which PA is resistant to. We perform these 

treatments at, 50 μg/mL and 400 μg/mL of carbenicillin and rifampicin, respectively, 

concentrations at the minimum inhibitory concentration (MIC), where PA growth is reduced, but 

not so large that the colonies are unable to flourish. MIC curves depicting cell density after 24 

hours carbenicillin and rifampicin are depicted in Figure 9.8. 

 Averages of 400 SERS spectra acquired from PA lysate at 30 minutes and 2 hours for the 

-, +C, and +R conditions are plotted in Figure 9.1, a, b, and c, respectively. These spectra are 

averaged after preprocessing which involves smoothing, background subtraction, and minimum-

maximum scaling. SERS collection and spectra preprocessing are elaborated in the methods 

https://www.zotero.org/google-docs/?j9AMsr
https://www.zotero.org/google-docs/?g9eVHm
https://www.zotero.org/google-docs/?dUlwhD
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section. Cell growth, as measured by the optical density at 600 nm (OD600) from these 

experiments are depicted in Figure 9.1 d, e, and f for -, +C, and +R, respectively. Cell cultures are 

prepared to have 0.5 OD before treatment. One may observe increased cell density even with the 

+C treatment, which PA is susceptible to, due to the fact that we use relatively low antibiotic 

concentrations. Significant variations in the rate of cell growth are observed, which is the primary 

motivation of using metabolomics based AST over cell viability AST, as this is expected at such 

short time periods. 

Prior work in SERS AST has typically involved directly measuring bacterial cell cultures 

and monitoring the 730 cm-1 vibrational band associated with cell walls.407,436,437 This method has 

been useful because it enables facile determination of cell proliferation, but SERS measurements 

that rely on individual Raman bands train models with much higher bias and variance than models 

that use the full spectral information. As we use a deep machine learning approach, we use cell 

lysate to maximize the diversity in metabolites and consider full spectra. In order to holistically 

assess entire spectra we use unsupervised learning approaches, which are not given informed of 

the class (the antibiotic treatment condition) or each spectra in order to avoid overfitting to noise, 

as supervised learning techniques using a parameter space as large as the SERS fingerprint 

vibrational window are susceptible to do. 

 

https://www.zotero.org/google-docs/?0BOa5Z
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Figure 9.1: a, b, c average SERS spectra of 30 minutes and 2 hrs post treatment of control, carbenicillin treatment, 
and rifampicin treatment, respectively. Spectra are scaled between values of 0 and 1 and 2 hour SERS spectra are 

offset by 1 for visual clarity. d, e, f the optical density acquired at 600 nm of the Psuedomonas aeruginosa cultures 

at various times for the untreated, carbenicillin, and rifampacin treated cases, respectively. 

 

For a first pass visualization of SERS spectra we use t-distributed stochastic neighbor 

embedding (t-SNE).438 Figure 9.2 a depicts the t-SNE of the SERS AST dataset described above. 

t-SNE is a relatively new unsupervised data visualization technique that has ubiquitous use within 

the machine learning community, due to the clarity of the clustering that it achieves. t-SNE can be 

thought of as attempting to preserve the distances between spectra in their native 1011-dimensional 

space in the 2-dimensional representation shown in Figure 9.2 a. One may observe excellent 

clustering of the different classes of antibiotic treatments, indicating significantly different 

metabolomic profiles. Some of these differences can be observed in Figure 9.1 a, b, c, where 

vibrations between 1000 cm-1 and 1200 cm-1 are particularly different between the classes. Yet, 

despite the utility of t-SNE as a visualization tool, it is probabilistic in nature and its embeddings 

cannot be used to develop a predictive model, and does not easily lend itself to interpretation. For 

this purpose we use non-negative matrix factorization (NMF).355 

https://www.zotero.org/google-docs/?eD96lY
https://www.zotero.org/google-docs/?trOTSm
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Figure 9.2 b depicts the first NMF component extracted from the SERS AST dataset with 

a total of 3 components, and Figure 9.2 c depicts the score of SERS spectra in the different 

treatment classes with respect to this component. NMF is a powerful dimensional reduction tool 

for SERS due to the fact that all signals are positive in SERS. The non-negativity constraint enables 

superior isolation of independent signals compared to the traditional principal component analysis 

(PCA). Like PCA, we can interpret the NMF components as the isolated signal due to our 

experimental condition. From Figure 9.2 c one can observe a clear correlation between PA health 

and NMF score, with score rising from the 30 minute untreated culture (- 0.5 Hr) to the 2 hour 

untreated culture (- 2 Hr), score declining from the 30 minute carbenicllin treatment (0.5 Hr +C) 

to the 2 hour carbenicillin treatment (2 Hr +C), and little difference between the score of the 30 

minute rifampicin treatment (0.5 Hr +R) to the 2 hour rifampicin treatment (2 Hr +R). While 

powerful, NMF clearly loses much of the separation between treatment classes observed in the t-

SNE visualization, and we lose the ability to distinguish the 0.5 Hr +R from the 2 Hr +R. 
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Figure 9.2: a) t-SNE of the various antibiotic treatments, untreated for 30 minutes (- 0.5 Hr), and 2 hours (- 0.5 Hr), 

treated with carbenicillin for 30 minutes (+C 0.5 Hr), and 2 hours (+C 2 Hr), and treated with rifampicin for 30 min 

(+R 0.5 Hr), and 2 hours (+R 2 Hr). b) First NMF component extracted from training dataset c) First NMF score of 

antibiotic treatment test dataset. 

