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Abstract (academic)

Environmental Analysis at the Nanoscale From Sensor Development to
Full Scale Data Processing

Marjorie R. Willner

Raman spectroscopy is an extremely versatile technique with molecular sensitivity and
fingerprint specificity. However, the translation ofihtool into a deployable technology has
been stymied byhe irreproducibility of sample preparation and the lack of complex data
analysis toolslin this dissertation, a droplet microfluidic platform was prototyped to address
both sampldgo-sample variatio andto introduce a level of quantitation to surface enhanced
Raman spectroscopy (SERS). Shifting the SERS workflow from-toeedlll mapping routine
to the mapping of tens to hundreds of cells dermahd development of an automated
processing tool tgerform basic SERS anabgs such as baseline correction, peak feature
selection, and SERS map generation. plwotypeanalysis tool was subsequently expanded
for use with a multitude of diverse SERS applications. SpecificatlypalimensionalSERS
assy for the detection of sialic acid residues on the cell membrasetranslated into a live
cell assay by utilizing a droplet microfluidic device. Combining siuglik encapsulation with
a chamber array to hold and immobilize droplets allowed for tleerogation of hundreds of
droplets. Our novel application of computer vision algorithms to SERS maps revealed that
sialic sugars on cancer cell membranes are found in small clusters, or islands, and that these
islands typically occupy less than 30% of ttedl surface areeEmployingan opportunistic
mindsetfor the application of the data processing platfaamumber oEmaller projects were
pursued. Biodegradable aliphaticomatic copolyestersf varying aromatic content were
characterized using Ramapestroscopy and principal component analysis (POAE six
different samplesould successfullyoe distinguisted from one another and the tool was able

to identify spectral feature changes resulting from an increasing number of aryl esters.



Uniquely, PCAwas performed on the 3,125 spectra collected from each sample to investigate
pointto-point heterogeneities. A third set of projects evaluated the ability of the data
processing tool to calculate spectral ratios in an automated fashion and were explaited f

with nanepH probes and Rayleigh hepot normalization



Abstract (general audiencg

Environmental Analysisat the Nanoscale From Sensor Development to
Full Scale Data Processing

Marjorie R. Willner

How can we understand the dynamic behavior of the cell membrane? Do certain polymeric
structures inbiodegradable plastic favor bacterial growth and subsequent degradation? To
answer these and other intriguing scientific questions, techniques and technologies must be
borrowed from a diverse array of fields and combined with fundamental understanding to
create innovative solutions. In this dissertation, a-thvoensional surface enhanced Raman
spectroscopy (SERS) assay was translated into a live cell assay by utilizing a droplet
microfluidic device. Combiimg single-cell encapsulation with a chamber artayhold and
immobilize droplets allowed for the interrogation of hundreds of droplets. Shifting the SERS
workflow from amanualcell-to-cell mapping routine to the mapping of tens to hundreds of
cells demanded the development of an automated processintp tperform basic SERS
analygs such as baseline correction, peak feature selection, and SERS map generation. Our
novel application of computer vision algorithms to SERS nvegis able to revedhat sialic
sugars on cancer cell membranes are found il staaters, or islands, and that these islands
typically occupy less than 30% of the cell surface area. With an opportunistic mindset, several
smaller projects that combine Raman and SERS with extedesis@nalysis were also pursued.
Biodegradableplasics of varying content were studied with Raman spectroscopy. The
aliphatic and aromatic polymeric unitgithin these plasticboth contain esters, but it is
hypothesized that enzymatic hydrolysis occurs at the asjgmmetrically For each of six
different samples five maps were collected, processed using the analysis andlthen
analyzed using a multivariate analysis toolbox. Principal component analysis (PCA) was used

to distinguish the polymers atalidentify spectral feature changes resulting faamncreasing



number of aryl esters. Uniquely, PCA was performed on the 3,125 spectra collected from each
sample to investigate poH-point heterogeneities. A third set of projects evaluated the ability
of the data processing tool to calculate spectiibs in an automated fashion amdvas

exploited for use with narpH probes and Rayleigh hepot normalization
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Tabl e of Figures

Figure 2.1.Nanosensor design schematic. First, a class and subsequently a specific contaminant of intere
is selected (i). The contaminants discussed in this review are denoted with an asterisk. Next, the number
analytes to be detected by the sens@hiosen (ii) and then the probe is designed. A nanoprobe consists of
two core elements, a signal transduction method and at least one nanomaterial, and may also include
recognition element (iii). Ultimately, the sensor deployment format is selecjed.(iV....................... 9

Figure 2.2.lllustration of the preparation of the ABPY rGO nanocompositbased AChE biosensor and

its application for the electrochemical detection of organophosphorus pesticides. Reproduced from Yang
al. [8] with permission of The Royal Society of Chemistiy.........cccoeeiiiiiiiiieee e, 18

Figure 2.3.Schematiaepresentation of the reversible inhibition of the nanozyme activity of GNPs using
an acetamiprigspecific S18 ssDNA aptamer. Step A shows intrinsic peroxidiseactivity of GNPs that

gets inhibited after shielding of the GNP surface through conjugafi& 18 aptamer molecules (step B).

In the presence of acetamiprid target, the aptamer undergoesémpatsive structural changes and forms

a supramolecular complex with acetamiprid resulting in free GNP to resume its peroxidase like activity
(step G. Reprinted with permission from Weerathunge et al. [95]. Copyright 2014 American Chemical
S T0 0] 1] YT TTTTTTT 20

Figure 2.4.Schematic of ynthesis of gold nanoparticle/bacteria cellulose nanocomposites (a). Schematic
of pH-induced adsorption of carbamazepine (CBZ) amdzine ATZ) on AuNP/BC (b).Reprinted with
permission fromWei and Vikesland [7] from Springer Nature..............ccooovvviiiieeeii e 22

Figure 2.5. Schematic illustration ofie SERSactive systemfor H i on det ecti on bas
bridges using DNAAuU NPs and DNAMSS@Au NPs. Reprinted from Reprinted with permission from
Liu et al. [51]. Copyright 2014 American Chemical SOCIELY............uueriiiiiiiieeeiiiiiiieeeeeee e 23

Figure 2.6. A schematic of multiplex RNA detection using surface plasmon resonance imaging (SPRi).
RNA fragments are first extracted from bacteria of interest (A)bigkhip functionalized with three
specific capture probes (CP) and a negative control probe (NP), each demarcated in a unique color (Bi)
shown to exhibit no change in reflectivity (Ci). Upon introduction to the RNA (Bii), there is an increase in
single(Cii). Finally, gold nanopatrticles functionalized with the detection probe (GRJPare introduced

and shown to enhance the change in reflectivity. Adapted with permission from Melaine et al. [16].
Copyright 2017 American Chemical SOCIELY........cccoeeiiiiiiiii e 29

Figure 2.7. Schematic illustratin of LSPR sensor chip (left) with legend (right) (a). Representative SEM
images of Au nanotriangle arrays before (b), and after (c), exposure of the sensor sifasFuginosa

strain PAO1. Reprinted with permission from Hu et al. [9]. Copyright 200&rican Chemical Society.

Figure 3.1. Data collection and processing workflow. Maps of 40um by 40um are collected from five
unique locations on each sample (A). The 625 spectra collected from each map are baseline corrected ¢
manipulation of this data is termed per pig&). An average spectrum is generated for each map (C) and
the per map averages from each PBATx sample are compiled (D). The per map averages are averaget
generate a per sample reference Spectrum.(E)........cccccoviiiiircc e 4D

Figure 3.2.Baseline corrected Raman PBAT spectra with molar fractiereasing from 0% to 50%.
Spectra were collected with a 785nm laser and are offset for ease of interpretation (A). Location
wavenumber, of the polyester peak as a function of PBAT (B) and shift in the polyester peak as compare
to the PBATOO sample (C) hE mean and one standard deviation are plotted for all samples; only PBAT10
exhibited SIgNIfICANTt VANALION.............uuiii e e e e et e e e e e e abmmmr e eeeeanes a7
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Figure 3.3 Results from PCA performed on refererRaman spectra from solid PBAT samples. The
loadings plot with peaks of interest are outlined (A). Scores plot of the data showing principal componen
2 (PC2) vs. principal component 1 (PC1) with explained variance contained in the axis labels. Each PBA
sample is depicted using a unique color (B). The cobmted table containing the key Raman peaks as
determined from the loadings plot (A) with proposed assignments.(C).........ccoovvvviviieennieeeeeeeeeeeen. 49
Figure 3.4.Results from the PCA performed on the per map Raman spectra from solid PBATx samples
with eachPBATx sample in a unique color (A). PCA performed on the per pixel solid PBATx data; color
coding matches that of the per map and per sample PCA (B). Zoom in of the PBAT0O data from the pe
pixel PCA (B) with the pixel data from each map shown in a unapler (C). The results of a PCA
performed only on the per pixel PBATOO data with a color scheme matching (C) and an inset showing th
principal components (D). The normalized per pixel traces of PBATOO separated by map (E). The baselir
corrected per map/arages Of PBATOO (F)u .. e i 52
Figure 3.5.Baseline corrected Raman PBATX reference spectra from spin coated samples (A). Scores pl
from PCA of the spin coated reference spectra each PBATx sample in a unique color (B). PCA analysis ¢
the spin coated and solid references spectral@dings plot from the combine spin coated and solid per
map PCA shown in the bottom two panels (D). Scores plot from the combined PCA of the spin coated an
solid per map samples with each PBATx sample in a unique color (E). The per map data stamehBn p
but recolored to show the spin coated samples in blue and solid samples in red.(F).................. 55
Figure 4.1.lllustration of a single cell encapsulation event within the microfluidic device. The four media
that the laser must pass through before interacting with the targetr(ceticare labeled from i to iv. The
cartoon also includes the dimensions of the microfluidic device and cancer cell. The inset displays th
Raman spectrum from the PDMS and the SERS spectra from Wheat Germ Agglutinin (WGA)
functionalized nanoprobes (AJoom in of the cell membrane shows the expression of sialic acid. A WGA
functionalized nanoprobe is shown attached to the sialic acid and the individual components of the prok
oL (=R A= T =T (= TP 66
Figure 4.2.Details of SERS scan: 20x Objective; 40um by 40um area of interest; pixel size 1um/pixel,
grating 1200g/mm; 633nm laser; collection time 0.1 seconds. (A) At each pixel a spectrum is collected i
two dimensions: intensity vs wavenumber.-Precessing suchs baseline correction and normalization
are undertaken followed by feature selection. (B) Single SERS maps are rendered after feature selection
aid in data interpretation. At eagky coordinate the intensity of the feature is depicted using a d@jor (
A library of maps is generated and increases the dimensionality to 4D (m#gration xy location x
wavenumber) or after feature selection, fixing the wavenumber, 3D (mbqeation xy location). Typical
SERS data processing only discusses pitehsity and uses measures such as mean intensity, standard
deviation, etc. to describe the data set. For analysis of cells and other ordered objects crucial information
lost by neglecting pixel order (D1). Corrected total intensity (CTI) is a simpl&od that values pixel
order. The area of interest is selected, blue circle, and the integrated density of the area is calculated (a
x mean intensity). From this value, the mean background intensity x area of cell is subtracted to yield th
CTI. (D2) Combing the statistical information and pixel order allows for complex analysis of the maps.
For example, from the map library (D1) the value of two and three standard deviations above the mes
pixel intensity can be calculated. These values can beaasedolor the map (C) and visually the contrast
between the background and region of interest (ROI) becomes evident. The data tool can also no
distinguish the ROI from the background and determined the size of the ROL(E)....................... 69
Figure 4.3.Optical images with a 20um scale bar( of single PC3 cells encapsulated in droplets with
the corresponding SERS maps with 5um scale baF)(Drhe corrected total intensity (circles) and
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Chapter 1 Introduction

1.1 Introduction

Waterandwatertechnologyhave fascinated individuals for millenniaith Vitruvius providing one of
the first written accounts of civil engineering in hiscentury BC treatiseDe Architecturaln addition to
his descriptionof the surveying and construction of the Roman aquetjum® whole section, 8.3, is
dedi caQftheNattawrfe of Vandod®f Waher Qaal i ti eslhhauf Wa
modern era we are acutely aware of the importance of water quality, with approximately 35% of the globe
population lacking access to improved sanitatiml no guarantees that improved water sources are not
inadvertently poisoning us (e, @lint WaterCrisis>#). A cornucopia of actionare requiredo addresshis
growing water burden, with the development of rapid sensors for contaminant detection being just one «
the many avemes of research that needs to be pursued.

Nanotechnology enabled sensors hold major promise asdetyeasyo-use, pointof-care, sensors for
contaminant detectio®ne of the major drivers behind the application of hanotechnology for the detection
of molecules, such as pesticides, or pathogées., Methicillin-resistantStaphylococcus aureusr
MRSA), is that nanoprobes are on the same size scale as these analytes ofintidseptevious detection
techniques that were focused on groping for a needle in a haystack, nanotechnology allows for th
development of needigizedhighly specificprobes. The term anotechnology describes a broad range of
materials and applicationsut plasmonic nanopatrticles, especially gold nanoparticle (AuNP), have been a
major focus of nanosensor development because upon aggregation thalclkpensiochanges color.
Nanosensors, described@mapter 2, typically utilize one of three main transduction methdulg visible
observable color changeftenserve as the simplest mode of communicatiéowever, there are many
applications whee nanotechnology is used to answer more complex questions than if an analyte of interes
is present in a solution and in these cases, nanotechnology is often combined with instrumentation to tra

thismore complex behavior



Raman Spectroscopypowerful molecular fingerprinting technique tlaliows for the identification of
various chemical motifs and their local binding environmmamidthe methodchas been used extensively
for contaminant detection. A benefit of using Raman spectroscopy fooemental samples is that there
is no signature from water because the method is based on the polarizability of the molecule. In Ramz
spectroscopy, a monochromatic laser is used to excite a sample and only the photons that are inelastic:
(Raman)scatered are collected. The differeniceenergybetween the excitation laser and the wavelength
of the scatted photons is called the Ramahifs or wavenumber and is denotedunits ofcml. Raman
spectroscopy is used extensively with plasmonic nanopsticause it allows for rapid (minutas)n
destructive interrogatioof samplesMoreover, the introduction of nanoparticles can enhance the inherent
Raman scattering by up to %L@ith the best enhancement arising from small gaps between adjacent
nanopaticles,or hotspots. In this dissertationdth Raman spectroscopy and navateriatenabled Raman
spectroscopy, known as surface enhanced Raman spectroscopy (B&R83ed to explore questions of
environmental relevance.

In Chapter 3, Raman spectroscopyas used to characterize a suite of biodegradable arcalgtitatic
polymers. The accumulation of persistent polymers in agueous and terrestrial systems is increasing
recognized as a major environmental tHraDne strategy to mitigate further accumulation is to embrace
the use of biodegradable polymers, many of which are already comitlgeagailable. Numerous erof-
life options exist for biodegradable polyesters ranging from composting and depolymerization for monome
recycling to biodegradation in the soil following agricultural application. In many cases, the hydrolysis of
ester bond# the polyesteis considered to be the rafieniting step in the overall biodegradation prodess
However, the specific mechanisms and locations of hydrolysis remain aof axeléve research because
both polymeric units, the aromatic and aliphatic mers, contain ester bonds and the polymer is ngt ordere
e.g, thereare amultitude of combinationsf theunits. UsingRaman spectroscoplyis possible tononitor
diversification in the estdoondsbecause the polarizatipand thus the Raman shift, bbndschanges

depending on the local molecular structure.



In Chapter 4, SERSwas used synergistically with microfluidics to create a platform for single
analysis. The development ofgloptofluidic platform is part och newnanosesor paradigm, where detailed
detection is deployed with a comprehensive @anpreparation platformSingle-cell screening has
extensivepotentialapplications in environmentahonitoring where the emergence of antibiotic resistant
bacteria has led to questions about how environmental stress leads to phenotypic variatiorogeadas
genotypic populationThe novel integration of SERS, microfluidics, and computer vision analysis was
prototypedusing prostate cancer cells (PC3) because PC3 cells are well defidedrera order of
magnitude largein sizethan bacteria. Theow functioning platform is currently being translated for use
for bacteria detection.

The appendices contain two works related to the development of SER$Hamobes to study the pH
inside aerosols and in confined spadgspendix Adiscusses the initial development of the probes and
their use to measure the intracellular pH of PC3 cells. For this work the data processing tool described
Chapter 4 was expanded to automatically calculate the ratio between a pH sensitive and a pH intensiv
Raman peak to ultimately render pH maps. A€hapter 4, statistical analysis was performed on the
dataset to draw conclusions, such as the distribution of intracellulaalples matched those reported in
the literatureAppendix Bcontains the application of the napbl probes to determine the pH inside aerosol
droplets.In this work, the data processing tool watized to rapidly determine the pH distribution in over
33 individual droplets. It was found that there is a stable pH gradient in the droplets ahd gtatn the

core of a droplet is higher than that of bulk water by up to 3.6 pH units.
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Chapter 2 Nanomaterial Enabled Sensors for Environmental Contaminants

(This chapter will be submitted as an invited nanosensor review Jotineal of Nanobiotechrogy)

2.1 Abstract

The need and desire to understand the environ
has continued to expand with the emergence of the digital age. The bottleneck in understanding tr
environment has switched from being able to storefahe data collected to collecting enough data on a
broad range of contaminants. Nanomaterial enabled sensors represent a suite of technologies develo
over the last ten years for the highly specific and sensitive detection of environmental contaminant
Moreover, the development of nanomaterial enabled sensors promises the introduction of cheap and ea
to-use sensors that are integrated with emerging digital technologies. In this review, we provide at
introduction to nanosensor design and then highligy findings from the literature with respect to key

contaminants of interest: heavy metals, pesticides, and pathogens.

2.2 Introduction

Nanomaterial enabled sensors are an exciting emerging technology that enable nanomolar to su
picomolar detectiorof environmental contaminan{2-6]. Interest in these sensors stems from their
potential for facile, iffield contaminant detection without the need for expensive lab equipment. Many past
reviews in this area have grouped sensors based on the signal transductiorj 3a@¢thmahoparticle
backbone[10-13], or contaminant clasg2, 14, 15|, thus leaving one important paradigm virtually
untouched: classifying sensors based on the analyte(s) of interest. Because environmental scientists ¢
engineers are often interested in determining if a specific contaminant exists at a field site @nd if it
concentration is above the regulatory limit, there was a need to organize a review based upon the detect
of specific contaminants. This review has been developed to address these concerns. First, we summal
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the general concepts underlying a namaled sensor and then discuss recent developments in

nanomaterial enabled detection of metals, pesticatespathogens.



NANOSENSOR DESIGN
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Figure 2.1. Nanosensor design schematic. First, a class and subsequently a specific contal
interest is selected (i). The contaminants discussed in this review are denoted with an asterisk
number of analytes to be detected by the sensor is chgs&amd(then the probe designedA nanoprob
consists of two core elements, a signal transduction method and at least one nanomaterial, an
include a recognition element (iii). Ultimately, the sensor deployment format is selected (iv).



2.3 Background

Nanomaterial enabled sensors consist of three components: the nanomaterial, a recognition element t
provides specificity, and a signal transduction method, a way of relaying the presence of theFagatgte (
2.1). These components are not necessarily distinct entities within a sensor, but every nanosensor can
characterized on the basis of these three divisions. Sensors can be designed to detectralytegts
multiple analytes, termed multiplex detection. In addition, to detecting an analyte by producing a signal, :
Ot vomm sensor, some of the senserfd 6damsecrhiabysads mh

decrease in signal indicates fresence of an analyte.