 

9.3 Semi-Supervised Learning for SERS AST 

 While deep machine learning models are valuable for capturing the complexity of SERS 

spectra of bacterial metabolites, a trade-off exists between the interpretability of these models and 

their performance. When dealing with the health of patients, which is likely in dire conditions if 

AST is being considered, interpretable models are essential so that experts can validate the model 

predictions. While interpretability-performance trade-offs are fundamental to machine learning, 

deep generative models – like the variational autoencoder (VAE) – give the user insight into the 

model’s decision making.  

Figure 9.3 depicts a scheme for using a VAE for SERS analysis. As is typical of 

unsupervised learning methods, the VAE works by encoding a high dimensional data point (here 

a SERS spectra) into a low dimensional latent space to capture an essential representation of the 

data. We construct our VAE using deep convolutional neural networks whose architecture and 
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training parameters is described at length in the methods section. The  VAE is composed of an 

encoder network that encodes spectra as a Gaussian probability distribution in the 2-dimensional 

latent space (schematically depicted as μ and Σ), and a decoder network that takes points from the 

latent space and decodes them back into the original spectra.  

By encoding spectra as probability distributions in a low dimensional latent space, the VAE 

provides us with 3 useful features: 1) Clustering. As all spectra are encoded as distributions, they 

will overlap with one-another. If overlapping distributions are not from similar spectra the model 

will be heavily penalized during training. This results in a well structured latent space that enables 

the use of simple models to make predictions from encoded data. 2) Denoising. The low 

dimensional latent space does not contain enough information to encode for noise. This improves 

predictions made from models trained on encoded data, especially for small amounts of labeled 

data. 3) Interpretation. Encoding spectra as distributions ensures that the latent space will be a 

continuous representation of the different classes of antibiotic treatments. This allows us to decode 

spectra across the latent space to ensure that the variation of SERS intensity is consistent with our 

expectations. 
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Figure 9.3: depiction of the VAE model with training data plotted on the left and right, and VAE generated spectra 

plotted on the top left and top right. Spectra are encoded into the latent space as Gaussian distributions with mean  

and variance sigma. The encoder and decoder are deep convolutional neural networks. 

 

Figure 9.4 a depicts the VAE space obtained using the AST dataset described above. The 

clustering of the different treatment classes is obvious upon inspection, although large variances 

within sample classes and the clusters are strongly anisotropic between the first and second VAE 

dimension, VAE 1 and VAE 2, respectively. From Figure 9.4 a one may observe a clear trend of 

cell health across VAE 1, with small VAE 1 values corresponding to treatment with antibiotics PA 

is susceptible to, intermediate VAE 1 values corresponding to treatment with antibiotics PA is 

resistant to, and large VAE 1 values corresponding to the untreated PA. We also observe lower 

VAE 1 values with shorter treatment times for all treatment classes, which is expected for these 

antibiotic treatments at the MIC as the bacteria mostly recovers from treatment. 

We can now use the generative aspect of the VAE to validate the clustering behaviour 

observed. Figure 9.4 b depicts VAE generated (decoded) spectra from the latent space that 

corresponds to the mean value of each treatment class. Comparison of these spectra to the average 

spectra plotted in Figure 9.1 a, b, c reveals a striking similarity. The denoising property of the VAE 

can be seen by considering that Figure 9.1 spectra are averages of many spectra, and Figure 9.4 

spectra are individual spectra. Comparison of the preprocessed spectra in Schematic 1 and 
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generated spectra is also revealing. From this, one can observe continuous deformation across 

treatment classes. It is obvious that good cell health is associated with large vibrations in the 1100 

cm-1 - 1200 cm-1 bands, and larger 1030.3 cm-1 band than 1000.7 cm-1 band, among many other 

intensity changes. 

 

 

Figure 9.4: a) VAE space of AST spectra, with test AST spectra depicted. b) VAE generated spectra from the center 

of the class centroid. 

 

  As discussed above, the primary challenge to the acceptance of SERS based AST is the 

need to validate the SERS analysis with 24 hour cell culture analysis. From a machine learning 

perspective we can think of the cell culture as our method of generating labels, and the SERS 

analysis as the input data. The huge mismatch between label generation time and data generation 

time motivates a semi-supervised learning approach. The correspondence between the VAE 

encoded SERS spectra and the antibiotic treatment classes suggests that a semi-supervised 

approach using the VAE latent space. In this approach, large quantities of unlabeled SERS spectra 

are used to train the VAE, generating a meaningful representation of antibiotic treatment response 

in the VAE latent space. We can then train models with the few labeled examples from this latent 

space. 
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 Figure 9.5 depicts model performance on the AST dataset of k-nearest neighbor (KNN) 

and support vector machine (SVM) models on preprocessed spectra and VAE encoded spectra as 

a function of the number of examples. Random examples are removed from the AST dataset 

without replacement and used to train the models. This process is repeated 50 times and the mean 

and standard deviation of the model accuracy are reported. From Figure 9.5, one may observe a 

significant improvement of both accuracy and variance from models trained using VAE encoded 

spectra compared to preprocessed spectra. The largest accuracy achieved is 80.6 +/- 0.2 % and is 

achieved by the 10 example SVM on VAE encoded data. This relatively high accuracy achieved 

with so few labeled examples is an important achievement as it shows that very little 24 hour cell 

culture is necessary to build a SERS AST model. 
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Figure 9.5: depicts various model performance versus the number of training examples from the AST dataset used. 