2.3.1Nanomaterials

Nanomaterials have enabled advances in sensor design such as miniaturization, portability, and rar
signal response times. High surface area to volume ratios and facile surface functionalization mak
nanomaterialdhighly sensitive to changes in surface chemistry thus enabling nanosensors to achiev
extremely low detection limits. In some cases, the enhanced sensitivity cEnabled sensors is due to
the fact that nanomaterials are of a similar size as the ardlytgerest (e.g., metal ions, pathogens,
biomolecules, antibodies, DNA) and are thus capable of interrogating previously unreachable fBptrices
We briefly introduce three different general nanomaterial classes: quantum dots (QDs), metal nanoparticle
and carbonaceous nanomaterials.

Quantum Dots Quantum dots (QDs) are semiconductor nanocrystals with a typicglosion MX
whereM is commonly Cd or Zn andis Se, S, or Te. QDs are often coated by a second MX alloy, a shell,
to create core/shell QDs with highly tuned properties. Common QDs employed in sensor application
include:CdSe[17], CdSe/Zzng18-20], CdTe[21-26], CdTe/CdJ 23], ZnS[27], and ZnSe/Zn$28]. QDs
have characteristically narrow fluorescence emission bands, yet broad absorption bands, thus making th
excellent optical transducers. Moreover, QD emission wavelengths can be readigdlly changing the

size, shape or composition of the QD. Accordingly, QDs are ideal for multiplex detection of a number of
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different analytes. QDs diverse in shape, size, and composition can be excited by a single energy soul
because they have broadsorption spectra.

Metal and Metal Oxide NanoparticleBecause of their capacity to be produced in a wide variety of
shapes, their high extinction coefficienfe > 310" MZlcm?) [29], and their facile surface
functionalization, noble metal nanoparticl@$P) have been extensively used in a number of sensor
applications. Colladal solutions of gold and silver nanoparticles, AUNP and AgNP respectively, exhibit
unique colors based on the size of the colloidal nanomaterial. For example, AUNP spheres in the ~5 to ~
nm diameter range appear red in color but become more purple astthey increase in size towards ~100
nm. Ths color change can be exploited for use in visual colorimetric sensors where the presence of a
analyte causes small nanoparticles to aggregate and the solution to change color. Gold and silv
nanoparticle xcitation can lead to the uniform oscillation of conduction electrons. This uniform oscillation
gives rise to localized surface plasmon resonance (L$B®)based spectroscopies such as surface
plasmon resonance (SPR) and surface enhanced Raman spectroscopy (SERS). Plasmon ba
spectroscopies are dissesl in greater detail below and elsewl@&31].

The chemistry of metal NPs, particularly AUNPs, has been exploited for use in highly selective sensor
[32, 33]. We note that although it is possible to use AgNPs for sensor applications, thecaokial
activity of silver[34] and itspropensity to dissolve often limits the utility of such sensors. Gold NPs are
stable and biocompatible and have been extensively explored for use in sensing applid@tiGusface
coatings can be used to modify the particles and facilitate the attachment of recognition elements. Thi
capping agents prae colloidal stability and chemical functionality. Two commonly used thiols are
thioglycolic acid (TGA) and 3nercaptopropionic acid (MPA). These two agents impart a negative surface
charge and create nanoparticles with an extremely high colloidal tstfRij. The choice of capping agent
depends on the desired function and nanoparticle composition. The interested reader is referred to rec

reviews bySahg10] and Wei et al[36] for additional details on gold enabled sensors.
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A range of nanostructured metal oxides (NMOs) have been explored for sensing applications. NMO
include: iron oxides, titanium oxides, zirconium oxides, cerioxides, zinc oxides, and tin oxides.
Magnetic iron oxides, such as magreetiFeOs) and maghemitg -#e04), have low toxicity, are
economically friendly and can be easily functionalized with ligands, antibodies, and other caguitsg a
[37]. One important allure of magnetic NPs arises from their use in facilitated separation processes ar
remediation pplications[15]. TiO. has also been embraced in naemsor desigf8, 39, butit is most
typically used and studied for its photocatalytic properties.

Carbon-based NanomaterialsCarbon nanotubes (AON) and graphene are often employed in rano
enabled sensors because of their large surface area, excellent electrical conductivity, high therm
conductivity and mechanical strengttd]. Onerecent application of these nanomaterials has been their use
to increase the sensitivity glassy carbon electrodes (GCE) for electrochenseaking 41, 42]. Cther
sensor designs have exploited the electronic properties of graphene for fluorescence quenching. In suc
design, as discussed later in this review, a QD with a recognition element is conjugated to a graphene sh
and in the pesence of the analyte the sensor undergoes a conformational change that separates the QD fr

the grapheomreo atnmidefisensnar .

2.3.2RecognitionElements

Selectivity is an extremely important facet in the design of a successful biosensor. A diverseg arra
recognition elements have been implemented in nanosensor design including ani34igsaptaners
[48-53], enzymeq54], and functional proteing55]. The two most wdely used agents, antibodies and
aptamers, are described here in detail.

Antibodies Antibodies (Abs) are proteins produced by the immune system in response to foreign agent:
[56]. They exhibit highly specific binding to a single igeih and are widely used in the capture and labeling
of microorganisms and other materials that elicit an immune resf®r]. Three types of antibodies have
been used for analyte recognition: polyclonal (pAbs), monoclonal (mAbs) and engineered antibody
fragments[58]. While antibodies are widely used in biosensors, there are a number of drawbacks ta
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antbody use that include: high development costs, temperature and pH sensitivityodadtth variation,

and short shelfives [45, 59]. Despite these disadvantages, for immunogenic analytes (i.e., those that elicit
an immune response) Abs arften the most selective recognition aggsf]. Sensors that incorporate
antibodies, either one type or multiple, are commonly referred to as immunosensors or immunoassays.
common descriptor of an el efcrte e hleenessindlde eroperea m
of the transducer surface owing to the antibadtigen interaction can be directly measy&l.

Aptamers Aptamers are flexible short oligonucledsi strands, either RNA or single stranded DNA
(ssDNA), used to bind specific molecules. Produced both naturally and synthetically, aptamers have bee
designed to recognize toxic and riommunogenic substancEd?]. Aptamer production is estimated to cost
approximately 105C® less than antibody productip@3]. Additionally, aptamers have low batttrbatch
variability, long sheHllives, and are thermally stabjé4]. Nucleic acid aptamers can be synthesided
novo with high specificity due either to the use of the systematic evolution of ligands by exponential
enrichment (SELEX) proceg§5] or other newer isolation and synthesis approafé@és The SELEX
process starts out by exposing a large library ¢ 4®ands) of random oligonuclédé¢ sequences to the
target sequence. Through affinity testing and PCR amplification the oligonucleotide sequences with th
tightest binding are isolated, their sequences determined, and foll@eingovo synthesis can be

incorporated into biosensors.

2.3.3Signal Transduction

The three major signal transduction methods employed in -eaabled sensors are optical,
electrochemical, and magnetic. Optical techniques, particularly colorimetric sensors that report a signal i
the visible spectrum, are desirable Yade-scale use by the general public. A wiatlown example of a
colorimetric biosensor is the home pregnancy test. Electrochemical sensing methods have high specifici
andcan be simplistic and facile to miniaturifg. Conpared with optical and electrochemical methods,

magnetic transduction methods exhibit minimal background signal thus making them ideal for low
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concentration samples. Other sensor designs useati@gnaterials to preoncentrate the analyte prior to
use of an optical or electrochemical transduction method.

Optical. Optical transduction is based on the interaction of a sensing element with electromagnetic
radiation. Analytical techniques monit@mission or absorption of a sample under irradiation by ultraviolet,
visible, or infrared lighf67]. Two common optical methods utilized in nanosensor design are fluorescence
and surface plasmon resonance enabled spectroscopies.

Fluorescence spectroscopy is based upon measurement of the emission of a fluoraphetteras to
its ground state following excitation. Fluorescent nanosensor applications often employ QDsapetye
silicon or polymer nanoparticle probes because they are photostable and are generally more robust th
traditional fluorescent dyd$8, 69]. Designs are described by the change in the fluorescencé wmgma
i nteraction with an anaflfyd eeccroDitiuvQurenesti ngsoei t
fluorescence signal may be a result of a direct interaction between the analyte and the nanoparticle ol
conformational change in the sensor.

Surface plasmon resonance enabled spectroscopies are an optical transduction technique based on
localized surface plasmon resonance (LSPR) of noble metal nanomdiria®. The LSPR band is
sensitive to the mean interparticle distance and therefore can be used to observe changes from a dispel
to an aggregated system or vice versa. Commonly, the LSPR is used in conjugation with a seconda
spectr@copy technique to create a surface enhanced spectroscopy: surface enhanced fluorescence (SEF
surface enhanced Raman spectroscopy ($ER

Electrochemical Electrochemical detection methods measure the changerient or potential that
result from the interaction between an analyte and an electrode. A multitude of techniques have been us
to observe these changes and include cyclic voltammetry, chronoamperometry, chronopotentiometr
impedance spectroscopy, amdrious fieldeffect transistor based methoff§j. Nancenabled sensor
designs can involve modification of the sbéilectrode (e.g., Pt, Au, Ag, graphite) with narasbons (e.qg.,

carbon nanotubes, graphene) or functionalization with recognition elements (e.g., antibodies, ) d@lamers

14



Direct spatial contact between the nanoscale architecture of the electrode and the recognition eleme
gives rise to large signal amplification and improved signal to noise ratios compared itionthd
electrochemical techniqu¢s, 5, 70]. In addition to the electrode properties, the size and morphology of
theanalyte of interest has been shown to affect sensor function. Improved detection limits have been shov
for smaller particles due to their higher diffusivity and lower steridraince71].

Magnetic. Magnetic transduction has been embraced for detection in biological samples because of th
low background magnetic sigrial2] and the fact that magnetic nanoparticles (MNP) can be collected under
an applied magnetic field regardless of the optical properties of the sgkfjo@ften, the use of magnetic
nanoparticles to concentrate, separate and purify the analyte of interest in the detection zone is term
magnetic transductiof2]. However, a secondary transduction method, such as electrochemical stripping,
can often be employed and therefore use of the term magnetic transduction can be a misnomer

Magneticrelaxation switches that incorporate superparamagnetic iron oxide nanoparticles are a pur
form of magnetic transduction. The principle underlying thetedtion mechanism is the clustering of
individual nanomagnetic probes into larger assemblies following interaction with a target. Analyte binding
results in the formation of NP clusters and enhanced dephasing of the spins of the surrounding wat
protons.The subsequent change in the sppin (T2) relaxation can be detected by magnetic resonance
relaxometry[12, 73]. Magnetic relaxation switches have been used to detect nucleic acids (DNA and

MRNA), proteins[74] and viruse$75] among other targs.

2.4 Analytes

As defined at the outset of this review, a wide variety of different analytes can be detected by
nanomateriabased sensors. In this portion of the review, we focus explicitly on the applications of

nanosensors towards detection of pesticides and metals.
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2.4.1Pesticides

Thereis great interest in detection of pesticides given their widespread use, their toxicity, and their
proclivity for bioaccumulation. Currently, over 800 active ingredients, in 100 different substance classes
are present in commercial pegdes [76]; we summarize the major pesticide classesTable 2-1.
Organophosphorus (OP), carbamatespnicotinoids, and triazinese he dominant classes and to date
have been the focus of naroabled pesticide detectiohiu et al.[76], Verma ¢ al. [77], Aragay et al.

[2], Evtigyn et al[61] and Pang et al78] , provide detailed reviews of pesticide detection techniques. In

this section, a brief background on peide detection will be followed by a discussion of recent advances.

Table 2-1: Common Pesticide Classes

Class of Chemical Examples Types Effects
Pesticides
Carbamates Carbaryl; methomyl; propoxur; aldicarb] fungicide, Non-persistent, cholinesteragghibiting, not very
insecticide, selective, toxic to birds and fish
acaricide
Neonicotinoids | Acetamiprid clothianidiry imidacloprid insecticide | Water soluble; concern regarding persistence &
nitenpyram nithiazine thiacloprid bioaccumulation
thiamethoxam
Organochlorines Aldrin; chlordane; dieldrin; endrin; insecticide, Persistent, bioaccumulativatfect the ability to
heptachlor; lindane; methoxychlor; acaricide, | reproduce, develop, and to withsta/iironmenta
toxaphene; hexachlorobenzene (HCB)| fungicide stress by depressing the nervous, endocrine g
pentachlorophenol (PCP); DDT immune systems
Organophosphate Schradan; parathion; malathion insecticide, | Non-persistent, systemic (cholinesteraskibiting),
acaricide not very selective, toxic to human
Phenoxy 2,4-D herbicide Selective effects on humans and mammals are
2,45T well known

2,4-D: potential to cause cancer in laboratory ani
2,4,5T: is the source of a toxic contaminaghibxin

Pyrethroids Fenpropanthrin; deltamethrin; cypermeth| insecticide Targetspecific: more selective than the

organophosphates or carbamates, generally N

acutely toxic to birds or mammals but particular
toxic to aquatic species

Triazines Atrazing cyanazine, and simazine herbicides [Persistent, indsto the plastoquinasbinding proteir
in photosystem llendocrine disruptan humans

OrganophosphatesPesticides are often designed to impact a specific enzyme; many forms of pesticide

detection are based on observing and monitoring this enzyme either directly or indirectly. Organophospha

16



and carbamate pesticides inhibit the production of acetylclsidireese (AChE) an enzyme that catalyzes
the hydrolysis of acetylcholine, a neurotransmit?®; 80]. The fundamental reaction is showrEiquation

2-1;

DOQRMBAQEA) 4 B & QEEW'QO GO Q Equation2-1

A class of rapid and sensitive electrochemical sensors has been developed around the immobilization
AChE on a solid electrode surfaei2, 81-83]. The products dEquation2-1 are not electroactive and thus

to detect the inhibition of AChE an analogous reaction based on the hydrolysis of acetylthiocholine is
typically used 84].

For example, Yang et .g8] combined two different types of nanomaterials, reduced graphene oxide
(rGO) and gold nanoparticles, to achieve a detection limit of 0.5 nM for the model organophosphate
paraoxorethyl (Figure 2.2). Reduced graphene oxide sheets provide an increased surface area for AChE
immobilization and were deposited with polypyrrole (PPy) to prevent aggregation. Gold nanopatrticles (~2(
nm) were then electrodeposited onto B¢ rGO surface to further increase both the surface area and the
conductivity of the electrode. The final step wasdeposition of AChE and a silica matrix, (MeBiFs.

The biocompatible silica matrix prevented the AChE from leaking out of the eleaimddmsured that the
enzymes maintained their bioactivity. The completed sensor was tested using cyclic voltammetry and ACh

inhibition was defined based on the peak experimental current and control current.
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Figure 2.2. lllustration of the preparation of the ABPY rGO nanocompositbased AChE biosensor ¢
its application for the electrochemical detection of organophosphorus pesticides. Reproduced fro
et al.[8] with permission of The Royal Society of Chemistry.

Similarly, Yu et al.[85 used the large surface area of a carbon nanomaterial to create a sensitive
organophosphorus pesticide (OP) biosensor. Amino functionalized carbon nanotubé&NKENWere
dried on the surface of a standard glasarbon electrode (GCE) and subsequently incubated with AChE.
Using differential pulse voltammetry (DPV), the limit of detection of the CNT decorated GCE was 0.08
nM.

Recently, Cui et al[86] reported the use of a nanocomposite to improve the stability of AChE
electrochemical biosensors. A layer of reduced gmrapba&ide (rGO) was introduced onto a glassy carbon
electrode, followed by deposition of a titanium dioxide (@iPorous sehel film mixed with chitosan
(CS),a biocompatible polymer. The stability of the matrix was further improved by the eléepasiion
of a second layer of CS to yield a md#tiyer mesoporous nanostructure. Total detection time required
approximately 25 min and the limit of detection of dichlorvos, a model OP, was 28ltindugh, the limit
of detection of the sensor described inétal. was better, without a sitie side comparison of the sensors

using the sample test matrix no conclusion can be drawn with regard to sensor performance.
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Pang et al[87] explored the application of an aptamer SERS sensor in complex food samples. The assa
utilized a unique aptamer developed by Zhang €i88]. that an detect four distinct organophosporous
pesticides: phorate, profenofos, isocarbophos, and omethoate. Dendritic silver, an organized nanostructu
was selected as the SERS substrate because it provides ¢ocalistent SERS enhancement faci8g}.

The surface was decorated with aptamers and also a blocking agergdptohexanol (MH), to eliminate
nonspecific binding on the silver surface. Probes were incubated with the pesticides, removed fron
solu i on via centrifuge and dried prior to Raman
fingerprint | ed to the determination of four d
eM, omethoate 24 €M, and profenofos 14 ¢ M.

Recantly, Nie et al.[90] reported a similar SER&ptamer sensor, but with aqueous sample detection.
Unl i ke P aeggrenment to avdsh @nd drdpy the sensors onto a glass slide, Nie et al. mixed a
malathion (OP) specifiantibody with positive charged spermine coated silver nanopatrticles and directly
collected SERS spectra from the suspension. The phosphate backbone of the aptamer is negatively char
and electrostatic interactions led the aptamer complex to attawoh $dver nanoprobes. Nie et al. describe
their sensor as label free; however, in our paradigm the use of a recognition agent albeit not attached to 1
nanoparticle leads to classification under the aptasensor title.

Fewer reports have described fitishal optical immunoassays, such as the lateral flow immunoassay
(LFIA), for OP detection. WangetdPl]d e v el o p eedy ea0 fiabsasraey wi t h anti bo
nanoparticles that enabled the user to visually verify the presence or absence of three pesticides of intere
imidacloprid, chlorpyrifosmethyl (OP) and isocarbophos (OP). Of the three adi@s used, the antibody
for isocarbophos (neonicotinoid) had to be developédtimse because it had not previously been reported
in the literature. In fact, antibodies exist for only about ~10% of the 800 active pesticide ingrigtéents
The production of a large library of pesticide antibodies has been stymied by the costs and difficulties i
creating antibodies for these low molecular weight andrigpgd moleculeq2]. For this reason, aptamers

have recently been explored for selective pesticide detection.
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Neonicotinoids A class of neuractive insecticides, neonicotinoids were first introduced in the 1980s
and are currently the largest class of insecticides in[28e However, there are growing concerns
regarding the impact of neonicotinoid to human heg&@gh. Nanosensors for neonicotinoid detection have
focused specifically on the detection of acetamiprid with aptamers being the prefer recognition element &
undes cor ed by Ver di an[84. For exangleWeeratreinge et al. eppboife@ standard
aptamer functionality to create a novel sensor based on the perelt@aazetivity of gold nanoparticles
[95]. As shown irFigure 2.3, the colorless reporter molecule 3,3;&&amethylbenzidine (TMB), which
turns purpliskblue upon oxidation, was used to create an off/on sensor with a signal observable via UV
visible absorbance. In the presence of atanipridspecific aptamer, the oxidation of TMB is blocked.
The introduction of the target molecule led to the desorption of the aptamer and restoration of TME
oxidation within 10 minutes. The authors reported a limit of detection of 0.1 ppm (450 nM) dyittamic

linear detection range of 0.1 to 10 ppm.

p S-18 aptamer

A B C :‘ Acetamiprid

e = g0 |
O @ O'e +ORO . s

Figure 2.3. Schematic representation of the reversible inhibition of the nanozyme activity of GNF
an acetamiprigspecific S18 ssDNA aptamer. Step A shows intrinsic peroxidaéseactivity of GNP:
that gets inhibited after shielding of the GNP surface thraagiugation of SL8 aptamer molecul
(step B). In the presence of acetamiprid target, the aptamer undergoesespgasive structul
changes and forms a supramolecular complex with acetamiprid resulting in free GNP to re
peroxidase like actity (step C). Reprinted with permission from Weerathunge ¢988]. Copyrigh
2014 American Chemical Society.
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Triazine. A class of nitrogen heterocycles, triazines detection is typical definetrdming detection
because, as of 2014, atrazine was the second most used herbicide in the Unitg2b5tatemnge of label
based97, 98] and labeffree[7, 99, 10 designs have been embraced for the detection of atrazine. For
exampleLiu et al.[97] a competitive electrochemical immunoassay. A gold electrode decorated with gold
nanoparticles was functionalized with aatrazine monoclonal antibodies. Diféatial pulse voltammetry
measurements were then used to directly measure changes in the electrode surface resulting from
antibodyantigen interactionThe sensor was determined to be highly sensitive with a limit of detection of
74 pM.

A unique subsate deployed sensor was introduced by Wei and Vikedldahdbr the detection of
atrazine. A gold nanoparticle/bacteria cellulose (AuNP/BC) plasmonic hanocomposite was synthesized k
thein-situreduction of gold salt ithe presence of bacteria cellulose. As showkigare 2.4, pH-triggered
attachment of atrazine to the nanocomposite was achieved by lowering the pH of the selotion b
atr azi,of .9 and wakK confirmed by an increase in the SERS signal in the AUNP/BC. Ultimately,
the group was able to achieve a limit of detection of 118M) (, which is below t1}
concentration of 8 g /fdr drinking water but three orders of magnitude greater than the-babed

detection.
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Figure 2.4. Schematic of synthesis of gold nanoparticle/bacteria cellulose nanocomposites (a). Schemati
of pH-induced adsorption of carbamazepine (CBZ) aindzine ATZ) on AuNP/BC (b)Reprinted with
permission fromWei and Vikeslandl7] from Springer Nature.
2.4.2Metals

Nancenabled sensors have been successfully developashumber of heavy metals and in this section,
we review mercury, lead, cadmium, and chromium detection. A diverse array of transducers anc
nanoparticles are used to detect these environmentally relevant contaminants with the aim of developir
sensitiveand selective sensors. Readers interested in additional information about nandsehsangy
metaldetectionare directed to the reviews of Li et fl4] and Ullah et al[101].

Mercury. The negative neurological effects of mercury exposure to humans have driven extensive
investigation into the geochemical cycling atetection of this elemeft02]. A major focus of maury
(Hg"™) nanosensor development has been the production of-ld$ad probefl9, 5355, 103105].
Thyminethymine (T-T) basemismatches in DNA are significantly sthibed in the presence of H§[103]
due to the formation of metal bagairs[106]. Two major types of oligonucleotide mercury probes have
been reported in the literature:daadruplexe$54, 55] which unfold, and nearly complementary single
strands, which hybridiz|105]. A growing number of mercury sensors are being constructed using multiple
nancelements, such as the mercury sandwich assay debdnybkiu et al[19]. In this assay, magnetic

silica spheres encapsulated in a gold shell and Raman labeled gold nanoparticles were functionalized w
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complementary DNA sequences that contained five mismatched thymine sites, Figufthe DNA
sequenes were chosen such that the binding energy between the complementary aspects of the strands \
insufficient to allow them to fully hybridize. In the presence of mercury, full hybridization occtimued
decreasing the intgrobe spacing and creating lagmonic hotspot. Owing to the magnetic particle cores,

the nanoprobes could be easily recovered with an external magnet and subsequently Fegyee?i5.

\' >
FJ

DNA-gold  Raman labeled DNA-gold NPs

SERS

L GTCTGTCTTGACGTC-SH
A L = SH-GATCACTGTCTGTTC
Figure 2.5. Schematic illustration of the SER®tive systemforHji on det ect i on

bridges using DNAAu NPs and DNAMSS@Au NPs. Reprinted from Reprinted with permission f
Liu et al.[51]. Copyright 2014 American Chemical Society.

Thiol mediated assays for mercury detection have been described in the literature for a variety c
nanoparticles such as g¢tD7-110Q, silver[11]] or quantum dof&8]. Aggregatiofl07] or disaggreg@on
[108 are typically utilized to provide a colorimetric response. Reaction based competition assays in whicl
Hg" replaces a surface coatihgve also been described in the literafi®@® 109. Huang and Chang
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created an osgensor that emitted a fluorescemsggnal in the presence of mercury due to the displacement
of rhodamine 6G (R6G) from the nanoparticle surfd€£]. In the process of iterating through three sensor
designs to create a sensitive and selective assay, the authors found that thiol coatings increased
specificity of the assay for mercury. The final sensor was reported to have a limit of detectpuif 2
and a rapid analysis time (<10 min).

Lead Associated with increased risk of cancer amtle cognitive and neurological defi¢itd?, lead
(Pb) is aheavy metal contaminant of major concdrabeled and labdree nanosensors have both been
reported for sensitivBd" detection. For labebased detection, the recognition elen@irt7 DNAzyme
a atalytic nucleic acid, has beaised[113 114 as well as a class of oligonucleotides that form G
quadruplexes in the presenddead[18, 49, 115.

Tang et al[114 combined 817 DNAzyme with rolling circle amplification (RCA) and quantum dots to
devel@ an electrochemical sensor with a lead limit of detection of 7.8 pM. In this assay, DNAzyme
catalytic strands were immobilized onto a magnetic bead (MB) andnttieiaized with a substrate strand
containing a single sessile ribonucleoside adenosingtrAorm double stranded DNA with a single
stranded loop to accommodaté'®ion. In the presence of Bh the DNAzyme was activated to cleave the
substrate strand at the rA group. The exposed single DNA strand, tethered to the MB, then hybittidizes wi
the RCA template. Polymerase and dNTPs were then added to trigger the RCA process and yield a lol
single stranded product with repeating sequence units. The complement of the RCA sequence wi:
functionalized to CdS quantum dots leading to the hybridizatf multiple QDs in a periodic arrangement.

QD rich DNA duplexes were then magnetically separated from the solution and dissolved in nitric acid
The released cadmium cations were quantified via square wave voltammetry.

Gao et al. developed an AlOG#taphene oxide nanocomposite for the detection of lead and cadmium
by square wave anodic stripping voltammetry (SWA$MG. In this assay, the fast electron transfer
kinetics abieved with graphene oxide were coupled to the high adsorption capacity of AIOOH to create &

nanocomposite with a LOD of 76 pM. Unlike the RCA method, the AIOOH was not selective for a single
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metal. Howeversince each metal has a unique stripping peak the AlQf@ahene oxide nanocomposite
could be used for multiplex detection.

Cadmium The body of work on narenabled sensors for cadmium (Cd) detection is less robust than
that for mercury and lead, but detien limits on the order of naAmolar have been reported. A variety of
nanomaterials have been explored including Q8 117, SWCNT118, ard antimony nanoparticles
[119.

Gui et al[23] described an off/osensor fluorescence sensor for!Cdetection. Photoluminesnt
CdTe/CdS QDs were first quenched (i.e., turné)l by ammonium pyrrolidine dithiocarbamate (APDC)
due to the patrtial loss of the @diol surface layer and subsequent surface passivation. Introduced cadmium
ions displaced the APDC from the QD sudamnd restored the photoluminescence; thus, turning the sensor
on. The sensor was highly selective fof'Ga threefold increase was seen in the PL intensity, and a limit
of detection of 6 nM was determined.

Gui et al[117] enhanced the accuracy of théi!" detection device by creatingatiometric sensor. In
this sensor, the fluorescence of two different chromophores wasuneel in order to minimize the error
introduced by fluctuation in the photoluminescence of the QDs. To limit interactions between the QDs an
the secondary dye, the CdTe QD cores were coated with a polymer, polyethylenimine (PEI), prior tc
conjugation vith fluorescein isothiocyanate (FITC). The QDs were then quenched using séifuvH{ife
the FITC signal was maintained. Again, upon introduction of cadmium the sensor was turned on and th
photoluminescence was restored. The limit of detection waglgltghher for this sensor compared to the
same groups initial report, 12 nM vs. 6 nM, but was linear across a much larger range of Outo 15
compared with 0.1 to gM.

Chromium. High chromium (Cr) absorptiom vivo can result in various diseases, including fibro
proliferative diseases, airway hypersensitivity, lung cancer, nasal cancer, and other types of tumor
Multiple immunoassays have been described for the detection of chrqdtudY], but they are all based

on the work ofLiu et al.[47]. In pursuit of anmmunochromatographic assay (ICA), Liu et al. developed
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novelant-Cr'"-EDTA monoclonal antibodies (McAbThromium ions are too small to elicit an immune
response and thus they were mixed with thighly effective bifunctional chelating agent,
isothiocyanobenzyEDTA, iIEDTA, and conjugattto the carrier protein bovine serum albumin (BSA)
before being introduced to mic&he three main components of the assay are the conjugation pad, the t
line, ard the eline. The probes, golthbeled antiCr-EDTA McAb, wereloaded onto the conjugation pad.

The test line,-tine, is made of the analytes of interest-EIDTA) and the control line,-tine, contains

goat antrmouse antibodies. The control line issdgo verify that the antibodies in the conjugation pad
have indeed traveled the length of the dipstick. A sample is introduced at the bottom of the dipstick, as
travels through the conjugation pad the antibody probes are introduced to the solutimmobEsdanteract

with their specific target, if it is present in the sample, as capillary action draws the whole solution toward:
the tline. For a negative sample, the free antibody probes can bind to the test line, whereas in a positi\
sample no probewill bind as all antibody sites are already occupied. The antibodies atlities will
capture any probes in the solution even those that are bound to the target of interest. The ultimate result
Liu et al. was an assay withvasual limit of detectiorof 50 ng/mL and an analysis time of less than 5

minutes.

2.4.3Pathogens

Ever since John Snowos 1854 revelation that
contaminated water, waterborne pathogen detection has been a key area of r@3eaidtorld Heal
Organization (WHO) recognizes twelve bacteria, eight viruses, seven protozoa, and two helminths &
pathogens of significance in drinking water supplies, as outlinéichlte 2-2 [1]. Pathogen detection
methods typically focus on: i) whole analyte (cell) detectiodatection ofa representative epitope on the
cell membrane; ii) genetic material detection; or iii) pathogenic product (e.g., toxin) detEotitime sake
of brevity, herein we confine our discussion to the detectioWibfio choleraeand the toxin it produces,
cholera toxin, Legionellapneumophila which was responsible for greater than 50% of the waterborne
disease outbreaks between 2011 and 2029, andPseudomonas aeruginosahich the WHO recently
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classified as a critical pathogen in light of the proliferation of antimicrobial resistant sfiE2igs For

expanded reviews we refer the resid the worls of Kumar et al[127] and Mocan et a[123.

Table 2-2: Waterborne Pathogens and Their Significanc&/ater Supplies

Pathogen Health Significance Persistence in Water Supplies
Bacteria
Burkholderia pseudomallei High May multiply
Campylobacter jejuniC. coli High Moderate
Escherichia coli Pathogenic High Moderate
E. colii Enterohaemorrhagic High Moderate
Legionellaspp. High May multiply
Non-tuberculous mycobacteria Low May multiply
Pseudomonas aeruginosa Moderate May multiply
Salmonella typhi High Moderate
Other salmonellae High May multiply
Shigellaspp. High Short
Vibrio cholerae High Short to long
Yersinia enterocolitica Moderate Long
\Viruses
IAdenoviruses Moderate Long
Enteroviruses High Long
JAstroviruses Moderate Long
Hepatitis A virus High Long
Hepatitis E virus High Long
Noroviruses High Long
Sapoviruses High Long
Rotavirus High Long
Protozoa
IAcanthamoebapp. High May multiply
Cryptosporidium parvum High Long
Cyclospora cayetanensis High Long
Entamoeba histolytica High Moderate
Giardia intestinalis High Moderate
Naegleria fowleri High May multiply
[Toxoplasma gondii High Long
Helminths
Dracunculus medinensis High Moderate
Schistosomapp. High Short

a) Adapted from WHO Table 7.1 Waterborne pathogens and their significance in water suppli¢4]

Vibrio cholerae and Cholera ToxinCholera, the infamous disease that spawned germ theory is now
virtually unknown in the United States, but it continues to pose a major disease burden around the worl
with an estimated 1.3 to 4.0 million cases of cholera a year leading to between 811@30000 deaths

[124]. Cholera is an acute diarrhoeal dseaaused by the ingestion of contaminated water or food
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containing the bacteriuMibrio cholerae.In the intestines, the bacteria colonize the mucosa and begin to
secrete cholera toxin (CT), which initiates the disease sympi@ss Nanosensors have been fabricated

to detect botWibrio cholerad 126, 127 and CT, but the marity of the literature has focused on detection

of CT subunit B (CTB) [128132 because the subunit induces cellular uptake of the toxin and nat all
choleraeisolates are toxigenit33. Labetbased detection of CT can be achieved using antibodies,
Gangliosi de GM1 (t h ealdetose, @ sugagwith strong affmify to®afds CT. Ahnet b
al.[128 provide a nice summary of CB detection and reported a fluorescence resonance energy transfer
(FRET) based method with a theoretical detection limit of 280 pM. In FRET, fluorescence from QDs is
guenched, and the energy is tfansed by another particle such as a gold nanoparticle. The quenching is
i nhi bited in the presence of t he 4{gaactogsemodifiedgold c i f
nanoparticles prohibiting the binding of the QDs

Legionella pneumopHa. Named for the famous 1976 outbrea
disease is a pneumonia like disease caused by the bacteggionella pneumophilaUnder specific
conditions, the bacterium can flourish in building (premise) plumping and ipéegtie when they inhale
aerosols containing the infective agent. Two approaches have been presented in the literature for nar
enabled_egionelladetection: whole organism detectid84, 135 and DNA detectiofl6, 136, 137].

Martin el al. developed on a whole organism sep$84] that combined a sandwich immunoassay for
bacterial capture with amperometric transduction. Magnetic nanoparticles (MNP) were modified with
poly(dopamine) (pDA) and ultimately functionalized with specific capture antibodigsbjGo create
MNPs@pDAC-Ab probes. After incubation with the sample, a second detector antibedp)2beled
with horseradish peroxidase (HRRPAb) was introduced and a magnetic field was used to capture the
immunocomplexes on a screpnnted carbon electrode (SPCE). The authousdl the assay to be specific
for Legionella,but that they needed a preconcentration step in order to achieve a limit of detection (LOD)

below the reference of 100 CFU'LHowever, with a runtime of < 3 hour, compared to 10 days for the
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gold standard appach, and a LOD of 10 CFU riitthe sensor has the potential to be used as a rapid first
screening method for highly contaminated water systems.

In a recent report, Melaine et §1.6] described the multiplex detection of 16S rRNA fraegionellg
Pseudomonas aeruginogdiscussed below) argalmonella typhimuriumA DNA microarray with epture
DNA specific for each target was assembled on a surface plasmon resonance imaging (SPRi) substra
e.g., gold coated nanoprisms. Upon hybridization of the DNA with isolated 16S rRNA a change in the
reflectivity signal was observed, as shown inllegtom of Figure 2.6. To extend the dynamic range of
detection and enhance sensitivity, gold nanoparticles functionalized with a detection probe were introduce

to the sample and ultimately RNA at concentrations as low as 10 pgiate detected.
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Figure 2.6. A schematic of multiplex RNA detection using surface plasmon resonance imaging (SPRi).
RNA fragments are first extracted from bacteria of interest (A). A biochip functionalized with three
specific capture probes (CP) and a negative control probe (NfP)deanarcated in a unique color (Bi) is
shown to exhibit no change in reflectivity (Ci). Upon introduction to the RNA (Bii), there is an increase in
single (Cii). Finally, gold nanoparticles functionalized with the detection probe {@®NFare introduced

and shown to enhance the change in reflectivity. Adapted with permission from Melaine[Hj] al.
Copyright 2017 American Chemical Society.
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Pseudomonas aeruginosan opportunistic pathogeRseudomonas aeruginosan be found in sources
such as faces, soil, water, and sewage with the most important route of exposure being skin (dermal) cont:
with contaminated water or tools. SimilarLtegionella,P. aeruginosaan colonize premise plumbing and
has been assot&l with outbreaks ohosocomiainfections in hospita[438. Most of the detdmon
schemes reported fd?. aeruginosafocus on whole pathogen detec{i®n139142 with the work of
Melanie et al[16], discussed above, on 16s rRNA detection being an outlier. In addition, to oligaiulécleo
recognition element®, 16, 139, 140, antibodieg141, 143 and bacteriophag¢$42Z have also been ude
for specific detection dP. aeruginosa

The firstP. aeruginosaptamer was discovered by Wang ef B4 in 2011 andsubsequently has been
used in a range of sensors. The discussion that follows highlights two sensors that utilize optice
transduction. Yoo et a[139 and Hu et al[9] fabricated nandextured substrates to produce localized
surface plasmon resonance (LSPR) chips. Yoo et al. chabseestep fabrication approach, first gold
was deposited on a glass slide, silica nanoparticles were then deposited and then followed by the deposit
of a second gold layer whereas Hu et al. opted for standard nanosphere lithography. The two groups al
chose different methods to functionalize the sensor with Yoo et al. attaching the aptamers directly to th
sensor surface via a geldiol bond. In contrast, Hu et al. used a polyethylene glycol (PEG) spacer to
minimize steric hindrance for the aptametith the goal of achieving a lower detection le@gure 2.7.
Hu et al. were successful at developing a sensor with a linear response at low concentratidowemd a
limit of detection, 10 colony forming unit (CFU) iily s . Yo o % €RU mal It éheuld beDnoted
t hat one of Yoo et al.ds goals was to create a

sample.
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Figure 2.7. Schematic illustration of LSPR sensor chip (left) with legend (right) (a). Representative SEM in
Au nanotriangle arrays before (b), and after (c), exposure of the sensor suFaaenaginosatrain PAOL. Reprinte
with permission from Hu et g)9]. Copyright 218 American Chemical Society.

2.5 Conclusiors

Nanosensor development for environmental contaminants is growing rapidly and as described througho
this review nanomaterials and recognition agents are continuously being combined in new and creati\
ways. Therecent developments in sensor design aim to overcome the shortcomings of first generatiol
sensors such as nonspecific binding, particle size variation, nanoparticle aggregation, and nanopartic
stability. Questions of assay selectivity and sensitiveompiex environmental matrices remains but a
growing number of reports are using representative matrices to demonstrate the stability and selectivity
their sensors. The robustness of field deployable sensors is a must if individuals are going to leeesmpow

to analyze their environment.
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Chapter 3 Raman Spectroscopic Investigation of Poly (butylene adipateo-
terephthalate) Polymers

3.1 Abstract

The accumulation of persistent polymers in aqueous and terrestrial systems is increasingly recognized
a major environmental threat. One strategy to mitigate further accumulation is to embrace the use
biodegradable polymers, many of which are alreamgmercially available. Numerous eaotilife options
exist for biodegradable polyesters ranging from composting and depolymerization for monomer recycling
to biodegradation in the soil following agricultural application. In many cases, the hydroly<er dfcesls
in the polyesters considered to be the ralieniting step in the overall biodegradation process. However,
the specific mechanisms of hydrolysis remain an area of active research. Recent work suggested that 1
chemical structure of biodegradabpolymers plays a key role in determining hydrolysis. In this
contribution, we characterize a suite of polymers using the finger print technique of Raman spectroscop
This techniques sensitive to both the chemical structure and the orientation ofdleeues in a given
chemical bond. Six aliphatiaromatic copolyesters of poly(butylene adipeteerephthalate) (PBAT),
with increasing aromatic content were studied in both bulk pellet form and as thin films. Principal
component analysis (PCA) was ugeddemonstrate that the diversification of polyesters bonds, which
accompanies the increase in aromatic polyester, could be identified using Raman spectroscop
Additionally, we perfornedthe first assignment of the Raman structure of PBAT in the low wavenumber,

sub 1600 cm, region.