KNN and SVM models are evaluated on preprocessed spectra (KNN), (SVM), and on VAE encoded spectra (VAE 

KNN), (VAE SVM). The best accuracy is achieved after 10 examples by the VAE SVM at 80.6 +/- 0.2 %. 

 

9.4 Transfer Learning for SERS AST 

 Transfer learning, the use of a large dataset to improve model predictions on a related but 

smaller dataset, has emerged as one of the most important tools in deep machine learning.439 While 

large SERS datasets aren’t currently publicly available, they are easy to generate quickly using 

2PAC fabricated SERS sensors as measurements are performed in just 0.1 s. Based on the 

importance of 1000 cm-1 - 1200 cm-1 in differentiating the antibiotic treatment classes, we have 

chosen 6 aromatic volatile bacterial metabolites: 2-methyl napthalene, o-cresol, 2-amino 

acetophenone, pyrrole, 2-pentyl furan, and indole.440  We construct a “metabolite mixture” dataset 

by preparing all 63 combinations of these 6 metabolites at a total concentration of 1 part per million 

in water and acquiring SERS spectra from each of them. Solution preparation details are described 

https://www.zotero.org/google-docs/?Bm5fav
https://www.zotero.org/google-docs/?5ZDwQB
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in the methods section. Figure 9.6 a depicts a t-SNE visualization of this dataset, where good 

differentiation between the mixtures is apparent. While t-SNE is known not to be an ideal 

algorithm for finding global similarities within datasets, larger clusters of similar mixtures are still 

observed. 

 Traditionally, transfer learning with deep neural networks is done by training a model, like 

a convolutional neural network (CNN) with the large dataset, and then fine tuning the model’s 

parameters with the smaller dataset. This method has been shown to produce outstanding results 

and will be explored below, but the VAE method enables us to utilize transfer learning in a totally 

unsupervised way, which we will discuss here. Our approach is to combine the large, metabolite 

mixture dataset with the small AST dataset and train a VAE. This combined VAE space is depicted 

in Figure 9.6 b. While this complex dataset, the “combined” dataset, greatly benefits from a higher 

dimensional latent space (see Figure 9.9 for a t-SNE of the metabolite mixture VAE space in 32 

dimensions), we constrain the latent space to 2 dimensions so that it can be easily examined. This 

constraint increases the loss of the fully trained model by nearly 50% and results in anisotropic 

and mixed clusters of much of the data. Yet from the inset of FIgure 9.6 b, one can observe that 

the original AST dataset is well separated in this space with extremely low density regions between 

the different conditions. 

 The exceptional clustering of the AST dataset observed in the inset of Figure 9.6 b is the 

most important result of this work. The clustering (in just 2 dimensions) is significantly better than 

that observed in Figure 9.4 a, and is similar to t-SNE, but (unlike t-SNE) can be used to develop 

predictive models. This demonstrates that a simple, and easily acquired toy dataset of bacterial 

metabolites can be leveraged to improve models of complex bacterial lysate.  
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Figure 9.6: a) t-SNE of metabolite mixture dataset. Labels are defined as follows: 2-methyl napthalene (A), o-cresol 

(B), 2-amino acetophenone (C), Pyrrole (D), 2-pentyl furan (E), and Indole (F). All 63 possible mixture 

combinations are plotted. Labels are set to the mean value of each condition cluster. b) VAE latent space from the 

test portion of both datasets combined, inset: zoom in of the region encoding the AST dataset. 
 

From here, it is straightforward to build a predictive model. The VAE encoding makes it 

obvious that some of the spectra are outliers that are unduly influenced by the signal of the 

underlying SERS surface. These spectra are easily removed with an isolation forest set to remove 

5% of spectra. This process is detailed in the methods section and the isolation forest identification 

is depicted in Figure 9.10. In Figure 9.7 a, we depict a simple, unsupervised Bayesian Gaussian 

Mixture model of the outlier removed AST dataset encoded with the combined VAE. Nearly 

perfect identification of the different classes is achieved, with an accuracy of 99.3%. From Figure 

9.7 a, one can also observe that the combined VAE encoding nicely groups the different antibiotic 

conditions together, which is important for the application of this strategy to clinical datasets. 

Finally, we turn to examine modern neural network model performance on preprocessed 

spectra and combined VAE encoded spectra. These results are plotted in Figure 9.7 b, where as in 

Figure 9.5, random examples are taken to train a model and the performance is evaluated on the 

rest of the model. Here we repeat this procedure 10 times and depict that mean and standard 

deviation of the model accuracy. We compare two models, a multilayer perceptron (MLP, a fully 

connected artificial neural network with 1 hidden layer) which is used for inference from the 



174 

 

combined VAE latent space, and a convolutional neural network which is used for inference from 

preprocessed spectra. The architecture and training details are described in the methods section. 