3.2 Introduction

The accumulation of persistent polymers in aqueous and terrestrial systems is increasingly recognized
a major environmental thrég&t One strategy to mitigate further accumulation is to embrace the use of
biodegradable polymers. Of particular interest are aliptsabmatic copolyestersynthesized from

aliphatic and aromatic dicarboxylic acids and aliphatic dielsause their physicochemical properties can
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be adjusted bghanginghe ratio of aliphatic to aromatic diacid components. Numerousthig options

exist for biodegradable polyesters from composting and depolymerization for monomer recycling to
biodegadation in the soil in agricultural applications. In all of these cases, the hydrolysis of ester bonds ir
the polyester is considered to be the-tmniting step in the overall biodegradation prode3$e pioneering

work of Tokwa et al. demonstrated that extracellular microbial carboxylesterases catalyze the hydrolysis
of synthetic polyestersbut the specific mechanisms of hydrolysis remain an area of active research.

In our previous tdies, we introduced two complementary approaches to monitor hydrolysis:-a high
throughput microplate method that is based on monitoring tie/dmlysis of a fluorogenic ester probe
embedded into the polyesteand an approach based on quarigstal microbalance with dissipation
monitoring (QCMD) that allows reatime monitoring of the hydrolytic mass loss from polyester thin
films’. The QCMD technique was then employed to show that the physicochemical and structural
properties of both the polyester, poly(butylene adieatterephthalate) (PBATgNd the carboxylesterase
determine the rate and extent of enzymatic polyester hydrolifisvever, complementary methods must
be employed to dermine which of the structural properties play a key role in the hydrolysis.

Raman spectroscopy is an ideal method for observing the chemical structure and local environment
individual polyester bonds. The inelastic scattering measuag®aman speobscopy is sensitive to both
the chemical structure and the orientation of the molecules in a given chemical bond and has bee
extensivelyused to distinguish and characterize polymers. With regards to PBAT characterization, Cai et
al’® used Raman to distinguish PBAT from the polymer it aims to replace, poly(ethylene terephthalate
(PET). Chen et. #lused Raman spectroscopy to study blends of biodegradable polymers containing PBAT
Herein we were interested in studying different blends of PBAT in order to understanigtheobthe
polyester peaks observed in the Raman signal. Specifically, we studied six different blends of PBAT, witl
varying ratios of aromatic (i.e., terephthalate) to aliphatic (i.e., adipate) content. The naming convention fo

the samples is PBATX Wi x denoting the percentage of aromatic content. First the bulk samples were

characteried and the intresample variation explored using principal component ana(i&XtA). Next,
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thin-films of the polymers were produced and studied because they closeily coimmercially available
PBAT products. Finally, we compare the Raman spectra collected from solid polymers to that from spin

coated samples to determine if spwating leads to a significant change in polymer ordering.

3.3 Materials and Methods

3.3.1Chemicals
Anhydrous c¢ hl andstdndard @ nim bP7 b Jlass microscope slidespurchased

from SigmaAldrich. Aluminum foil was purchased from a Kroger supermarket.

3.3.2Pdyesters
Table 3-1 shows the general chemical structure and physicochemical properties of the studied-aliphati
aromatic copolyesters (PBATX). Each of the polyester samples were provided by BASF SE and wer

synthesized as previously described. All of the alipkationatic copolyesters contained butanediol (B)

Table 3-1: Generalized Structural Formula and Key Physicochemical Properties of the Studied Al

Polyesterd
Aliphatic-aromatic co-polyester (PBATx)
B A B T
J[OJ\ﬂ R e
]
.
Abbreviation .II::::.:::: Lu‘:: 212 —,‘r".' M” M,

(TAA+T)) » 100 (°C) | (g/mol) | (g/mol)
PBATO 0 58.7 19800 52100
PBATI0 9.6 49.1 15600 51000
PBAT20 19.6 432 18400 56000
PBAT29 29.0 58.0 | 15900 | 48400
PBAT42 42.0 101.0 17600 52200
PBATS0 50.1 1260 | 18300 | 56100

*Tm, Mn, My, and n refer to the melting temperature, the nuraberage molecular weight, the weight
average molecular weight, attte number of cadn atoms in the diacid component in the polyester,
respectively.

but were synthesized to have varying relative amounts of terephthalate (T) to adipate (A). As shown i
Equation3-1, this ratio is expressed as the molar fractioredghthalate to total diacid x (%):

W WY 0 Pprnm Equation3-1
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3.3.3Formation of polyester thin films
Polyester thin films were prepared by spin coating. Samples were dissolved in chloroform (10% (w/w))
and a 3 pL aliquot was pipetted onto an aluminum foil covered glass slide spinning at 4000 rpm. Th

samples were spun for 1 minute using a-\0®B-6NPP/LITE (Laurell Technologies) spin coater.

3.3.4Raman Instrumentation

A WITec Alpha 300R confocal microscope (WITec, Ulm, Germany) employing a 785 nm wavelength
excitation laser and a 300 g/mm grating with a 10x objective (0.3 N.A.) was used to collect Ractran sp
A collection time of 0.5 seconds and a step size of 1.6 um/pixel was used for all samples. Spectra we

collected from five distinct regions on each sample for a total of 3,125 spectra per sample.

3.3.5Data Analysis

Raw Raman spectra were imported iktatlab and preprocessed using in house algoriththsin brief,
the spectra were baseline corrected and the location of the polyester peak was determined by searching
within a wavenumber range of interest for the most intense peak. The processed spectra were then scal
the minimum and maximum intensity set between 0 and 1, and principal componensgiralys) was

performed using a slight modification of the spectral analysis platform of Goodacte et al

3.4 Results and Discussion

A detailed spectroscopic study of PBAT was conducted in order to identify the Raman peaks tha
changed, developed, or shifted in wavenumber with areasen T content. In addition to altering the
aromatic content in the polymers, bulk samples were compared to spin coated thin filrfgmBhserve
as better mimics of plastic products (ifgastic bags) than bulk pellets and they are often used, such as in
QCM-D measurements, to access nanoscale phenomena. For all six PBAT samples, a piece of the b
sample was cut off and dissolved in 10% (w/w) chloroform solution that was used t@apaluminum

foil. Five maps, each with 625 spectra, were collected from every sample as illustriaigaren3.1. An
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average spectrum was calculated for each mefmrd baseline correction, and the map averages were

averaged to generate a reference spectrum for each sample.
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PBATx Sample Map Data

A) B 5 ' Baseline Corrected

Counts (abr.)

%00 1000 1500 2000 2500 3000
Raman Shift (1/cm)
Raman Maps collected at 5 unique positions At each map location 625 spectra (pixels) were collected
D) ©)

Baseline Corrected
10 T T T T T
\\/\,\;\JL,’/\’JMJ’U'\“ f \ A )

' AT o

E\«AM/MJL A _ ) "

810

CCD cts
750

720
% ‘4
{
i
|
N
g =

Counts (abr.)
£

|
|

|

[l i f
F ‘~‘~\,\~,.,.~«Jw*LW».wam" "‘\VMM"_

“‘w

690
o

400 800 1200 1600 2000 2400 2800 3200

i . . . . ;
rel. 1/em 500 1000 1500 2000 2500 3000
\ Raman Shift (1/cm)
Per map averages are compiled " Spectra are averaged
E) 25 i d 90rrected i

201

Counts (abr.)
>

5 . . . . .
500 1000 1500 2000 2500 3000
Raman Shift (1/cm)

Per map spectra are averaged to create a PBATX reference spectra
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reference spectrum (E).



3.4.1Peaks of Interests

Previous efforts to characterize PBAT via Raman spectroscopy have focused on the differentiation ¢
PBAT from othempolymers. Chen et al. used the 1600'dmenzene ring stretch, to distinguish PBAT from
the biodegradable polymers poly(lactic acid) (PLA) and poly(propylene carbonate){PRContrast,

Cai et al. investigated the Raman spectra of PBAT and poly(ethylene terephthalate) (PET) and found on
slight differences in the spectran these prior efforts, the molar fraction of terephthalate (T) to total diacid
(T + adipate (A)), was not considered and was likely unknown. Herein, systematic study of the Ramal
spectra of PBAT mables identification of key Raman bands that change in intensity or location as a function
of an increase in terephthalate content (Fi@2@&). Our assignment of the aromatic ring stretch (C=C) at
1609 cm! and the polyester stretch (C=0) in the 1-A726 cm? spectral rangis consistent with Chen,

Cai and the literatufe®®,

Polyester hydrolysis is believed to be thee limiting step in PBAT biodegradation. Therefore, we were
specifically interested in understanding the polyester stretches in the Raman spectra. Raman spectrosce
is uniguely suited to detect differences between the aliphatic esters and arylexsiaselit is sensitive to
differences in molecular and lattice vibrations. As evident in Fig2®, the location of the polyester peak
at 1726 crt shifts to lower wavenumbers as the T content of the PBAT increases. This result reflects the
increasing nmber of polyesters adjacent to the aromatig. Aryl esters withdraw electrons away from
the aromatic structure leading to a change in the molecular vibration compared to the aliphatic esters. T
shift in the C=0 polyester peak position, due to theemsing number of aryl esters, is showrkrigure
3.2C by comparing the position to the polymer containing only aliphatic esters (PBAT00). Additional,
contributions of the polyester structure to the Raman spectra can be found at ~£2#8080 stretch,

and 1442 cm, methyl group symmetric stretch neatdlectronegative atom.
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PCA was employedbdtbetter identify the features in the PBAT spectra that strongly or subtly vary with
T content. In PCA, an orthogonal transformation is used to generate new variables, principal component
that capture the maximum variancethe datd’. The weighting, or importance, of each wavenumber
relative to any given principal component is shown in the loading plgue 3.2A) and the distance
between the samples can be visualized in the scoresHupiré 3.2B). Only the sore plot showing
principal components (L1 and 2 is presented because these two components explain the majority of the
variance, 82% and 99% respectively. The PCA results shotigume 3.2A & 3.2B were collected using
the reference spectra collected from the PBAT solid samples. The assignment of the key peaks in tt
loadings plot are listed iRigure 3.2C and can be associated with the ring structure of the terephthalate
(purple), the polyester (orangey thealiphatic backbone (green). Assigning the Raman peaks in the region
below 1600 crit is complex because many of theaks arise from carbararbon bonds in the aliphatic
backbone and, as a random copolymer, PBAT contains aliphatic chains of various [Eiggites3.2C

presents the first comprehensive, albeit tentative, assignment of the peaks in the PBAT Raman spectra.
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3.4.2Pointto-Point Variability

With any sample, especiallyrandom cegolymer, there is an interest in determining the homogeneity
of the material. Understanding the importance of istraple variability compared to intsample
variability was especially important for this experiment where subtle changes Rathan spectra will
ultimately be used to understand the role of the aliphatic and aromatic subunits in enzymatic hydrolysis. A
noted inFigure 3.1, five Raman mapgach 4Qum by 40 um, were collected from every PBATx sample.

All the spectra, 3,125 in totldr each samplevere averaged together to create the reference spectra shown
in Figure 3.2A and these reference spectra were used for the PCA analysis sheiguren3.3B.

The first step to identifying heterogeneities was to comparavbege spectra from each map location
using PCAFigure 3.4A shows the resulting PCA scores plot and that although there is a small amount of
variation between the different map locations, the PBAFRBATX variation is the most significant.
Breaking the data down even further, PCA was performed on all the alata pollected and the scores
plot is shown irFigure 3.4B. The separation between the samples is again obvious and it is also apparen
that there g significant variation in the PBATOO data, shown in red. Replotting only the PBATOO0 data,
Figure 3.4C, and representing each map in a unique colognteasily be identified that all the variation
in the sample is arising from a single map shown in purple. To better understand the intrasample variatic
of PBATO0O, the sample was analyzed on its own and the scores plot is sheigure3.4D with the same
color-coding agrigure 3.4C. The diffeence between map E, shown in purple, and the other four maps is
a strong function of PC1 because the samples are separated 4arthieate. The loadings graphigure
3.4D inset, shows thahe stretch around 1000 chis a major contributor to the separation in PC1 and
looking at the scaled spectra, Figure 3E, the peak around 1008 oosiest in map E. The tracesigure
3.4E show all the Raman spectra colkztftom the PBATOO0 and were the input data for the PCA algorithm.
To identify the origin of the noise it is best to look a Haseline corrected unscaled data and it can be seen
from Figure 3.4F that the average signal intensity in map E was two to four times less thahahéar

maps. The findings suggested that: i) a sigaadoise filtershouldbe applied before using PCA to analyze
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Raman the per pixel data; ii) the petotpoint variability is a function of intensity and not of spectral

differences.
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Figure 3.4. Results from the PCA performed on the per map Raman spectra from solid PBATx
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3.4.3Spin coating

Polymer thinfilms are often employed to study the mechanisms of hydrolysis because degradation of the
polymeroccurs at the material surface and thiims contain polymeric content analogues to +&alld
samples. Films can be prepared by a number of routes such -a®atnyg, dipcoating and flow coating,
with spincoating being the most commonly employed rodthior planar substances because of the
excellent control over lateral and vertical polymer distribiffiohin-films were prepared from each
PBATx sample using a 10% (w/w) digestion in chloroform. As with the solid samples, five maps were
collected from eachasnple for a total of 3,125 spectra per sample.

Baseline corrected reference spectra for the spin coated samples are depigfeckiB.5A. The PCA
scores plot fothis data is shown iRigure 3.5B and shows a good separation between the PBATx samples.
Comparing the reference spectra for the gmated and solid sampldsgure 3.5C, the PCA scores plot
shows that the PBATx samples separate along PC1 and within each pair the spin coated samples
separated from the solid samples along PC2. The loadingd-gate 3.5D, show that PC1 arises from
PBATx-to-PBATX differences because there are loadings in the negative and positive directions with jumy
at ~1720 crit, the location of the polyester peak. PC2 lowksy similar to the traces iRigure 3.5A,
suggesting that the differences in PC2 arise from variation in spectra intens$itgute 3.5E and3.5F,
the per map averages for the spin coated and solid samples are plott€iwieh3.5E showng each
PBATX in a unique color anBigure 3.5F showing the spin coated samples in blue and solid samples in
red. The overlap of the PBAT30 solid sample with the PBAT40 and PBAT50 samples further supports th
importance of the shift in thpolyester peak. Looking &igure 3.2B, the polyester stretch for all five
samples is found at 1715 drwhereas the peak for PBAT30 spin coated samples is foulitiL8tcmt.

The separation of the high aromatic content samples from the more aliphatic rich samples is dominated |
the backbone stretches at ~1000%¢cmvhich can be seen in the loadings pktjure 3.5D. The variation

in this region can also be seen in the reference spectra traga® 3.5A, where a triplet peak is seen in
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PBATO0 and the CCC symmetrical stretch at 907*anorphs into a single peak with a shoulder at 1084

cm?, indicating the presence of asymmetrical CCC stretching.

54



A)

Arbitrary Unit - Spectra Offset

Spin Coated Reference Spectra

1609 cm!
2924 cm!
PBATO00
N A | <
/ MWETLE 2
. ’ E 7@_’ — st — ——
AASANN 3 -
] Ry
\J/\/\M A4 e
A AN PPAT
E \ Mo
1000 1500 2000 2500 3000

Raman Shift (1/cm)

C) PCA of Spin Coated and Solid Reference Spectra
2 5 e e
ES |
20__ Spin
I 10__ Spin
<05 20_ Solid
&
=) . 49,i4 Spin
= o 10_Solid 40__ Solid
S i
& 05
00___ Spin
&1 F
1.5
00__ Solid
2 ; . ; ; ;
-3 -2 1 0 1 2 3
PC1(75%)

E)

PCA of Spin Coated and Solid — per Map

057

PC2(90%)
(=}

'
[3S)

Figure 3.5. Baseline corrected Ram&BATX referencespectrarom spin coated samplé8). Scores plc
from PCA of the spin coated reference speet@ehPBATx sample in a unique color (B). PCA analysi
the spin coated and solid references spectra (C). Loadings plot from the combireatgnaad solid p
map PCA shown in the bottom two panels (D). Scores plot from the combined PCA of the spin cc
solid per map samples with each PBATx sample in a unique color (E). The per map data shown i

2ospD
o b
Z&E&C 40%{
=0

004 E m?{sg g ‘fm‘
Sp
OOSDD

A

Peplt

Tog®
3 2 -1 0 I 2 3
PC1(73%)

Scaled

PC2(90%)

B)

PC2(97%)
o &

n

PCA of Spin Coated Reference Spectra

20__ Spin
10__ Spin
40___Spin
00__ Spin
-3 -2 -1 0 1 2 3
PC1(81%)

Loadings Plot of per Map PCA — Spin Coated

D z
) and Solid Samples
0.25
PC1 - Explained: 73%
02 PC2 - Explained: 90%
0.15
|
01 [
0.05 | “
A " (‘
0 A AV
-0.05 il l ‘
!
-01 .
i
-0.15 - .
500 1000 1500 2000 2500 3000
Raman Shift (1/cm)
F) PCA of Spin Coated and Solid — per Map
2 :
71! ZOSpD
1oSpA %&
1 ] %@
0.5
0r
o 00g,E
0571
00g,D
(0
1t P
Bogt
-15F
W 8
2 L .
-3 2 1 0 1 2

PC1(73%)

but recolored to show the spiroated samples in blue and solid samples in red (F).




3.5 Conclusiors

In this paper, we present the first systematic Raman spectroscopy study of PBAT. Six samples of a
aliphaticaromatic copolyester with varying aromatic content were studied inbotkipellets and as spin
coated thidfilms. Using PCA, key peaks that varied as a function of aromatic content were identified and
the first tentative assignment of PBAT stretches at wavenumbers less than 16@@cperformed. PCA
could be used to acately discern the PBATx samples from one another at the pixel, map and sample
level. The pixel data suggests that pdopoint variation is dominated by differences in signal intensity
opposed to structural differences. The map and sample level dataiseetéo compare the bulk solid
samples with the thin films and the PCA was again able to differentiate between the PBATx samples. Th
spincoated samples and bulk samples for each PBATXx pair could be distinguished from each other bas:
on signal intensityThe combined PCA also demonstrated the importance of the low wavenumber aliphatic

backbone stretches in distinguishing the samples with low aromatic, <30%, and high aromatic content.
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Chapter 4 Surface Enhanced Raman Scattering (SERS) Based Optofluidics for
Multiple Single Cell Analysis
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4.1 Abstract

The integration of surface enhanced Raman scattering (SERS) with droplet microfluidics has the potenti
to improve our understanding of cellular dynamics. Herein, we present the first application of SERS drople
microfluidics for single cell analysis. A microfluidic device was used to encapsulate single cells in water
in-oil droplets that were subsequently locked into a storage droplet array for spectroscopic investigatior
The stationary droplets enabled the dagentification of SERS regions of interest in live cells by allowing
collection of Afasto coarfsel mawesd olvyerfisalno me reca
of the identified hotspots. We demonstrate SERS at cellular resolution viafeopamncept assay that

detects glycan expression on the surface of prostate cancer cells using lectin modified metalli
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nanoparticles. The data illustrates the potential of SERS optofluidic systems fahrdoigbhput cell
screening and illustrates aeprously unobserved high degree of getcell variability in the size and

number of glycan islands.

4.2 Introduction

Over the past decade, it has become increasingly clear that the genetic and phenotypic characterizat
of cell populations at the singlelckevel is a key consideration of fundamental biology research and cell
screening. Singleell droplet optofluidics, combining microfluidic technologies with analytical
spectroscopies, presents an exciting opportunity to understando-cell variability. Significant
developments have been made in siraglt -omics=3 to the point that digital droplet polymerase chain
reaction (ddPCR) instruments are now commercially available. A smaller fraction of the literature has
focused on analyzing ¢hbehavior of single cells encapsulated in droplets, from metabolite prbfiting
growth monitoring. Droplet microfluidics enables the production ofdkands of individuahicroreactors
in the form of surfactant stabilized emul sions.
colloid/analyte conjugates within the microfluidic devicBhe generation of nanto femtoliter droplets
for live cell studies is typically achieved by entraining aqueous dropletsrilugrochemical (PFC) oils
that have a very high gas solubility and thus allow for oxygen excHaPgst studies have shown that
organisms can be kept alive in droplets for several Hays.

The ability to homogenously introduce neaital into each droplet has wide reaching benefits including
enabling the development of quantitative surfacdanced Raman scattering (SER3)til recently,
guantitativein situ SERS detection has been challenging due to the difficulty associatecpritiducing
gold (Au) and silver (Ag) colloid distributions and maintaining consistent anafreparticle interactions
across experimentsSERSis a wellestablished technique that can be used for the detection of trace levels
of metals, toxins, pesticides, DNA, proteins, pathogens, and eukaryotit®¢EBERS is particularly well

suited for bioanafical applications because it is nrdastructive and nemvasive and it provides high
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molecular specificity and spatial resolutiBrimportantly, fresh tissues and cells can be interrogated with
minimal prior preparation lmause of the weak Raman signal of water molecdl&s. date, labefree
Raman/SERS optofluidic detection has been reported in the literature for crystaP viptgassium
ferricyanide?® the pharmaceuticals promethazine and mitoxanttbn&scherichia col?® and
Staphylococcus aureddRecently, the first work on SERS optofluidics for eukaryotic cell lysate analysis
was published? however the use of this approach for investigating cellular pregeati the single cell
level and in a throughput format is currently under studied.

In this study, we combine droplet microfluidics with SERS to study-toetell and intracellular
variability in the expression of glycans on the cell membrane. Cell mmbcarbohydrates are an
importantoncology targe because their @rexpression by cancerous cells, relative to healthy cells, can
provide an early indication of cancer. Previously,deenonstratedhat the glycan MNacetyl neuraminic
(sialic) acid expressed by cancerous prostate (PC3) cells can be targeted usingnthehésit germ
agglutinin (WGA)!! This glycan detection assay was selected for three main reasons: first, the sialic acic
residues (target) are abundant on the cell membrane; second, the attachment of the recognition elem
(lectin) to gold nanoparticles via streptavidiiiotin chemistryis a robust and rapid functionalization
method; andfinally, the ability to introduce a reporter molecule with a large Raman cross section ensured
that the SERS signal could be detected through the four interfaces of the device. The use of andestablist
assay allowed us to focus thstudy on the development of an integrated optofluidic system and the
associated analysis algorithnie wo major outcomes are demonstatiof the capacity to probe the
content of stationary droplets a variety of scake and the first application of whole cell imaging using

SERS optofluidics.
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4.3 Materials and Methods

4.3.1Device Design and Preparation

Microfluidic devices were fabricated using standard phaiod softlithography techniques, as
previously describeéf. Briefly, master templates were produced on silicon wafers using SU8 photoresist
(3000 series, MicroChem, US) following the manufacturer's protocol and achieving a final resist thicknes:
of 50 &m. T kposed teraughsat photeraask (D Phoawls, UK) to UV light and was
developed in MicrePosit EC solvent (Rohm and Haas, US). Finally, the wafer surface was silanized by
vapor deposition of 1H,1H,2H,2Perfluorooctyltrichlorosilane (Sigma Aldrich, UK) for hour.
Polydimethylsiloxane (PDMS) was poured onto the silicon master at a 10:1 (w:w) ratio of base to curing
agent, degassed in a vacuum desiccator chamber, and cured at 80 °C for at least 2 hours. The PDMS dev
were then peeled from the mold, cutlie desired size, and holes were punched using 1 mm biopsy punches
to obtain inlet and outlet ports. Devices were cleaned and irreversibly bonded to glass microscope slidt
using oxygen plasma and subsequently treated with undiluted Aquapel (PPG Industragain

fluorophilic microchannel surfaces.

4.3.2Nanoparticle Synthesis and Functionalization

Sodium citrate (final concentration 3.88 mM) was added to 100 mL of boiling 1 mM tetrachloroauric
acid under vigorous mixing conditions. The reaction was allowedrt until the solution color changed to
wine red, indicating completiorGold nanoparticles were functionalized in 5 mL batches and were pH
adjusted to circumneutral using 0.1 M potassium carbonate. Next, 2 uM of malachite green isothiocyana
(MGITC), astrong SERS dye with a distinct finger print, was used teagggegate gold colloid. The
colloid was coated with 0.1 mg/mL streptavidin, and it was then mixed with 2% BSA to quench further
aggregation. After >30 minutes, the colloid was centrifuged aontnbfunctionalized wheat germ
agglutinin (WGA,; SigmaAldrich, UK) was added to the nanopatrticle pellet at a concentration of 0.17 mg
per mL colloid. Following overnight incubation, the nanoprobes were washed three times with 1% BSA in

PBS. The local suatce plasmon resonance (LSPR) of the probes was between 530 nm and 533 nm &
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determined by UWis and the particle size -@verage) of the probes in 1% BSA was ~130 nm with a
polydispersity index between 0.5 and 0.6 as determined by dynamic light scafiésingrn NaneZS,

Malvern, UK).

4.3.3Cell Preparation

Tumourigenic (P€3) human prostate epithelial cell lines were cultured in RPMI 1640 Medium
supplemented with HEPES, 10% fetal calf serum, 1% penicillin, 1% streptomycin, and 1% fungizone
(Gibco, UK). Cellswere grown to confluence in an incubator at 37 °C with 5% & then harvested
with trypsin/EDTA. Solutions containing $@ells/mL were used for microfluidic experiments, leading to

approximately one cell per droplet for the flow rates used.

4.3.4Device Loadihg

Microfluidic devices were connected to 1 mL syringes via polytetrafluoroethylene (PTFE) tubing (Cole
Parmer). Syringe pumps were used to vary the fluid flow rates between 0.16 and 0.21 mL/hour to produc
droplets of the appropriate size at thgumction. The continuous phase was-EC (3M Company)
fluorinated oil with 2 wt% block copolymer fluorosurfactant (designed by the Weitz Group at Harvard and
supplied by RAN Biotechnologies, catalogue# -®&oroSurfactant, Beverly, MA, USA). The dispersed
phag was a solution of phosphate buffered saline (PBS) or pfim@omedia containing cells that had

been incubated with nanoprobes and subsequently washed.

4.3.5SERS Spectroscopy

Two different instruments were used to collect dat&VITec Alpha 300R confodanicroscope (WITec,
Ulm, Germany) in an upright sep employing a 633 nm wavelength excitation laser and a 300g/mm and
an inverted Renishaw InVia system (Renishaw, WeltoderEdge, UK) employing a 633 nm wavelength

excitation laser and a 1200 g/mm grgt A suite of objectives were utilized and are detailebahble 4-1.
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4.3.6 SERS Processing

A data processing tool was developed in Matlab to process Raman or SERS spectra in the SPC file form
Briefly, spectra were baseline corrected using an asymmetric lemsesdaseline correctidhA peak or
peaks of interest were then specified and the intensity of the peaks was automatically extracted from tt
dataset. For data collected in a rastering format (maps) the intensity at each point could be plotted

generate SERS maps.

4.4 Results and Discussion

To interrogate single cells within polydimethylsiloxane (PDMS) microfluidic devices using SERS, a laser
must pass through four medi&igure 4.1A) before interacting with the sample. Malachite green
isothiocyanate (MGITC) was selected as the Raman reporter because its signature peaks at 46d4 cm
1364 cmt, assigned tothephea + CT7 C st r et c hi n-N stretchthggmodéh do not h e
overlap with the strong PDMS asymmetric and symmetrd €tretches at 2965 chand 2903 cm
respectively®3! (Figure 4.1A). Gold nanoparticles (35 nm) were gaggregated with MGITC, coated with
streptavidin, mixed with biotinylated wheat germ agglutinin (WGA) and then washed to removed unbounc
WGA. The adhereanPC3 cells were removed from the culture flask to create a cell suspension, incubatec
with the nanoprobes for 10 minutes, washed and ultimately encapsulated in droplets. The droplets we
subsequently stored in a chamber array, a modified version afapspdt devic®, before the device was
transferred for imaging by Raman microscopy

SERS data of biological samples is often acquired by defining a region of interest over which the laser |
rastered. At each pixel location a spectrum is collected, from each spectrum the same feature (i.€
wavenumber or wavenumber range) is sele@ad,the value (i.e., intensity or integrated intensity) of the
feature is then plotted on aqy grid to generate a SERS map. Commonly, conclusions are drawn by
manually inspecting SERS maps, but the use of statistical descriptions and chemometric analyse

becoming a standard part of SERS data analysis. Often these higher order descriptions, such as in our w
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on intracellular pE detection, are accompanied withremdered SER maps that display complex content.
However, variability between maps or the physical clustering of regions of interest (i.e., how many pixels
meeting a certain criterion are adjacent to one another) is not taken into account. While not appropriate f
all experiments, the study of cell expression, especially as enabled by droplet microfluidics, supports th
adoption of automated techniques to detect regions of interest. The imaging processing techniqu
developed in our data tool allow us to generate SERfs, to then identify regions of interest within each

map, and then statistically analyze the size and distribution of each region.

4.4.1Development of Data Processing and Analysis Tool.

A workflow diagram illustrating our data processing algorithm is showhigure 4.2. SERS maps
enable visualization of the results of a SERS experiment and are a simplification of the total data collecte
(i.e., a reduction in data densionality). Embedded within each pixel of a SERS map is a full spectrum
containing 1015 (Wire 4.2) or 1024 (Project FOUR 4.1) points and a myriad of vibrational information. A
typical SERS map obtained for the single cell studies contained 900 pixalot@ of 9 x 10 points.
Baseline correcting, normalizing, and rendering a SERS map based on the intensity of a specific peak w
readily achieved using proprietary software such as Wire 4.2 or Project FOUR 4.1. However, thes
programs generally lack lwdit processing capacity, transparency in the data processing algorithms, and the
ability to open data files in a negproprietary format. To overcome these challenges and to take advantage
of the large amount of information available from the SERS optoflpiditform a specialized data analysis

and processing tool was written in Matlab. The code is readily available online at BitHub
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To optimize data handling and creggatform functionality, we exported data from Wire 4.2 or Project
Four 4.1 using the SPC file format (.spc). This datativas imported into Matlab for further processing.
.spc is preferred over text (.txt) or comma separated value (.csv) files because it contains the raw spec
plus metadata containing additional scan details. Within Matlab, automated baseline correstion wa
achieved wusing a modification of Ei | € Fdlasvinga s y n
normalization, SERS maps could be rendered based on the intensity of a specific peak, the ratio of multip
peaks, or based on the mathematical transformation of a peak’fBti@lemonstrate the efficacy of this
data processing tool, data from a single experiment was processed using the tool and the Wire 4
proprietary softwareHigure 4.6). Collected data was baseline corrected, the intensity of the 1609 cm
peak was plotted (feature selection) and the maps were scaled using the sanpetdbddk (LUT) so that
they could be directly compared. The resulting maps from the data processing tool and Wire 4.2 wer
identical. A spectrum to spectrum comparison efdata from a single pixefFigure 4.62C & 2D) shows
that the baseline corrected data is nearly identical, as would be expected from using distinct algorithms.

The alvantages of using this automated tool are evident when processing and analyzing a large numb
of analyses from an experiment or dataset (i.e., the collection of SERS maps collected from a singl
microfluidic device or project). The characteristics ofreatap, such as the minimum, maximum, and
average pixel values, can be collated during processing and can be queried after all the data was proces
to define a LUT. The maps can then be rescaled based on these statistics. For example, in our study of ¢
to-cell heterogeneity (as discussade infra) the LUT was defined to be 2x to 3x the standard deviation
above the mean. Other variable ranges can be readily defined depending on the desired application. T
library of SERS maps were analyzed and eduiriig scripts were used tentify regions of interest and

the size of clusters meeting certain criteria were calculated.

4.4.2SERS Whole Cell Imaging and observation of-teitell heterogeneity.
To demonstrate the capacity of the optofluidic platformsiagle cell analysis, wheat germ agglutin
(WGA) was used to target the glycanaldetyl neuraminic (sialic) acid expressed on cancerous prostate
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(PC3) cells. Praggregated SERS hotspots coated with WIGranoprobe$ were mixed, in excess, with
PC3 cellsafter a teaminute incubation period the cells were washed and introduced into the microfluidic
platform. A Poisson distribution for cell encapsulation in droplets was considered. A cell loading
concentration of 10cells per mL favored the formation dhgle cell encapsulation everfS8SERS maps
were then collected from: i) individual droplets with a focus on single cell encapsulation events,

representative images showrFigure 4.3A-C; and ii) multiple droplets (discussed in the next section).
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Figure 4.2. Details of SERS scan: 20x Objective; 40um by 40um area of interest; pixel size 1ur
grating 1200g/mm; 633nm laser; collection time 0.1 seconds. (A) At each pixel a spectrum is
in two dimensions: intensity vs wavenumber. -Precessing suchlas baseline correction &
normalization are undertaken followed by feature selection. (B) Single SERS maps are rend
feature selection to aid in data interpretation. At eaghcoordinate the intensity of the featur
depicted using a color JCA library of maps is generated and increases the dimensionality to 4l
x X location xy location x wavenumber) or after feature selection, fixing the wavenumber, 3D
xlocation xy location). Typical SERS data processing only discusses pibeglsity and uses meast
such as mean intensity, standard deviation, etc. to describe the data set. For analysis of cell
ordered objects crucial information is lost by neglecting pixel order (D1). Corrected total i
(CTI) is a simple minod that values pixel order. The area of interest is selected, blue circle,
integrated density of the area is calculated (area x mean intensity). From this value, t
background intensity x area of cell is subtracted to yield the CTI. (@hbing the statistic
information and pixel order allows for complex analysis of the maps. For example, from t
library (D1) the value of two and three standard deviations above the mean pixel intensit
calculated. These values can be usedetolor the map (C) and visually the contrast betwee
background and region of interest (ROI) becomes evident. The data tool can also now distin
ROI from the background and determined the size of the ROI (E).
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and then normalized by the SERS intensity of the nanoprobes for that experiment. SERS maps, such
those inFigure 4.3D-F, were then generated by selecting the spectral feature at 16Gshdrplotting the
intensity at each pixel. To compare maps and evaluat¢oeedlll variability, a new parameter, corted
total intensity (CTI), was defined. This parameter, an analogue to corrected total cell fluorescence
(CTCF)Y*®? values pixel order and how the object of interest is distinct from the background. A benefit of
SERS rasteng is the collection of data with four dimensionsldcation,y location, wavenumber, and
intensity). In generating a map, the dimensionality of the data is reduced to three dimetisatof,y
location, and intensity at a specific wavenumber) alfmvs for intuitive visual inspection that is easily
correlated to the mapped feature (i.e., a cell). However, in typical SERS analysasdiyeanapping data
are disregarded and the discussion is focused on the statistical characterization ofihfeptoe of
interest. While this approach may be appropriate for the mapping of homogenous samples, the study
biological samples demands that #ginformation, the ordering of the pixels, is taken into account during
analysis. Fluorescence spestopy often deals with data in the three dimensioxdaxfation,y location,
and intensity and thus we adopted the corrected total cell fluorescence measurement to analyze SERS m:
The CTI measurements are determined by calculating the integratety,déiesmean image intensity
multiplied by the area ointerest, andsubtracting the average background intensity. Standard CTCF
analysis is performed using ImageJ. Within ImageJ a threshold is applied to an imported image to find th
objects of interesaind the integrated density is then calculated for those regions of interest. The intensity
for the background is then determined in ImageJ and ultimately in Excel (or a program of choice) the CTC
is calculated by finding the difference between the metmsgity in the ROI and the background and
multiplying that by the area of the ROI. Our CTI were calculated in ImageJ using the same protocol excey
the starting images were SERS maps generated from the data. To demonstrate the need for ROI select
the CTl data is compared with the total map intensity, the sum of the intensity at every point in the map, o

described differently the integrated density of the map without ROI seléggare 4.3G.
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The coefficient of variatio (CoV) was used to describe the variation across the collected data sets anc
the CTI results had a consistently larger CoV than the total map inten$iiele @-2). In the total map
calculations, the intensity contribution of the cell, which occupies ~30% of the map area, was damped b
the background pixels. To demonstrate that the variation in the nanoprobe attachment froto-etell
was neither the productf the functionalization chemistry, nor the orientation of the cells during cell

mapping, the experiment was replicated using WGA functionalized with the fluorophore fluorescein
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Figure 4.3. Optical images with a 20um scale barCA of single PC3 cells encapsulated in droplets
the corresponding SERS maps whilim scale bar (BF). The corrected total intensity (circles) and
integrated dentistry (squares) for four different experiments, each represented in a unique color,
error bars representing one standard deviation (G).
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(FITC). Interestingly, when the coefficient of variation for the CTFC resutise iabulatedTable 4-3)
they fell in the same range, 0.4 and 0.6, as the CTI calculations. The results show that there is indeed c

to cell variability in the egression of sialic acid residues on the surface of the PC3 cells.
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In comparing the SERS magsgure 4.3D-F, and the fluorescence imagegjure 4.8, it was apparent
that sialic acid residues were heterogmumsly distributed on the cell surface, typically with a large cluster
of glycans occurring in one area. To quantify the size of the glycan clusters the data processing tool w:
expanded for image processing. Specifically, for each experiment the LUdefirmed to be 2x to 3x the
standard deviation above the mean intensity of the data set; this thresholding set the majority of th
background (pixels) to black. Contrast aids the edge finding scripts in determining the boundary betwee
the region of interdsand the background. Pixels above the threshold were identified and only clusters
containing more than one pixel were extracted from the maps; maps could contain more than one clust:
The size of the clusters, in @mwas determined and the cluster sieasa per experiment basis plotted
(Figure 4.4A).

Most of the clusters, 53%, were less than 16 anal given that the average PC3 cell is 20 um in diameter
and, modkng the cell simply as a sphere, most clusters cover less than 3% of the cell surface. Even th
largest cluster at 84 pfwccupies at max 27% of the area of an average cell. However, 47% of cells contain
more than one glycan island suggesting that atiirea to area comparison would be more descriptive of
glycan expression.

To understand the surface coverage in more detail, for each cell the size of the glycan island(s) w:
compared to the cell area. The exposed cell area was calculated with the garfiedaag scripts as the
island area except that input figures were the optical images of the cells. The pieRjgapd 4.4B)
underscores that most of the cells, 66%, had less than 20% of their total exposed area covered by glyca
Returning to the largest cluster, it was found to be the only island on thdicspelti the largest island in
the dataset, covered 30% of the area of the cell; extremely close to the initial estimate. The largest tot
glycan area was 111 |fioriginating from two islands, and covering 43% of the cell area whereas the cell
with gredest coverage, 48%, contained a total glycan area of ?4Tma fact that the largest single island,
largest total glycan area, and largest area coverage are found on three different cells underscores that c

to-cell variability exists and measuring tkdéferences becomes accessible with the implementation of
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SERS optofluidics. Moreover, the identification of these heterogeneities on the cell surface prompte

biological experiments.

4.4.3Imaging Across Scales.