Transfer learning is performed by taking the 6 unmixed metabolite datasets (eg 2-methyl 

napthalene, o-cresol, 2-amino acetophenone, pyrrole, 2-pentyl furan, and indole dissolved in water 

by themselves), and training a model with that data. 

From Figure 9.7 b it is obvious that CNNs are an incredibly powerful tool for inference 

from SERS spectra. Even without transfer learning a CNN achieves good results with just 4 

examples. Transfer learning with the CNN improves results regardless of the number of examples 

but the difference is most pronounced with very few examples. On the other hand, an MLP does 

not yield good predictions from the VAE space, likely due to underfitting as there are only 2 

features. However, a transfer learned MLP is determined to produce the best predictions, especially 

for 1 shot learning, but also at higher number of examples. Interestingly, none of these models 

outperforms the simple Bayesian Gaussian Mixture model discussed above. 

 

Figure 9.7: a) Bayesian Gaussian Mixture analysis of combined VAE encoded AST test data b) Comparison of 

transfer learning model performance. b) Transferred model weights are trained using the unmixed preprocessed 

spectra from the metabolite dataset (Transfer CNN) and these spectra encoded using the combination VAE (Transfer 

MLP). These models are fine tuned with example from the AST dataset and evaluated on test data. Model 
performance with various numbers of training examples using models with the same architecture but with standard 

Xavier weight initialization are also depicted for preprocessed spectra (CNN) and VAE encoded spectra (MLP). The 

unsupervised Bayesian Gaussian mixture method achieves the highest accuracy at 99.3%. 
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9.5 Conclusion 

In conclusion, we have proposed a semi-supervised and unsupervised deep machine 

learning approach for surface enhanced Raman scattering (SERS) based antimicrobial 

susceptibility testing (AST) using the variational autoencoder (VAE). For our proof of concept, 

we have collected SERS spectra from bacterial lysate of cultures that were exposed to various 

antibiotic conditions. We have shown that the VAE’s latent space enables facile interpretation of 

the important features within the SERS spectra. The VAE latent space is well behaved and 

produces clusters of SERS spectra that represent healthy cells at one end of the space and unhealthy 

cells at the other end of the space. We take advantage of this clustering, as well as the denoising 

property of the VAE latent space to construct a semi-supervised support vector machine that 

surpasses 80% accuracy with just 10 labeled SERS AST examples. We show that a toy dataset of 

various mixtures of metabolites greatly improves the clustering of the SERS AST data. The VAE 

encoding using the metabolite dataset enabled us to use unsupervised Bayesian Gaussian Mixture 

analysis to achieve 99.3% classification accuracy of this dataset, which is shown to be better than 

that achieved using a transfer learned convolutional neural network. These results show that the 

time consuming 24 hour cell culture which is necessary to generate labels for SERS AST can be 

minimized, which will greatly reduce the cost of SERS AST and enable its use in a clinical setting. 

Future work will analyze samples large numbers of complex bacteria from drug resistant clinical 

urinary tract infection patients. 

9.6 Methods 

9.6.1 Materials 

Random copolymer poly(styrene-co-methyl methacrylate)-α-hydroxyl-ω-tempo moiety 

(PS-r-PMMA) (Mn = 7400, 59.6% PS) and diblock copolymer poly(styrene-b-methyl 
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methacrylate) (PS-b-PMMA) (Mn = 170-b-144 kg mol −1 ) were purchased from Polymer Source, 

Inc. (Dorval, Canada). 40 nm diameter lipoic acid functionalized gold nanospheres were purchased 

from Nanocomposix (San Diego, CA, USA). Si(001) wafers with a resistivity of 0.004 ohm-cm 

were purchased from Virginia Semiconductor (Frederickburg, VA, USA). Hydrofluoric acid (HF) 

was purchased from Fisher Scientific (Pittsburgh, PA, USA). 2-(N-morpholino)ethanesulfonic 

acid (MES) 0.1 M buffer, 1-ethyl-3-[3-(dimethylamino)propyl]carbodiimide hydrochloride 

(EDC), and N-hydroxy sulfosuccinimide (s-NHS), dimethyl sulfoxide (DMSO), ethylenediamine, 

benzenethiol, toluene, ethanol, isopropyl alcohol (IPA), potassium carbonate, and 52-mesh Pt 

gauze foil were purchased from Sigma-Aldrich (St. Louis, MO, USA). Nanopure deionized water 

(DI) (18.2 MΩ cm−1 ) was obtained from a Milli-Q Millipore System. 