A major benefit of using SERS optofluidics is the ability to examine many different cells at once.
Typically, as done for the whole cell imaging, regions of inteaesimanually identified under white light
and then SERS mapping areas are defined. The process of visually identifying regions of interest |
laborious and time consuming especially when compared with fluorescent images, such ag-igase in

4.8, where hundreds of cells can be imaged quic

&
Aqueous Phase Inlets | i
A) v 1 ‘

Figure 4.5. Schematic of the optofluidic platform (A) followed by the SERS at scale proce:
Note that the orange box in A denotes the SERS mapping shown in B. The processed lo
resolution SERS map is shown in B with an area of intedesutlined with a blue box. The ar
of interest is than scanned with higher resolution (C) and a second region of interest, the
circled in green. The white light image of the area, orange box, is collected and then two
of interest, bludox and green circle, are used to confirm the accurate identification of the

without first using the white light image is advantageous because it removes the reliarece/oitettight
microscope and pushes towards fully automated applicatiogure 4.5 shows the potential of SERS
detection at scale with panel B showing a SERS map7@0 um by 760 um region, taken at a relatively
low resolution (20pum/pixel). An area of interest was identified and mapped at higher resolution

(5um/pixel), panel C, and the map clearly showed the presence of a cell. A bright field image was the
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colleced and confirmed the presence of a cell. A more detailed map, such as that in the single ce
experiments could also have been easily collected if so desired

SERS at scale presents many exciting capabilities and has the ability to increase the agmicaBRS
for biological studies. The ability to survey over 1000 droplets rapidly increases the quantification
accessible with SERS for both lab based studies and the production ebfecamé sensors. Rapid SERS
screening will allow the method to comeewvith more standard techniques such as flow cytometry but
introduce the ability to easily identify and map with high resolution cells of interest. The platform is well
suited for the study of environmental samples that are typically sample limited higihlyrdilute. The
automated platform will aid in the identification of targets of interest without destroying the sample thus
allowing SERS to be combined with more traditional analyses such as culturing or genomics analysis
Another major benefit of irsg SERS at scale is the ability to study dynamic processes. Unlike, fixed cell
experiments oromics analyses, the optofluidic platform allows for the study of cellular behavior as a
function of time. With slight modifications to the platform, stressarstze introduced into the droplets and
SERS can be used to measure the change in behavior of individual cells, opposed to tradition:

measurements which look at changes in bulk population behavior.

4.5 Conclusion and Future Outlook.

SERS optofluidics is a peerful tool for singlecell analysis and the dynamic imaging of aqueous studies
of biological importance. In this paper, we have used this technology to sheaw-celll variation, create
a centralized data processing tool and show the ability to acdessiation at a range of scales. The
methods and tools presented here lay the foundation for future SERS optofluidics studies and show the fii
application of the platform for deciphering the composition of cell membranes. Additionally, the use of
imaging processing to interpret SERS maps can be adopted for other applications where the region

interest is only a subset of the total area mapped.
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4.7 Supporting Information

5600

Figure 4.6. Sl Figure 1. Optical image of a single PC3 cell encapsulate in a droplet. The red box corresponds to the XY
mapping area and the blue line corresponds to the docatiXZ map (A). XY SERS map represented by the red box
processed in Project FOUR 4.1 (B). Raw XZ SERS map represented by the red box box processed in Project FOUR 4.1 (C).
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Figure 4.7. SI Figure 2. Demonstration of the efficacy of Matlab (A, C) baseline correction processing
and map rendering by direct comparison to proprietary Wire 4.2 (B, D) processing. A and B show the
rendered SERS maps scaled with same look up table (LUT). IBraget showshe data from a single

pixel and C and D show the spectra from the representative pixel. Images C and D show minor variation |
the peak of interest as expected with different baseline correction algorithms.
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Table 4-1. Table St Objective Details

Instrumeni Setup Objective NA Wavelength it x ( Gy ( Utz (Volume (umd
Renishaw Inverted 20 0.40 633 0.97 0.97 7.91 7.37
Renishaw Inverted 50 0.75 633 0.51 0.51 2.25 0.60
WITec  Upright 10 0.3 633 1.29 1.29 141 23.30
WITec  Upright 20 0.4 633 0.97 0.97 7.9 7.37
WITec  Upright 50 0.7 633 0.55 0.55 2.6 0.79

Table 4-2. Table S2 Coefficient of variation for the SERS maps within each experiment as calculated for
the images processed in ImageJ and Matlab

Coefficient of Variation

Experiment Image J Matlab
1 0.42 0.40
2 0.49 0.36
3 0.50 0.28
4 0.45 0.35

Table 4-3. Table S3 Coefficient of variation for the fluorescence images as calculated in ImageJ

Coefficient of Variation

Experiment Image J
Experiment Ai Replicate 1 0.51
Experiment Ai Replicate 2 0.56
Experiment Ai Replicate 3 0.42
Experiment B Replicate 1 0.55
Experiment Bi Replicate 2 0.46
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Figure 4.8. SI Figure 3. Fluorescence Images of PC3 cell tagged with wheat germ agglutin (WGA)
functionalized with fluorescein (FITC) (Sigma,UK and Sigma, US). Large view image of tagged PC3 cells
adhered to a 9@ell plate (A). Fluorescence image of single cell encapsulatitheioptofluidic platform

(B). Image of a single cell encapsulation in the optofluidic with the fluorescence overlaid on the bright field
image.
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Chapter 5 Conclusions and Future Perspectives

The research presented in this dissertation crosses a broad swaihooineental applications of Raman
spectroscopy. My interest in the development of nanosensors for environmental conta@regtes, 2,
led me tostudy the broader impact of nanoscale phenomena in environmentally relevant questions. Ii
Chapter 3, we explored the applications of Raman spectpg to characterize ester bonds and distinguish
between esters located near electron donating groups and those on the aliphatic backbone of the polym
Chapter 4 contains the heart of the dissertation, a project that took nearly four years to complete anc
involved research on two continents. The development of the SERS optofluidics platform was a true
interdiciplinary effort drawing on a wide range of expertise including surface chemistry, assay
development, photonics and microfluidics. A key aspect of the platform development was the creation c
an automated data processing tool to deal with the hundreds efaolégcted from four different Raman
instruments. Unexpectedly, the development of this tool allowed me to engage in a wide range of resear
projects and expanded my understanding of both fundamental SERS and aerosol chemistry.

Raman and SERS are promgstools for studying the environment. | think, however, that the widescale
adoption and utilization of the technique faces several challenges:

1. Raman and SERS solutions are often discussed without reference or comparison to existing metho
The lack of onversation regarding which questions are best answered with SERS versus othe
methods, especially fluorescence, often leads others in the scientific community tdheiew
Raman/SERS communiys o6t one deaf 6. I beli eve awhynor e
Raman and SERS complement other methods would aid in the broader adoption of Raman as
analytical technique. The research presented in this dissertation is focused on applications in whic
Raman provides a level of development not accessible thraoghparalke fluorescence
measurements.

2. Sensor development is too often undertaken by rtliswplinary teams. The literature contains

both reports from chemists that clearly underestimate the complexity of the biology and reports
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from biologists that us@anoparticles without characterizing the material. An inteipligary
approach is needed to intelligently design nanosenors for a specific application while appreciating
the impact of sample preparation on the behavior of the pathogens. My work on Ri$& SE
optofluidics platform waslow because our collaboration lacked a dedicated cancer biologist. Our
team contained a multitude of diverse expertise but we still faced challenges that would have bee
easier to address with the input of a biology expert.

. SERS and Raman were initially developed for material characterization and therefore most of the
commercial instruments are setup using an upright configuration. However, many more complex
environmental questions are centered on the interaction betweerataaiad organisms, which
necessitate the use of an inverted microscope. The creation of commercially available inverte
microscopes with environmental chambers would greatly benefit not only the research presented i

this dissertation, but also the adoptof Raman by the environmental community.
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Appendix A Synthesis of Highly Stable SERS pH Nanoprobes Produced by €o

Solvent Controlled AuNP Aggregation

(This chapter h a Analysté Bhis papeu tvds ipublisieed byiThe Royal Society of

Chemistry)

A.1 Abstract

Production of glml nanoparticle (AuNP) surfagenhanced Raman spectroscopy (SERS) nanoprobes
requires replicable aggregation to produce multimers with high signal intensity. Herein, we illustrate &
novel, yet simple, approach to produce SERS nanoprobes through cootrgsbbfent composition. AUNP
multimers were produced by mixing AUNP monomers in water:etharsblvent for variable periods of
time. By varying the water:ethanol ratio and the amountmedcaptobenzoic acid {MBA) present, the
aggregation rate can lsgstematically controlled. Thiolated poly(ethylene glycol) was then added to halt
the aggregation process and provide steric stability. This approach was used to produce pH nanoprok
with excellent colloidal stability in high ionic strength environmenis ia complex samples. The pH probe
exhibits broad pH sensitivity over the rangd®b and we calculate that a single AUNP dimer in a 35 fL
volume is sufficient to generate a detectable SERS signal. As agfroohcept, the probes were used to
detect thantracellular pH of human prostate cancer cells-@CThe internalized probes exhibit a strong
4-MBA signal without any interfering bands from either the cells or the culture media and produce
exceptionally detailed pH maps. pH maps obtained from 1@fge scans and 14 yz depth scans exhibit
highly consistent intracellular pH in the range of 5 to 7, thus indicating the greater reliability and
reproducibility of our pH probes compared with other probes previously reported in the literature. Our
water:¢hanol cesolvent production process is fast, simple, and efficient. Adjustment of solvent

composition may become a powerful way to produce SERS tags or nanoprobes in the future.
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A.2 Introduction

Gold nanoparticles (AuNPs) are widely used for surameancedRaman scattering (SERS) based
sensing due to their strong localized surface plasmon resonance (LSPR), low toxicity, atetniong
stability?®l t i s generally accepted that the | argest
gap between two AuNPs as a result of the strong electromagnetic goimpivat regior:  Reproducible
production of SERS "hot spots” is ntnivial and requires that AUNP aggregation be neither too minimal
(leaving too many monomers and a weak digmeor too extensive (resulting in an unstable colloid).
Controlled aggregation as a mechanism to produ
and the use of small organic molecules as nanoparticle linkers has been deemed to beeom®i@ th
efficient ways to bridge nanoparticlgs) For example, Taylor et al. used a cucurbit [n]uril "glte"
produce reproducible and controlled AuNP aggregates with a gap distance of & .9\ggnegation
inducers occupy a portion of the "hot spot” volume and generate peaks in the SERS spectrum. For tr
reason, SERS nanoprobes (defined as an AUNP multimer containing two or more AUNP monomers) al
often produced using a Raman active linker. el others have illustrated that malachite green
isothiocyanate (MGITC),2-aminothiolphenol (2ATP), and 3,Edimercaptobenzoic acidinkers can
produce nanoprobes with intense, but reproducible SERS sfgitdfOne substantial challenge, however,
is that not all desired SERS applications utilize organic molecules that induce aggregation and bridg
nanoparticles.

To date, a number afanoparticles for SERS based determination of pH have been reported in the
literature® %22 The pH sensing capacity of these nanoparticles is generally realized via surface
functionalization of the particle with a pH sensitive molecule whose SERS spectrum changes as a functic
of pH. For example, -aminothiolphenol, z2aminothiolphenol, @&aamine5-mercaptel,2,4triazole, and 4
mercaptobenzoic acid{MBA) are often employed due to the pH sensitivity of the SERS band of the amine
or carboxyl groups of these molecules. Amongst theMBA exhibits a broad pH sensitive range, simple

structure, higphotochemical stability, and thiol mediated AuNP surface affrfi&y2°> Arguably the most
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common way tosynthesize 4MBA-AuUNPs is to dilute a concentratedMBA ethanol solution in an
agueous AuNP suspensitié* 26 Unfortunately, 4MBA does not effectively induce AuNP aggregation
and thus the SERS probes produced by this approach exhibit a weak and irreproducible signal. Lawson
al. improved probe reproducibility and signal intensity by utilizingdrbercaptobenzoic acid as both the
pH indicator and aggregation induéddowever, the three step organic reaction required for the systhes
of 3,5dimercaptobenzoic acid is mechanistically challenging and thus not feasible for widespread use
While there is substantial interest in the production and potential application of SERS based pH sensor
the syntheses reported to date have geyeredlulted in particles of only transient colloidal stability and
weak signal due to the limited ability for the aforementioned molecules to induce nanoparticle aggregatio
and form stable nanoprobes.

Past studies have shown that AUNPs aggregate moréyrapile presence of ethanol than in water due
to the lower polarity of the alcohdl.We hypothesized that addition of ethanol to an agueous suspension
of AUNPs would reproducibly @nge the solvent properties and thus enable controlled AuNP aggregation.
Such an approach has three potential advantages: 1) Coordinated changes in solvent properties shc
enable control of the aggregation rate such that reproducible aggregates cadumedgboth in the
presence and absence of a SERS active organic molecule; 2) Once stable aggregates are formed, ex
ethanol can be removed by centrifugation; and 3) Because no complicated organic syntheses are requir
this method may be more sustditeaand thus more cosfficient than many extant methods. With this
rationale, we set out to test whether a water:ethansbb@nt system could be used to control AuNP
aggregation and produce AuMRsed SERS nanoprobes.

Through the use of water:etharoa-solvent mixtures we can systematically produce AUNP multimers
of controlled sizeKigureA.1). Multimers of size appropriate for SERS were formed in 50:50 water:ethanol
co-solvent and then following functionalization with a protectivePESG layer a highly stable SERS pH
probe was pyduced. Compared with previously used BSA and silica coatings, PEG has a long hydrophilic

chain that does not inhibit proton diffusion to the SERS hot gpétsThis pH namprobe illustrates high
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SERS activity, high pH sensitivity, a broad pH sensitive range, and excellent stability in high ionic strengtr
environments. To our knowledge this is the first time thadawents have been used for SERS pH probe
production. Thisapproach can be easily extended to produce numerous types of SERS probes throug

controlled adjustment of esolvent type and concentration.

4-MBA ethanol solution

N

+
AuNP/4-MBA in + + +
AuNP aqueous i water/ethanol -+ +
. Vortex for 1 min
suspension + +
E +
- -
+ + +
+
HS-PEG aqueous solution
AUNP/4-MBAin Vortex for 1 min AuNP/4-MBA/PEG \\ fj f /
water/ethanol aqueous solution -\ <+
~_ + ——
] +
Congetonter P & \{\

Figure A.1. Production of AuUNP/4AVMIBA/PEG nanosensor.

A.3 Experimental Section

A.3.1 Materials

Gold chloride trihydrate (HAuGl 3@, sodium citrate tribasic dihydrate @Cai t r aQ),e4 2 H
Mercaptobenzoic acid {MIBA), and phosphate buffer (PB) solution were purchased from Sigdrech.
Thiolated poly(ethylene glycol) (HBEG; 5kD) was purchased from Nanocs. Anhydrous ethanol was

purchased from Fisher Scientific.
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A.3.2 AuUNP Synthesis

AuNPs were synthesized using the seeztliated approach. Briefly, 13 nm gold nanoparticle seeds were
synthesized according to Frefif\asCitrate 2,@ (final concentration 3.88 mM) was added to 100 mL of
boiling 1 mM HAuCkL 3:® under vigorous mixing conditions. The reaction was allowed to run until the
solution color changed to wine raddicating completion. During seed synthesis the pH was controlled at
6.2-6.5 to improve their monodispersiyFollowing seed synthesis, 35 nm AuNPs were synthesized by
seedmediated growtd® A 250 mL flask containing 100 mL of HAug!| 3:® solution (0.254 mM) was
heated to boiunder vigorous stirring. To this flask was added 2.02 mL seed suspension and 0.44 mL
NasCitrate 2@l (final concentration 0.17 mM). After a 40 min reaction time the flask was cooled to room

temperature.

A.3.3 AuNP Aggregation in Water:Ethanol €3plvent

AuNPs sispended in water:ethanol mixtures of varying ethanol content were prepared by adding 0.5 ml
of a water:ethanol mixture (ethanol conterit@%) to 0.5 mL of aqueous AuNP suspension. The mixture
was then vortexed for 1 mito ensure complete mixing of tr@mponents. The kinetics of AuNP
aggregation in the water:ethanol mixtures were investigated by monitoring the variation in-MSUV
extinction spectra and the DLS determined hydrodynamic diameter over a two day p&tBéa-AuNPs
in water:ethanol cedvent were prepared by adding0.5mivlBA i n et hanol (100 ¢
aqueous suspension. We emphasize that-MBA solution and the AuNP suspension were mixed ata 1:1
volumetric ratio. Equal volume mixing of the two components results in noon@¢eneous adsorption of
4-MBA and more highly controlled AuNP aggregatidnThe aggregation kinetics of -MBA
functionalized AuNPs in water:ethanol-solvent were investigated by both VXIS extinction spectra
and DLS. SERS spectra ofMBA-AuNPs in solutions with different ethanol contents were collected at
100 min after the mixing of 0.5 mL AuNP suspensions and 0.5MiBA solutions with ethanol contents

12.5100%.
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A.3.4 Production of Colloidally Stable SERS pH Probes

The procedure for production of our SERS probe is showsigare A.1. First, 0.5 mL
MBA in ethanol was added to 0.5 mL of aqueous AwdBpension and then fully mixed by vortexing.
After 10, 55, 100, -PErG 1a4gu emiurs, sbbdQutaglonof( 5B® ¢l
The suspension was kept for 20 min at room temperature and subsequently washed by centrifugation 3
removeexcess MBA, HS-PEG, and ethanol. Following centrifugation, the supernatant was discarded and

the sediment was redispersed in 1 mL water.

A.3.5 Evaluation of the Sensitivity and Stability of the pH Probe

To evaluate the pH sensitivity of our probe, 1 mL ofgrevas added to 1 mL of PB solution (20 mM)
with different pH. The pHs of the mixtures were also measured by a commercial pH meter (Accumet AB1°¢
plus, Fisher Scientific) and their corresponding SERS spectra were recorded. A pH calibration curve wa
producel by plotting the change in the SERS spectra versus pH. To evaluate the colloidal stability of the
probe, 1 mL probe was added to 1 mL PB solution (20 mM) and variations in DLS determined
hydrodynamic diameter, UVIS extinction spectra, and pH indicatalues were monitored for one hour.
To further test the capacity of the probe (200
(Fanta orange and club soda) and tap water. SERS spectra were acquired and the derived pH values w

compared wh those measured by the commercial pH meter.

A.3.6 Intracellular pH Monitoring
A human prostate cancer cell line,80Cwvas cultured inA2K Medium (Kaighn's Modification of Ham's
F-12 Medium) (ATCC) supplemented with 10% fetal calf serum and 1% peniciiptetnycin. Cells
were grown to confluence in an incubator at 37 °C with 5% @©r to harvesting using trypsin/EDTA.
A cell concentration of 2.4 x f@ells/mL was then seeded into avéll plate (volume of cell medium).
Cells were then incubated overhign an incubator at 37 °C with 5% @@ ach well was then inoculated
with 20 ul of nanoprobes and left in the incubator overnight. After approximately 24 hours the cells were

washed three times with PBS before being imaged.
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A.3.7 Instrumentation

Pristine AINP size 85+1 nm, n=40was measured by fieldmission scanning electron microscopy
(FESEM, LEO (Zeiss) 1550) and transmission electron microscopy (TEM, JEOL14BG) with the
assistance of Image FiQure A.2). Pristine AuNP size (39 nm) was also measured by dynamic light
scattering (DLS, Nano Zetasizer, Malvern). The LSPR of the AuNPs as well as AuNP aggregates wa
characterized by UWIS spectroscop (Cary 5000, Agilent). Raman spectra were acquired by a Raman
spectrometer (Alpha500R, WITec) with a 10x objective and 0.5 s integration time. The 785 nm laser ligh
was dispersed by a 300 gr/mm grating and detected by a Peltier CCD. Each Raman specitech r
(unl ess noted otherwise) was an average of 400
map. The cells were directly imaged in then&ll plate using a 785nm laser, 50x objective and a 0.05

second integration time.

A.3.8 SERS Data Prassing

The SERS data for the calibration curve and cell experiments was imported into MAT0ABb (The
Mathworks, USA). The spectra were first baseline corrected using an asymmetric least squar&stiting,
intensities of the peaks of interest (1084¢m410 cmt and 1710 cm) were tracked and ultimately ratios
between the pH insensitive and pH sensitive peaks were plotted. A calibration curve with a Boltzmann fi
was established using Origin 8.0 to describe the relationship between the pH and SERS peak ratios. T
pH wasthen calculated at each of the points in the SERS maps and a visual representation was renderec

Matlab. The data from all the cell experiments was further compiled and analyzed in Matlab.
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Figure A.2. A) Scanning electron microscopy image of the pristine AUNPs spin coated on a silicon wafer;
Transmission electron microscopy images of pristine AuUNP monomer (B), andcéE€sl AuNP
aggregates (C&D).

A.4 Results and Discussion

A.4.1 Controlled AuNP Aggregation iwater:Ethanol Ce&solvent

AuNPs synthesized by sodium citrate reduction are stable in the absence of salt due to the negative cha
imparted by surface associated citrate and its degradation préddt&thanol, however, is known to
induce AuNP aggregation due to dipdlipole attractive interactiorté.Herein, we observed that changes
in the ethanol c@olvent concentration greathffected AUNP size and colloidal stability. For ethanal co
solvent concentrations ofZ6% the hydrodynamic diameter proportionally increased with the ethanol
content Figure A.3). AUNP multimers produced in water:ethanol cosolvent mixtures below 50:50 were
stable over a two day period, while those produced at a 50:50 water:ethanol ratio exhibited more extensit
aggregation. Because aggregate formaiioe vi t al ly i mportant for A h
nanoprobe production, we focused on the 50:50 water:ethanol mixture (referred to as a water:ethanol c

solvent hereafter).
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Figure A.3. Size of AuNPdglispersed in water/ethanol mixture with different ethanol content; Inset figure
shows the linear relationship between AuNP size and the ethanol content when it is below 25%.

An immediate increase in the AuNP hydrodynamic diameter from 39 to 150 nm waseobge
water:.ethanol caolvent, while no change was observed in water albigrie A.4A). In co-solvent, the
AuUNP hydrodynamic diameténcreased siwly from 150 to 188 nm during the first hour. After two days
the AuNP size ultimately reached 236 nm and the colloid was colloidally staple€A.3 and inset of
Figure A.4A). We attribute the rapid AuUNP aggregation in water:ethanedotvent to the systematic
variation of the solvent dielaat constant. As shown iBquationA-1, the electrostatic repulsive force
(Veled supporting AuNP stabilitis proportional to the solvent dielectric constémihen other parameters
(Gi is the surface potentidi,is the gap between two particles, &id the inverse of Debye length) remain
constanf* Addition of ethanol {)= 24.4) to water ()= 80.1) leads to a smaller dielectric constant in co

solvent than in water alone, which in turn decreases the electrostatic repulsive force between AuNPs.

Velec:2p a zl{n(l -'e_kh) EquationA-l

93



4-MBA functionalized AuNP<sexhibited completely different aggregation kinetics compared with the
pristine AUNPs. The-MBA-AuNP hydrodynamic diameter slightly decreased in the initial ~40 min and
then increased from 40 to 180 min, thus indicating that aggregation is minimal fosthel0 min and
then proceeded more rapidly until the colloids were no longer colloidally stable. Control suspensions o

AuNPs and 4MMBA-AuNPs in DI water exhibited no sign of aggregatibig(ireA.4A).
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Figure A.4. A) Temporal variation of the DLS determined hydrodynamic diameter of AuNPs dispersed in water
and 50:50 water:ethanol in the presence alpsence of MBA; Inset photos are of AuNPs in water and 50:50
water:ethanol after two days; B) Temporal variation in the extinction of the primary LSPR band for AUNPs dispersec
in water and 50:50 water:ethanol in the presence and abseneBIBAAC) Extinction spectra of AUNPs in
water:ethanol as a function of time, and D) Extinction spectra of AUNPs in water:ethdiB#4s a function of

time.

UV-VIS spectroscopy results are consistent with the DLS data. The extinction spectra of AuNPs ir
water:.ethanoto-solvent exhibited a primary LSPR band at 535 nm and a secondary LSPR band at ~65(
nm, thus indicating AUNP aggregatiofidure A.4C). As time increased from 0 to 60 min, the primary
LSPR band gradually decreased in magnitude, while the secondary band simultaneously irkigeased (
A.4C). To quantitatively illustrate this change we plot the height variation of the primary LSPR band as &

function of time inFigure A.4B. This figure demonstrates that AUNP aggregation in water:ethanol co
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solvent occurs rapidly at the beginning and then occurs more slowly, thus resulting in {tegrostability
of the suspension.

Similar to the DLS results, the extinction spectra-dBA -AuNPs in water:ethanol esolvent exhibited
different timedependent variation relative to pristine AUNPgy(reA.4B&D). Over the first 40 min, the
spectra remained almost constant, thus indicating no obvious aggregation. Following this short delay, tf
LSPR band at 535 nm decreased at a rate comparable to the increase in the intensitpdfath@Sfanm
until 2 h. After 2 h, the bands at 535 nm and 650 nm decreased, while a third band at 750 nm develope
Unlike pristine AuNPs, the-MBA-AuNPs in water:ethanol esolvent were initially stable and then once
aggregation was initiated it procestuntil the colloidal stability was completely lost by 12 h (data not
shown).We attribute the delay in aggregation to the increase in solvent dielectric constant that occurs du
to addition of a high concentration ofMBA ( 100 & M) , w h in @arhincliease iVeldcr n
(EquationA-1). At extended reaction times increasingly larger amounts\BA have adsorbed onto the
AuNPs and this leads to a decrease in the local dielectric followed by the onset of aggregation. Suc
speculation is supported by the fact that no delay in the onset of aggregation was observed when the
MBA concentration was decreased by 10x, 100x, or 1000x%, thus suggesting thal Bdvebncentrations
are insufficient to change the local dielectRareA.5). For low 4MBA concentrations, the initial AUNP
size is highly dynamic because of rapid initial aggregation (data not shown). Becausdalayhie the
onset of aggregation that occurs in the presence of higlBA concentrations, the point at which

aggregation is initiated can be easily pinpointed and the entire aggregation process can be well controlle
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Figure A.5. Size of 4MBA coated AuNPs in water and water:ethanolsotvent with different MMBA
concentrations; Insets are photos of MBA coated AuNPs in water and water.ethaoiverd with
different 4MBA. All the results are a@ime = 0 h.

The extinction spectra of the AUNPs antMBA -AuNPs in water remain stable over a thheeir period
(Figure A.6), thus demonstrating the important role of ethanol to accelerate aggregation. The role of 4
MBA in AuNP aggregation in water:ethanol-solvent can thus be concluded: 1) to stabilize theicbih
the first 40 min due to the increase in solvent dielectric constant; 2) to promote aggregation after 40 mi
due to the decreased stabilizing capacity -0fIBA relative to the citrate AuUNP surface coating. The

synergistic interplay between the ethbanad 4MBA concentrations in dictating AUNP aggregation enables

reproducible and stable pH probe production, as shown in the following sections.
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Figure A.6. Extinction spectra of AUNPs addVIBA coated AuNPs in water as a function of time.

A.4.2 SERS of 4AMBA-AuNPs in Water:Ethanol G8olvent

The variation in the SERS spectra foMBA -AuNPs in water:ethanol esolvent was monitored every
6 min for 3 h FigureA.7). At t=0, only the ethanol spectrum was apparent with a prominent band at 886
cml. The intensity of this band remained constant over the 3 h reaction period because o #tadixel
content. With time, the characteristic bands-01BA (528, 698, 1084, 1286, and 1597 {nappeared and
increased in magnitude from 0 to 168 mifiglre A.7A). In comparison, the Raman bands af1BA -
AuNPs in water alone were approximately 260x weaker than in water:ethasolvent. Such a result
highlights the importance of producing multimers containing "hot spots" to achieve an int®Ssi§ial
and succinctly illustrates the important role that ethanol plays in AUNP aggregation and in the generatio

of a strong 4AMBA SERS signal.
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Figure A.7. A) Selected SERS spectra 6MBA -AuNPs inwater and water:ethanol mixture over three hours; B)
SERS intensity variation of band at 1084"cas a function of time; C) SERS spectra éfIBA-AuNPs after PEG
coating at different times; D) UVIS extinction spectra of-4IBA-AuNPs coated with HPEG atdifferent times

as well as without the HBEG coating; Inset is the photo of (1) AUNP monomer colloid,{@BM -AuNPs without
HS-PEG coating after centrifugation; and (SWMBA -AuNPs with HSPEG coating after centrifugation.

To quantitatively show thertiedependent variation in SERS signal, the intensities of the Raman band
at 1084 crrt for 4-MBA-AuNPs in water and in water:ethanolsolvent were comparedigure A.7B).
In water:ethanol cgolvent, the SERS intensity was constant for the initial 40 min, a period that corresponds
to the aggregation delay depictedrigure A.4A&B. This result demonstrates that AUNP aggregation is
crucial for the generation of a strong SERS signal. Between 40 and 160 min, the SERS intensity increas
steadily, due to enhanced cougjibetween the developing LSPR band in the NIR region and the 785 nm
incident laser wavelengtlrigureA.4D).'? Between 160 and 180 min the SERS intensity plateaued, a result
that may be due to the depletion of sufficient numbers of AUNP masaméeed the growing multimer

population FigureA.7B). We note that all the-MIBA Raman bands varied simultaneously with a change
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in aggregation ste, thus indicating aggregation state had no influence on the peak ratios, a result that i
consistent with the literaturé.

SERS spectra of-MBA-AuNPs in solutions with different ethanol contents were also collected. As
shown inFigureA.8, the SERS signal generally decreased with the decrease of ethanol content, which wa
attributed to the ineffective aggregation of AUNPs in solutions with lower ethanol contents. There is &
substantial SERS signal enhancement when ethanol content inchease2550%. This indicates the
ethanol content threshold that could effectively induced AuNP aggregation lies in betw&@¥b 2Avhich
is supported by the results Figure A.3. Overall, these results suggested that the change of solution
dielectric constant induced by ethanol can be effectively applied to control AUNP aggregation and thu

enhance their SERS signal.

4-MBA —_—56.25%

—12.5%
—25%
—50%

3

L

=

n

C

)]

-—

cC

- S .

T T T T 1
300 600 900 1200 1500 1800

Raman shift (cm™)

Figure A.8. SERS spectra of-MBA coated AuNPs in solutions with different ethanol contents.

A.4.3 Production of Colloidally Stable SERS pH Probe

Uncontrolled aggregation and flocculation limit the broad application and use of mostooir ety
described SERS pH prob¥s!” 24 A stable pH probe with broad pH sensitivity is desired to erdanc
reproducibility and enable real world applications.-PISG is recognized for its capacity to sterically

stabilize AUNPs and thus we used it as a means to stabilize our nandpieespecifically investigated
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the addition of HSPEG to arrest nanoprobe aggregation. AccordinglyPES was added to aliquots of
the reacting system depictedrigureA.7B at the times denoted by the black arrows (10, 55, 100, and 140
min). Each of these times corresponds to a different extent of aggregationsmdribble SERS intensity.
Two days after adding HBEG, the 4VIBA-AuNP extinction spectra remained virtually unchanged, thus

indicating that HSPEG can effectively quench the aggregation of tMBA-AuNPs in water:ethanol

(FigureA.9).
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Figure A.9. UV-VIS extinction spectra of-MBA coated AuNPs in water/ethanol-solvent 0 h and 48 h
after addingHS-PEG.

After addition of HSPEG, the nanoprobes were washed by centrifugation three times to remove exces:
4-MBA, HS-PEG, and ethanol. Following each centrifugation, the supernatant was discarded and the solic
were redispersed in water. Assuming ea®BA molecule occupies a 0.2 Rmrea on the AuNP surface,
the maximum number of-MIBA molecules each AuNP can hold is 24,600Jnder our synthesis
conditions the concentration ofMBA exceeded 300,000 molecules per AuNP and thus the AuNP surface
shouldbe saturated by-MBA. The added amount of HBEG was of similar concentration to that ef 4

MBA and there was some concern thatPISG could replace-MBA on the AuNP surface and thus lower
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the SERS intensity. However, as showrrigureA.10, the addition of HS?EG had no detrimental effect

on the measured SERS intensity. This result suggests th&E&Seither does not replace surface
associated #MBA or does so onlyonthepprh er y of t he AUNP clusters
responsible for the intense SERS signal. Of these two hypotheses, the latter is supported by SEM imac
that illustrate 4AVIBA-AUNP clusters consistently wrapped by a ~5.6 nm thick PEG layer (andisick
consistent with the 5k molecular weigfit but with interparticle junctions of only a few angstroms that are
consistent with the expected spacing for SERS "hot spéiigtireA.1). These results are corroborated by

TEM images that show small AuNP clusters with PEG coatiRiggi(e A.2C&D).
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Figure A.10. SERS spectra of AUNP/MBA in water:ethanotsimvent and AUNPMMBA/PEG in water
at 100 min.

The absence of a peak at 886cim the spectra for the washed probEgre A.7C) indicates that a
majority of the ethanol initially present in the system was removed by centrifugation. We note that it is
highly advantageous that the reagent used to induce AuNP aggregati be easily removed following
probe synthesis since it then does not occupy the SERS "hot spot" volume. The SERS intensity increas
almost linearly with the coating time (InsetfagureA.7C), which is consistent with the trend observed in

the absence of the HBEG coatingigureA.7B).
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UV-VIS extinction spectra of HPEG coated MBA-AuNPs after centrifugation are shownRigure
A.7D. With an increase in the HBEG coating time, the IERR band at 535 nm gradually decreased while
the band in the NIR region gradually increased, leading to the increase in SERS inkegsig/A.7C).

As a negative control -#MBA-AuNPs without HSPEG were also washed by centrifugation. After washing,
the extinction spectrum became almost flggreA.7D) and the colloid color significantly faded (Inset

of FigureA.7D), thus indicating that most of theMBA -AuNPs were lost by the irreversible formation of
large aggregates during centrifugation. As a comparison, the colloid withREBS0ating showed da
purple color (Inset oFigure A.7D), highlighting the important role of HBEG for colloid stability. An
ideal pH probe should be able to genetath SERS intensity as well as stay suspended in water for an
extended period of time (i.e., the aggregates cannot be too large). Balancing these two asjikts, 4

AuNPs coated with HPEG at 100 min were selected as the best pH probe and further tested.

A.4.4 pH Nanoprobe Sensitivity and Stability

The pH sensitivity of our nanoprobe was tested in phosphate buffer (PB) solutions of different pH. As
shown inFigure A.11A, the SERS spectra varied with pH. The bands at 1410@) and 1710 cm (-
COOH) increased or decreased in intensity, respectively, as well as slightly shifted with an increase
solution pH, while the Raman band at 1084dfinenzene ringjemained constant. This result indicates
that the protective PEG layer is permeable t@itl does not detrimentally affect the pH sensitivity of the
probe.We note that this probe exhibits high SERSnstty at both extremely acidic (pH=1.2) and basic
(pH=12.6) conditions. These high ionic strength conditions normally result in colloidal instability, thus the

high signal intensities demonstrate the excellent stability conferred by the PEG corfimgA.12).
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Figure A.12 SERS spectra of probe at pH=1.2 and 12.6.

Ratios of each of the pBensitive peaks (1410 c¢hor 1710 cmt) relative to the pHnsensitive peak
(1084 cm') were plotted as a function of pH from 1 to E3glureA.11B). In the acidic pH range of-@
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and the basic range of -IIB, the intensity ratios {d1d110saand k71d11084) increase or decrease minimally,
while in the6-11 pH range, the ratios change much more dramatically, thus indicating that this is the mos
sensitive pH range for this probe. The pH calibration curves could be perfectly fitted using the Boltzmanr
expressionKigureA.11B) that has been previously applied to fit sigmoid shaped pH ceiiidm linear
portion of the curve covers five pH units, a range that is much broadethibse reported in the literature

for other 4MBA based nanoprobegigureA.11D). This result can be attributed to both the high SERS
intensity of ar probes and their unique colloidal stability. We note that the depkedalue (8.75) is
nearly 4 pH units higher than that of bulkMBA (4.79). Such a larg@Ka discrepancy between
nanostructure associateeMBA and its bulk value has been previousiported and can be attributed to
changes in surface topography and electron defistpH measurements obtained with this nanoprobe
are highly reproducible (STD<5% for three parallel measurements) due to their well controlled aggregatio
and stability FigureA.11B).

Most recently, Zheng et al. utilized bovine serum albumin (BSA) to stabilize their pH nanoffrobes.
However, due to the nonspecific mechanism by which BSA associates with the nanoprobes, the resultir
nanoprobes were difficult to reproduce and had limited shelf stability. Importantly, Zheng et al. attributed
the majority of their SERSignal to the presence of small numbers of dimer and trimer AUNP aggregates
that formed following BSA addition. Such a result supports our focus on the systematic production of
colloidally stable AUNP aggregates of fixed size. Wang et al. developedskidittaoated AQNP pH probes
and successfully prevented BSA from contaminating the AgNP suffaeewever, the reverse
microemulsion method utilized for this synthesis is chemitahsive and timeonsuming. Also the silica
shell limited the diffusion of protons to the AgNP surface, making the pH sensitivevenygearrow (pH
3-6). We note that none of the previously reported probes exhibit stability over the broad pH rad8e of 1
that we report here.

A significant advantage of narsized pH probes is their capacity to provide high spatial resolution and

their potential to quantify pH within microenvironments. The laser spot size of a Raman microscopy systen
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limits the resolution that can be achievedab8ERS probe. For our probe and our microscope objective
this spot size i Suaefle slc.r6i beend) iann dt haex il aaki®=(rvadr. t4ilc
usingEquationA-2 andEquationA-3, wher e & is the | aser waveleng
characteristic parameter of an objective. Assuming a cylindrical laser spot, the minimum volume that ca

be detected is 3. This volume is much smaller than that can be detected by commercial pH meter.

a = 06Y EquationA-2
lateral NA q
= 2n EquationA-3
axial (NA)z quatio -
A 1000 em I 1000 ¢gechin RBasuolation comtaips 460opixeiseas showiFigure

A.11C. Using the pH calibration curve igureA.11D, a pH map illustrates the pH value within the 35 fL
volume derived from a single Raman spectrum. As showAigmreA.13, such a single spectrum exhibits

an excellent signal/noise ratio. Because the concentration of AUNPs used in this study is known'{1.3 x 10
mL?1) each detection volume contained on average 2.3 NPs. This result tratesnthat each multimer
exhibits extremely high SERS intensity. When all 400 pH values from the Raman map were plotted (inse
to FigureA.11C), an etremely flat line was obtained. The small standard deviation (STD = 0.065 pH units)
demonstrated the high pixtd-pixel reproducibility of the SERS spectra. The pH sensitivity of our probe

is defined as three fold of the STBi.e., about 0.2 pH units.
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Figure A.13. Single Raman spectrum from a random selected pixel in the Raman map.