9.6.2 Surface enhanced Raman scattering (SERS) Sensor Fabrication  

Sensor fabrication has been described in depth in previous work.272 First we prepare block 

copolymer templates for Au nanosphere assembly attachment. Random PS-b-PMMA block 

copolymer is spin-coated onto a HF-cleaned Si wafer (HF has serious potential to cause severe 

injury which mandates extreme care during treatment) and annealed for 72 hours. The wafer is 

rinsed with toluene rinse and  lamella forming PS-b-PMMA block copolymer is spin coated onto 

the wafer, which is annealed for another 72 hours. This process is described elsewhere.137 Next, 

PMMA regions within the block copolymer are selectively functionalized with amine terminated 

end groups by immersing a 1 cm x 1 cm piece of the wafer in DMSO. This substrate is then 

transferred into an ethylenediamine/DMSO solution (5% v/v). Both immersions are performed for 

5 min without rinsing between steps. The functionalized template is then rinsed with IPA for 1 

min and dried under nitrogen for immediate use. 

https://www.zotero.org/google-docs/?FW84fS
https://www.zotero.org/google-docs/?MHhgPc
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An electrohydrodynamic flow driven assembly of Au nanospheres is used to generate 

assemblies with the following method: Au nanosphere solution (0.1 mg/mL, 3 mL) is added to a 

clean 10 mL glass beaker. s-NHS (20 mM) in MES (0.1 M) buffer (35 μL) is added to the 

nanosphere solution and swirled. Next, EDC (8 mM) in MES (0.1 M) buffer (35 μL) is added to 

this solution and swirled. The solution brought to, and maintained at 60 °C with a hot plate. The 

functionalized block copolymer-coated Si substrate is placed vertically into the solution and held 

in place with alligator clips, taking care to avoid any contact of the alligator clips with the solution. 

A 1 cm × 1 cm Pt mesh is placed parallelly 1 mm away from the substrate. 1.2 V is applied across 

the mesh and substrate using a DC power supply for 10 min. Everything is then rinsed with IPA 

for 1 min and dried under nitrogen. The process is repeated with the same substrate and a fresh 

nanosphere solution, but with 25 μL of s-NHS and EDC solution. 

9.6.3 Bacterial Cell Culture and Antibiotic Treatments 

Growth Conditions: Pseudomonas aeruginosa strain PA14 are revived from frozen stock 

by streaking on Luria Bertani (LB) agar (1.5% agar) and then incubated in 37 oC incubator. A 

single colony from the agar plate is then inoculated in 5 mL of LB broth, and then grown overnight 

with shaking in 37 oC. 

Minimum inhibition curves: Overnight culture of PA14 are centrifuged, and then re-

suspended in enough fresh LB media to reach a final optical density at 600 nm (OD600) of 1. 

Carbenicillin and Rifamipicin are serially diluted 2-fold in fresh LB broth to reach concentrations 

double our final desired concentrations. Finally, the re-suspended PA14 culture is mixed one to 

one (1 mL bacteria + 1 mL of LB antibiotic mixture) with media containing antibiotics in culture 

tubes, so that the final OD was 0.5 and the antibiotics are at the desired concentrations. The 

untreated control sample is prepared by mixing the re-suspended PA14 culture one to one with 
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antibiotic-free LB broth. The culture tubes are shaken for 24 hours at 37 oC, and then bacterial 

proliferation was assessed by measuring the optical density of treated bacterial culture. From these 

MIC curves, a dose of either Carbenicillin or Rifampicin is chosen that affects PA14 proliferation 

in 24 hours without completely killing off the culture for SERS study. 

Antibiotic treatment: Overnight PA14 cultures are centrifuged and re-suspended to reach a 

volume of 20 mL at OD600 of 0.5. Cabenicillin is added so that the final concentration was 50 

μg/mL. The final concentration of Rifampicin is 400 μg/mL. At the 0.5, 2, and 3 hours timepoints, 

the OD600 of the treated PA14 culture is measured, and 109 CFUs are drawn out for lysate 

collection. 

Lysate collection: 109 CFUs of PA14 cells treated or untreated with antibiotic are spun 

down and re-suspended in 500 μL of sterile PBS three times to wash off the LB growth media. 

Then cells are re-suspended 50 μL of sterile double deionized water, and then heated at 95 oC for 

20 minutes using heated aluminum block. Cell debris is centrifuged and discarded, and the 50 μL 

supernatant is collected for SERS study. 

9.6.4 Metabolite Mixture Preparation 

Metabolite mixtures are prepared as follows: 2-methyl napthalene (A), o-cresol (B), 2-

amino acetophenone (C), Pyrrole (D), 2-pentyl furan (E), and Indole (F) are dissolved in ethanol 

at a concentration of 100 ppm. Then 1 ppm solutions are prepared in water from these ethanol 

stock solutions. The 63 combinations of metabolites are prepared by mixing the water stock 

solutions to maintain a total metabolite concentration of 1 ppm.  

9.6.5 SERS Spectroscopy 

 All SERS spectroscopy measurements are conducted using a confocal Renishaw InVia 

micro Raman system with a 785 nm diode laser, a laser power of 14 μW, an exposure time of 0.5 
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s, and a 60x water immersion objective with a 1.2 numerical aperture. Bacteria cell lysate or 

metabolite mixture solutions are used as the immersion media. After soaking the SERS substrate 

in the sample for 15 minutes, Raman maps are collected with a spacing of 4 μm spacing between 

points. For each sample one 20 x 20 pixel Raman map is acquired.  

9.6.6 Spectra Preprocessing 

Spectra are preprocessed in three steps: 1) smoothing 2) background subtraction and 3) 

scaling, all done using the Python 3.3 programming language. Smoothing was done with the 

Savitzky-Golay method441 as implemented in Scikit-Learn using an 11 pixel window and 

polynomial order 3. Background subtraction was done with the asymmetric least squares method442 

and was implemented in NumPy with λ = 10000, p = 0.001. Spectra were scaled to have a 

minimum value of 0 and maximum value of 1 with Scikit-learn’s minmaxscaler. 

9.6.7 Unsupervised Data Visualization 

t-distributed stochastic neighbor embedding (t-SNE)438 and non-negative matrix 

factorization (NMF)355 are used for unsupervised visualization of the SERS datasets. Both 

techniques are performed on preprocessed spectra using Scikit-Learn with default parameter 

settings. NMF is performed with 3 components, and the spectra scores are evaluated using the first 

component. Data acquired with deionized water is included in training these algorithms. 

9.6.8 Variational Autoencoder Implementation 

 All artificial neural network models are implemented in keras and use the adam 

optimizer.443 

 Prior to use in the variational autoencoder434 (VAE), spectra are preprocessed as described 

above. These 1011 dimensional spectra are padded with zeros to 1024 dimensions and reshaped to 

a dimension of (examples, 1024, 1) for use in 1 dimensional convolutional neural network (1D 

https://www.zotero.org/google-docs/?GH7d2h
https://www.zotero.org/google-docs/?Uwi7XV
https://www.zotero.org/google-docs/?03JbbV
https://www.zotero.org/google-docs/?JhL0Ra
https://www.zotero.org/google-docs/?rqSVZG
https://www.zotero.org/google-docs/?JbHLkM
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CNN) layers. All 1D CNN layers have a kernel window of 8 pixels, a stride of 2, are regularized 

with a maximum kernel norm of 3, have parametric relu activations, are batch normalized, and 

followed with a 30% dropout layer. Early stopping is implemented with test loss, and the batch 

size used is 32. 

The VAE is implemented differently for the antimicrobial susceptibility testing (AST) 

dataset and the AST and metabolite mixture combined dataset. For the smaller AST dataset, the 

encoder network is composed of 4 1D CNN layers with 32, 32, 64, and 64 filters. This output is 

flattened and sent to a 128 node fully connected layer with parametric relu activation, batch 

normalization, and 30% dropout and sent to a 32 node fully connected layer with parametric relu 

activation, and finally to fully connected layers with 2 nodes that represent the mean and standard 

deviation of the encoded input. The decoder is similar with a 1344 node fully connected layer, 

reshaped and sent to 4 1D transposed CNN layers with 64, 64, 32, and 32 filters. This is output to 

a 1D transposed CNN with stride 1, sigmoid activation, and a stride of 1. The model was optimized 

with the adam optimizer with a loss function defined as KL divergence + mean absolute error * 

10. 

For the larger combined dataset, the encoder network is composed of 6 1D CNN layers 

with 32, 32, 64, 64, 128, and 128 filters, with 40% dropout. This output is flattened and sent to a 

256 node fully connected layer with parametric relu activation, batch normalization, and 50% 

dropout and sent to a 64 node fully connected layer with parametric relu activation, and finally to 

fully connected layers with 2 nodes that represent the mean and standard deviation of the encoded 

input. The decoder is similar with a 2048 node fully connected layer, reshaped and sent to 8 1D 

transposed CNN layers with 256, 256 (stride 1), 256, 256 (stride 1), 128, 128, 64, and 64 filters. 

This is output to a 1D CNN with 1 filter, sigmoid activation, and a stride of 1. The model was 
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optimized with the adam optimizer with a loss function defined as KL divergence + mean absolute 

error * 80. 

9.6.9 Semi-supervised Learning 

 The models  in Figure 9.5 are evaluated as follows. Examples are pulled from the test 

dataset used in training the VAE described above. These are used to train K-nearest neighbors 

(KNN) – with the number of neighbors being the number of examples – and support vector 

machine (SVM) models with Scikit-learn using default settings. The KNN and SVM models are 

trained using preprocessed spectra with dimension 1011 and the accuracy is evaluated using the 

rest of the test dataset. The VAE KNN and VAE SVM models were evaluated with the same 

examples projected into the latent space of the trained AST VAE and evaluated with the same 

dataset. This process is done 50 times and the mean and standard deviation are of the model 

accuracy on the remaining data are depicted. 

9.6.10 Transfer Learning 

 This section describes the methods used to produce Figure 9.7. The dataset used is the AST 

dataset encoded into a 2 dimensional latent space using the combined VAE. Outliers are removed 

by training an isolation forest444 on the training dataset and applying it to the training and test 

dataset. Isolation forest is implemented in Scikit-learn with the default settings and an outlier 

fraction of 5%. The outlier removed training dataset is then used to train a Bayesian Gaussian 

Mixture Model, which is implemented in Scikit-learn with the default settings and 6 

components,445 and evaluated on the test dataset, which is plotted in Figure 9.7a.  

 The neural network models evaluated in Figure 9.7b are evaluated with binary cross 

entropy loss and have the following architectures. First two models are trained for the transfer 

learning with the six unmixed metabolite full datasets. The first network is a deep CNN trained on 

https://www.zotero.org/google-docs/?UiEDCx
https://www.zotero.org/google-docs/?TVXg9N
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the full dimensional preprocessed data and is composed of 4 1D CNN layers with parameters as 

above and filters of 16, 16, 32, and 32 that are followed by 50% dropout layers and batch 

normalized. This output is flattened and set to a 6 node fully connected layer with softmax 

activation. The second network is a multilayer perceptron trained on the VAE encoded, outlier 

removed data and is composed of 2 fully connected layers with 8 and 16 nodes and are batch 

normalized and with relu activation. This output is sent to a fully connected layer with 6 nodes and 

softmax activation. The weights of these trained networks are then fine tuned with the few example 

AST dataset. Additionally, these same models are evaluated with the same AST examples with 

standard Xavier initialization of the weights. The accuracy of these models are evaluated, and 

repeated 10 times to obtain a mean and standard deviation of the model accuracy and plotted. 

9.7 Supplemental Information 

 Figure 9.8 a,b depicts the data used to identify the minimum inhibitory concentration 

(MIC) of carbenicillin and rifampicin applied to Pseudomonas aeruginosa (PA), respectively. 

The optical density (OD) of a PA culture is measured 24 hours after exposure of antibiotic. Prior 

to treatment the PA culture is diluted to an OD of 0.5. The MIC is determined to be 50 μg/mL for 

carbenicillin and 400 μg/mL for rifampicin. 
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Figure 9.8 a: Curve used to identify the minimum inhibitory concentration of carbenicillin for Pseudomonas 

aeruginosa. B: Curve used to identify the minimum inhibitory concentration of rifampicin for Pseudomonas 

aeruginosa.  

 

 Figure 9.9 depicts a t-sne visualization of a 32-dimensional VAE latent space trained on 

the metabolite combination dataset. Increasing the latent space from 2-dimensions to 32-

dimensions greatly improves the clustering of the different metabolite conditions, and reduces 

the test loss of the VAE model by nearly 50%. 
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Figure 9.9: depicts a t-SNE visualization of a 32-dimensional metabolite combination VAE space. 

 

 In addition to the superior clustering that the combination VAE latent space provides, it 

also enhances the difference between outliers and inliers. Figure 9.10 depicts an isolation forest 

outlier detection applied to the AST spectra that has been encoded into the combination VAE 

model. Outliers are easily identified by isolation forest and removed for processing in the 

predictive models. 
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Figure 9.10: Isolation forest predictions of AST spectra that have been encoded with the combination VAE model. 

Outliers are shown as red and inliers are shown as blue. 
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Chapter 10 

Conclusion 

 
This work first demonstrated a novel nanomanufacturing method where 

electrohydrodynamic (EHD) flow was used as a long-range driving force to enable carbodiimide 

cross-linking between nanospheres. This produced nanosphere oligomers exhibiting sub-

nanometer gap spacing over mm2 areas. I investigated the anhydride linkers between nanospheres 

are observed via surface-enhanced Raman scattering (SERS) spectroscopy. These anhydride 

linkers were found to be cleavable via nucleophilic substitution and enabled the placement of 

nucleophilic molecules in electromagnetic hotspots. Atomistic simulations elucidated the transient 

attractive force provided by EHD flow, which was found to be needed to provide a sufficient 

residence time for anhydride cross-linking to overcome slow reaction kinetics. This synergistic 

analysis showed that assembly involves an interplay between long-range and short range driving 

forces. The long-range driving forces increased nanoparticle − nanoparticle interactions and the 

probability that ligands are in proximity to overcome activation energy barriers associated with 

short-range chemical reactions. Absorption spectroscopy and electromagnetic full-wave 

simulations showed that variations in nanogap spacing had a greater influence on optical response 

than variations in close-packed oligomer geometry. The EHD flow−anhydride cross-linking 

assembly method (referred to as a 2-dimensional physically activated chemical self-assembly, or 

2PAC) enable close-packed oligomers with uniform gap spacings that produce uniform SERS 

enhancement factors. These results demonstrated the efficacy of colloidal driving forces to 

selectively enable chemical reactions leading to future assembly platforms for large-area 

nanodevices. 
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Then I investigated the use of 2PAC to develop a directed chemical assembly of 

nanoparticles on electron beam lithography defined Au nanopillars. This method addressed the 

challenges in obtaining uniformity in nanostructure geometry and nanometer scale gap spacings 

in structures. EHD flows yielded robust driving forces between the template and nanoparticles as 

well as between nanoparticles on the surface which promoted the assembly of close-packed 

metamolecules. Chemical crosslinking between Au surfaces enabled molecular control over gap 

spacings between nanoparticles and Au pillars. An as-fabricated structure was analyzed via full 

wave electromagnetic simulations and shown to produce large magnetic field enhancements on 

the order of 3.5 at optical frequencies. This novel method for directed self-assembly demonstrated 

2PAC’s utility in the fabrication of plasmonic metamolecules with unique electromagnetic 

properties. 

The thesis then turned to applications of these 2PAC manufactured chemical sensors. First 

Cuong Nguyen and I developed a method to detect pyocyanin a secondary metabolite of 

Pseudomonas aeruginosa, in aqueous media at concentration of 100 pg·mL-1. We used a partial 

least squares regression to analyze SERS data of conditioned medium from a bacterial culture, 

which had a more complex background than aqueous media and we achieve 1 ng·mL-1 limit of 

detection. The model that found pyocyanin concentration from SERS spectra was robust and 

concentration quantification spanned five-orders of magnitude. 2PAC manufactured sensors were 

also incorporated in an in-line microfluidic device, enabling real-time pyocyanin detection in 

medium effluent as early as 3 hours after inoculation and quantification in under 9 hours during P. 

aeruginosa biofilm formation. Surface-attached bacteria exposed to a bactericidal antibiotic were 

differentially less susceptible after 10 h of growth, indicating that these devices may be useful for 

early intervention of bacterial infections. 
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Next I demonstrated the use of a SERS based odor compass. An odor compass is a 

sophisticated example of an artificial olfaction device which uses chemical sensor data to identify 

odor source direction. Before this work passive, diffusion based odor compasses remained elusive 

as detection of low analyte concentrations and quantification of small concentration gradients from 

within the sensor platform are a necessity and challenging to achieve. Additionally, simultaneously 

identifying multiple odor sources using an odor compass was an ongoing challenge, especially for 

similar analytes. In that work, I showed that 2PAC sensors overcame these challenges and 

presented the first SERS odor compass. With a grid array of SERS sensors and machine learning 

analysis I showed reliable identification of multiple odor sources arising from diffusion of analytes 

from one or two localized sources. Convolutional neural network and support vector machine 

classifier models achieved over 90% accuracy for a multiple odor source problem. I also showed 

that this system identifies the location of an Escherichia coli biofilm via its complex signature of 

volatile organic compounds. Solving the multiple odor source problem with a passive platform 

opens a path toward an internet of things approach to monitor toxic gases and indoor pathogens. 

 I then turned improve analyte concentration regressions using machine learning. 

Underpinning SERS sensing are the sensor surfaces that are composed of vast quantities of metal 

nanostructures which confine light into small gaps called “hotspots”, that enhance Raman 

scattering. While these surfaces are essential for increasing Raman scattering intensity so that 

analyte signal may be observed in small concentrations, they introduce signal variations due to 

spatial distributions of Raman enhancement and hotspot volume. I introduced a convolutional 

neural network model that improves concentration regressions in SERS sensors by learning the 

distributions of sensor surface dependent latent variables. I demonstrated that this model 
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significantly improves predictions compared to a traditional multilayer perceptron approach, and 

that the model uses analyte spectral information and is capable of reasonable interpolations. 

With the methods that I had developed I sought to solve a longstanding challenge within 

the SERS community, identifying concentration in the single molecule regime (SM). Single 

molecule (SM) detection represents the ultimate limit of chemical detection. Yet concentration 

quantification in the SM regime remained an ongoing challenge, with the few existing methods 

requiring carefully developed calibration curves that must be completely redeveloped for each new 

analyte molecule. I demonstrated that a convolutional neural network (CNN) model applied to 

small images of SERS spectra yields is a robust, facile method for concentration quantification in 

the SM regime. I further demonstrated that transfer learning, the process of reusing the weights of 

a trained CNN model, greatly reduced the amount of data required to train new CNN models on 

new analyte molecules. These results point the way for the use of SERS in important ultralow 

concentration chemical detection applications such as metabolomic profiling, water quality 

evaluation, and fundamental research. 

 Finally, I demonstrated a semi-supervised machine learning method to reduce the amount 

of data necessary for antimicrobial susceptibility testing (AST) using SERS. My approach used a 

variational autoencoder (VAE) to learn a representation of the important vibrations observed in 

bacterial cell lysate that had been treated with different antibiotic conditions. This work showed 

that VAEs provide spectroscopists with highly interpretable, yet highly powerful models to 

analyze spectra. I demonstrated that VAEs naturally cluster spectra of bacterial cell lysate into 

their antibiotic treatment conditions, and that this clustering greatly improved predictions of 

models using the VAE latent space. I demonstrated that a SVM model achieved achieved over 

80% accuracy on a test dataset with just 10 example spectra. I then showed that a toy dataset of 
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bacterial metabolites dissolved in water could greatly improve the VAE latent space. This enabled 

an unsupervised Bayesian Gaussian Mixture model to achieve 99.3% accuracy on a test AST 

dataset, even higher than a deep CNN transfer learning based approach for fewer than 10 example 

spectra. This work was an important proof of concept, demonstrating that SERS analysis of AST 

data is amenable to a semi-supervised and even an unsupervised approach, making SERS AST a 

practical method for clinical AST. 

 In conclusion, my thesis has worked toward understanding the state of bacterial systems 

with machine learning-enabled interpretation of SERS spectra that were produced by a novel 

nanomanufacturing method. In the beginning, I used nanomanufacturing to produce state of the 

art sensors with chemical self-assembly. While this enabled the detection of even single molecules, 

the strategy also introduces an enormous amount of complexity compared to traditional Raman 

spectroscopy. The ligand molecules within the hot spots produce a complex background signal, 

and the signal enhancement is not completely uniform. For this reason, I developed machine 

learning approaches for SERS. These approaches also ended up being tremendously valuable for 

handling extremely complex bacterial fluids. This work points the way for using SERS sensors in 

clinical analysis, and could revolutionize the way that we as a society diagnose diseases. 
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