Probe stability is important for real world application of Aubi#&sed pHorobes. The HFEG coating
is expected to prevent AUNP aggregation and nonspecific chemical adsorption on the AuNP probes, thi
improving both the spatial and temporal reproducibility of the probe response. To evaluate their stability
the probes were suspded in PB solution (0.01M) and the variation of their extinction spectra, size, and
pH indicator values (kidli0saand h71dl1084 were monitored for one hour. As showrFigureA.14A-C,
the extinction spectra, hydrodynamic diameter, and pH indicator values each remained constant during o
hour thus indicating that the probes were highly stable in pH buffer. In additestability of the probe
was tested in two soft drinks (Fanta orange and club soda) and tap water. As shauneA.14D, the
pH values measuredy our pH probe are consistent with those measured by a commercial pH meter.
Impressively, the probes generated high quality and reproducible SERS spectra in each of these matric
thus indicating that they were very stable in these complex matricebatritlé¢ other constituents present

exhibited no interferences to probe respofsgufeA.15).
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Figure A.14. A) Variations of the UWVIS extinction spectra, B) pH indicator values, and C) hydrodynamic
diameter of the pH probe in 0.01 M PB solution as a function of time; D) pH values of three real water sample:
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Figure A.15 SERS spectra of our pH probe suspended in Fanta, club soda, and tap water.
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A.4.5 Intracellular pH Monitoring

As a proofof-concept, we utilized our pH prabéo detect the intracellular pH of the clinically relevant
PGC-3 human prostate cancer cell line. Nanoparticle uptake by &4ls has been demonstrated numerous
times in the literatur® with endocytosis, a broad term encompassing many distinct pathways, considered
the predominant method of AuNP uptdhe? Briefly, our pH probes were incubated with B&ells for
24 hours, washed, and then imaged using Raman spectroscopy. As shagure\.16A, the sizes and
shapes of the cancer cells were heterogeneous, as expected for an adhdientrcaibated for nearly
two days®® The most prominent-MBA Raman band (1084 ck was used to identify the internalized
nanoprobe locations and as showrFigure A.16B, the probe position was docated with that of the
cancer cells. Intracellular localization of the nanoprobes was verified by depth sc&igimgA.17). The
nearly wuniform SERS intensity within the cell,
located inside the cell and not on the cell surface. These results demonstithte ¢hacer cells can easily

take up the pH sensitive PEASMBA -AuNP probes described herein and can be readily imaged.
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Figure A.16. A) Optical 10X image of PC3 cancer cells; B) SERS map of Figure A lmasidensity of the 1084

1 cm peak; C) pH map rendered in MATLAB of Fig A derived from the signal of Fig B. D) Optical 50X image of
PC3 cancer cells with black line indicating position of YZ plane; Ejdpth pH map indicated by the black line in
Fig D and F) Summary of pH distribution for single maps and depth scans.
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Figure A.17. A) Optical image of prostate cancer cell and BY ¥ross section Raman scan (marked by
the red line) of the cancer cell.

To determine the intracellular pH of the cancer cells in rapid and automated fashion, the collected SER
maps were imported into Matlab and baseline corrected and analyzed dsgéscripts. At each point
in every SERS map, the ratio between the pH isiiga peak (1084 cif) and the pH sensitive peak (1410
cml) was determined. Using a calibration curve established in cell culture rreglieeA.18), the pH was
calculated at each point and then rendered into a XY thigoire A.16C). The SERS spectrum of the
internalized pH probes includes theMBA Raman bands with good sigralnoise ratio with no
interference from either the cell or the culture medium, thus indicating the excellent stability and protectior
capability of the PEG layer. A typical SERS spectrum is shoviAigare A.19. Ultimately, 19 unique pH
maps were collected. The intracellular pH range calculated over the whole santptpusefy.16F, agrees
with the intracellular pH range reported in the literature of pH 4924 25 Additionally, fourteerdepth
scans, YZ cross sections, were collected and demonstrate thdithesesional spatial consistency of our
probes FigureA.16D&E). Again, for boh single maps and depth scans across the dakgetdA.16F)
more than 95% of the pH points fall between pH &1d 99% of the points fall withinehexpected range

for intracellular pH.
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Figure A.18. pH calibration curves for pH probes in cell media (black squares) and in buffer (red circles).
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Figure A.19. SERS spectrum of the pH probe inside the cancer cell.

We found it necessary to develop a pH calibration curve in cell culture media. As shéigargnA.18,
there is a substantial difference in both the shape of the calibration curve and pH sensitive range in ce
culture media relative to PB. We attribute this fact to the presence of pratedines ¢ulture media as we
observed a similar phenomenon in milk (data not shown). To our knowledge the observation that pt
nanoprobes should be calibrated in culture media has not been addressed in a majority of the prior stud
detailing their developménIn Figure A.20 we compare internal cell pH values measured using a

calibration curve obtained in cell culture media relative to PB media alondadihef consideration of
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this effect may be partially responsible for many of the extant reports of low pH zones in cells mappec

using nanoprobes.
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Figure A.20. Comparison of the pH calculated for a given cell with the two different calibration curves.

Compared to previously reported intracellular pH probes, our probe exhibits several advantages: 1) tt
Raman spectrum exhibits higher sigt@hoise ratio thanhiose produced by uncontrolled aggregation
(FigureA.7A, FigureA.19)'" 2% due to our use of esolvents to control the extent of aggregation. 2) The
SERS spectra collected from probes internalized by PC3 cells only contain Raman bant4Bfar 4
(FigureA.19) because the PEG protective layer prevents cellular components from reaching the surface. |
contrast, many reported probes that do not have a protective layer exhibit potentially interferent Rama
bands due to the bioneaiules inside the cell§.3) This paper demonstrates clear evidence that the probes
are internalized by the PC3 cells by providing@cated optical and SERS images and is the firstasgmt
depth scansHjgureA.16 & FigureA.17), while none of extent literature provides this informafiof?: 24
26 As a comparison, in a recently published papaviBA-coated AuNPs without controlled aggregation

and PEG protection were applied for detecting pH in EA.By&8lIs?* Due to lacking in SERS signal
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optimization through controlled aggregation and stgbthirough PEG protection, the probes exhibited
much lower signato-noise ratio in cells compared to ours. SERS maps exhibited the tendency of the probe:
to locate in several limited areas inside the cells and reported several abnormally high pH Vadhes, w
could be attributed to the severe aggregation of the unprotected probes and interferences from tl

biomolecules inside the cells or the culture media.

A.5 Conclusions

Herein we have described a novel, highly reproducible approach to control AUNP aggregaiy
water:.ethanol csolvent and 4AMBA mixtures. By using this approach, and by coating the resulting
multimers with PEG to provide steric stability we were able to produce highly stable pH nanoprobes.
Because of their colloidal stability these naruy@s exhibit a broader pH sensitive range -dfléthan
existing pH nanoprobes described in the literature. An individual dimer within a 3.5 fL volume generates
high SERS intensity, which is ideal for detecting pH changes within microenvironments. Tcepgroad
of concept, we utilized the pH nanoprobes to detect the intracellular pH-8fda@cer cells. Using a
Raman mapping approach and data processing we establish the¢lhtia pH is highly consistent across
multiple cells and we have producee thost robust database of intracellular pH obtained by SERS to date.
Because the protective PEG layer can be replaced with bifunctional PEG (i.e., both thiol and carbox
terminated) our nanoprobes can be further functionalized to provide multiplex seapangty. In our
ongoing studies we seek to utilize this capacity to measure not only pH, but also to detect and quanti

cells.
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Appendix BAerosol Droplets Exhibit a Stable pH Gradient

(This chapt er RrxeedinggoéNationabAcademic ofiSnienges

B.1 Abstract

Suspended aqueous aerosol droplets (&) are micrereactors for many important atmospheric
reactions. In droplets, and other aquatic environments, pH is arguably the key parameter dictating chemist
and biology. The dynamic nature of the droplet air/water interface has the potentiaiftocasitip alter
droplet pH relative to bulk water values. Historically, it has been challenging to measure the pH of
individual droplets due to their inaccessibility to conventional pH probes. In this study, we scanned droplet
containing 4mercaptobenzoiacid (4MBA) functionalized gold nanoparticle (AuNP) pH nanoprobes by
2D and 3D laser confocal Raman microscopy. Using sudabanced Raman scattering (SERS), we
acquired the pH distribution inside individual aerosol droplets for the first time and tbahthe pH in
the core of a droplet is higher than that of bulk water by up to 3.6 pH units. This finding suggests the
accumulation of protons at the air/water interface and is thus consistent with recent thermodynamic mod
results. The existence ofishshift in pH was corroborated by the observation that a catalytic reaction that
only occurs under basic conditions (i.e., dimercaptoazobenzene (DMAB) formation from 4
aminothiophenol (4ATP)) occurs within the high pH core of a droplet, but not in bualkitgon. Our
nanoparticlederived pH probe strategy enabled quantification of the pH gradient through theectien

of an aerosol droplet and has important implications forbagk catalyzed atmospheric chemistry.

B.2 Introduction

At high relative humidy (RH), aerosols containing liquid water are ubiquitous and have a profound
influence on local, regional, and global atmospheric procégdes: example, aerosol droplets in clouds
influence the global radiation budget ahd hydrological cycle, which have uncertain feedbacks linked to

factors driving climate chande® At both local and global scale, sea spray and anthropogenic aerosols
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impact coastal and inland communities as well as climate through éipeicity to absorb and scatter solar
radiation and their role in cloud formatiéh!! while anthropogenic aerosols contribute to air quality
problems in urban areas across the wttld.

To quantify the impacts of these aerosols, we need to characterize their physical and chemical propertie
to understand how they influende situ aerosol chemical reactions. In particular, the formation of
organosulfates, acetals, esters/amides and other compatfeds secondary organic aerosol (SOA)
productiont>!® pH is arguably the key parameter defining droplet chemistry because of its central role
dictating chemical speciation and reactivity® pH is known to affect reactive uptake of atmospheric gases,
phase separation, and indirectly surface tenSiéhiNonethelesst is analytically challenging to measure
the pH of individual aerosols due to the current dearth of tools that can detect pH within the confined
micron-scale droplet environmeft.

It is well known that water at the awater interface exhibits different structure and hydrogen bond
dynamics relative to bulk water and that these differences affect thef ¢ mearsurface regios?
Unfortunately, it is both experimentally and theoretically challenging to probe the air/water interface, anc
even more so the acidity of that interf&e&lectrophoretic mobility measurements of oil droplets and air
bubbles in water indicate that this interface is negatively charged. The simplest explanation for thi:
observation is theccumulation of hydroxide (OMHat the interface and the electrostatic repulsion of
hydronium (HO"). This conceptual model, however, is inconsistent with surface sensitive experimental
techniques such agcond harmonic generation (SHG) and $teguencygeneration (SFG) that indicate
that the interface is 40" enrichec?® Molecular dynamic¥ and continuum solvent mod&isimulations
further support the argument that®i has greater affinity forhie air/water interface than does Gid
that the water surface of aerosol droplet is expected to be Fcfic.

Currently, aerosol pH values are typically calculated using thermodynamic models, suéhivbsuid
ISORROPIAII,1" 182930 that assume equilibrium between dissd inorganic ions in the aqueous aerosol

environment. However, these equilibrium models require measurement of the concentrations of multipl.
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inorganic ions and the estimation of aerosol water coftdiitey also neglect the impacts of organic ions

as well as particle phase and morphology. Furthermore, because aqueous aerosol particles are inhere
heterogeneous, both internally and externally, there is a significant need to obtain individual aeroleol p
measurements in place of ensemble average or bulk measuréiments.

A number of spectroscopic amacroscopic techniques such as electron microscoggyXmicroscopy,
fluorescence microscopy, singbarticle aerosol mass spectroscopy, and Raman microscopy have the
potential for single particle characterizatidrRaman spectroscopy, in particular, provides the capacity to
differentiate the vibrational states of acids and their conjugate bases undemntazobditions that are not
accessible by other techniques. Recently, Rindelaub et al. used Raman spectroscopy to determine the
of aerosol particles by tracking the ratio of the Raman bands gf &@ HSQ .32 Unfortunately, this
approach was only useful in the highly acidic pH range near the/58l¥ pKa of 2. Recently, surface
enhanced Raman spextcopy (SERS) has been suggested as a means to sensitively probe atmospher
aerosols® 3* SERS is arin situ method that can baesed to probe water matrices, it exhibits extreme
sensitivity>>3” and it provides a highly stable sigrl.

Recently, we and othe®? have shown that SERS provides the capacity to measure pH in confined
aqueous environments. Using a plasmonic natiopmthat has been surface functionalized with a pH
sensitive amine or carboxylic acid it is possible to collect SERS spectra that change as a function of tf
local pH. Solution pH is then determined based upon relative peak heights or changes id ibealtians
of specific vibrational modes. Hereime employed nanesized pH probes to characterize the pH of
individual phosphatéuffered aerosol droplets and found that they exhibited a stable pH gradient across ¢
droplet that often exceeded three pHtsirPhosphorous is an important, yet underappreciated, component
of many aerosol&>* It is also useful as a buffer as, in contrast to ammonium and sulfate, it exhibits
minimal gasparticle partitioning. By combining the spatial resolution of a confocal Raman microscope
with the inherehsensitivity of these probes, we were able to obtain the firsddtmensional (2D) and

threedimensional (3D) characterization of the pH distribution of miesimed aerosol droplets under
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situ conditons. The information acquired by this approachigesvimproved quantification of the pH of

aerosol droplets.
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Figure B.1. Principle for the pH detection of aerosol droplets using pH SERS nanoprobes. A) Schematic:
illustrating SERS probing of aerosttoplets collected on a superhydrophobic PVDF filter and of SERS
pH nanoprobes; B) SERS spectra of pH nanoprobes in bulk phosphate buffer (PB) solutions (0.6 M) th:
were adjusted to different pH values.

B.3 Results

B.3.1Principle of Droplet pH Detection by SERS
Our overall experimental design is illustratedrigureB.1. Aqueous microdroplets (17.4+4.6 um) were
generated from a 0.6 M phosphate buffer (PB) solution containing pH nanoprobes!{Dartiles/mL)
using a commercial atomizer (TSI 3076). Pragthdroplets were collected on a superhydrophobic surface
prepared by drogoating polydimethylsiloxantreated silica nanoparticles onto a 0.22 um polyvinylidene
difluoride (PVDF) filter FigureB.1A). The filter with the collected droplets was then placed in a humidity
controlled flow cell. Unless otherwise indicated, all of the experiments were conducted at a RH of 97+0.5%
As shown inFigure B.1A, the pH nanoprobes consist of an AuNP optical antenna, a thiolated
polyethylene glycol (PEG) stabilizing layer, and thmdrcaptobenzoic acid {4IBA) pH indicator?? 4-
MBA is bifunctional, with a thiol group to covalently bind to the AUNP surface and a carboxylate group to
detect changein pH. SERS spectra collected from nanoprobes in bulk solutions of 0.6 M PB with different
initial pH values are shown iRigure B.1B. There are sixharacteristic Raman bands that change in
intensity as the solution pH increases: 1) bands at 72@{qiane ring hydrogen wagging), 850 (COO

bending), and 1410 ¢c(COQO stretching) increase; and 2) bands at 700 (OCO bending), 8CM(@H
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stretching, and 1710 cm (CO stretching) decread&Simultaneously, the band at 1590 t(henzene ring
breathing and axial deformation) shifts to a lower wavenurtitEne other Raman bands in the spectrum
are pHinsensitive, wih the band at 1080 ch{benzene ring breathing and axial deformation) the strongest.
The ratios of the Raman bands at 1710 ¢on1080 cmt (1171d/11080) and 1410 crmito 1080 crit (1141d/11080)

were used to construct pH calibration curves and aredesliribed by the Boltzmann equatidtigure

B.2).
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Figure B.2. pH calibration curves constructed filging the variation of ratiosihidl10soand h71dl10s0as a
function of solution pH in Boltzmann equation.

B.3.2 Collection and Raman Scan of Microdroplets

Following aerosolization, micrometsized aqueous droplets were observed across the filter, indicat
successful droplet generation and collectibigre B.3A). As shown inFigure B.3B, the droplets are
highly spherical owing to the high contact angle of 157.3° imparted by the superhydrophobic substrate
Using | mageld, we calcul at ed aml5adraplets apliected onofipel e t
separately prepared superhydrophobic filtérgreB.3C). Control experiments indicate that the presence
of the pH mnoprobes did not significantly alter the droplet size distributtogu(e B.3C). We note,
however , t hatwernobgnimerated duel@hpaoroontrast against the substrate.

A key consideration foin situ droplet scanning is the stability of a droplet over the course of a

measuremenflo evaluate droplet stability, we monitored droplet diameter as a function of time and as
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shown h FigureB.4 observed that it remained stable over a 44 min period due to our control of RH in the

flow cell. In contrast, droplets scanned under supersaturated RH conditions grew in size over tloé course

an hour FigureB.5). The droplet diameter remained unchanged after an entire Raman scan using a 50

objective FigureB.6), thus indicating a droplet is stable enough for laser confocal Raman interrogation.
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Figure B.3. Generation, collection, arfdaman scan of the aerosol droplets. A) Optical images of a blank
superhydrophobic PVDF filter (top) and aerosol droplets collected on a superhydrophobic PVDF filter
(bottom); B) The optical image of the side view of a droplet that was used to measa aagte; C)

Size distribution of aerosol droplets generated from 1 M PB solution and 0.6 M PB solution + pH
nanoprobes; D) Raman spectra of 1M bulk PB solution, superhydrophobic PVDF filter, and 1M PB aerosc
droplet on a superhydrophobic PVDF filter; @ptical image and Raman map of a droplet generated from

1 M PB solution constructed by tracking the Raman band at 998 EjrRelationship between droplet
diameters measured using Raman maps and optical images.
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Figure B.4. Optical images of one microdroplet taken at different time under well controlled RH of 97%.

Figure B.5. Optical images of one microdroplet taken at different time under oversaturateduRet by
the wet paper in the cell.
Before scan After scan

50x Objective

27.6>M
A

Figure B.6. Optical images of one aerosol droplet under 50x objective (A) before and (B) after laser
interrogation.

Following the successful generation and collectiondafplets, they were individually scanned by

confocal Raman microscopy using collection areas slightly larger than their respective diameters. As show

in Figure B.3D, the normal Raman spectrum of a droplet generated from a PB solution contains Ramat

bands for both PB (411, 539, 998, and 1472)camd the PVDF filter (802, 883, and 1434 tHmA Raman
map made by tracking the intense band at 998 ¢ngPQ:)) is shown irFigureB.3E.*® The area defined
by the Raman signal is illustrated by the circle drawn around it. This circle is comparable to the drople

diameter determined from the optical image (27.0 vs 27.6Rigure B.3E). As shown inFigure B.3F,
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there is a linear relationship between the droplet diameter determined optically and that obtained by Ram:

imaging.

B.3.3The Core pH of a Droplet is Higher Than Bulk pH

In the presence of the pH nanoprobes, the Raman signals arising from either the PB\dDhe
substrates are weak and are overwhelmed by-MBA SERS signaligureB.7). SERS maps of droplets
can however be obtained by tracking the bapzéng breathing and axial deformation mode-dMBA at
1080 cm'.*° As shown irFigureB.8A, the SERS maps of five different droplets exhibited variable patterns
indicating the pH nanoprobes are not agfanmly distributed within each droplet as the phosphate

molecules areRigure B.3E). Such dropleto-droplet variation highlights the necessity ofasering pH

inside individual droplets.

—— Droplet - PB only

Droplet - PB+Nanoprobes
-
3
@
N—r
2
7}
c
Q
=
£

T T T T 1

500 1000 1500 2000 2500 3000

Raman shift (cm™)

Figure B.7. Raman spectra collected from aerosol droplets containing only 1 M PB and 0.6 M PB +
nanoprobes.

We note that the droplet diameter determined from the SitRR@l is consistently smaller than that from
the comparable optical imagésqureB.8B; FigureB.9). These results suggest that the Rte@ted AUNPs
preferentially partition towards the droplet centroid and away from the comparatively hydrophobic
air/water interfacé€® 5! It was recently suggested that polydipyrrolidone (PVP) coated AgNPs
preferentially accumulate at the air/water interfzfd&/e tested this hypothesis by synthesizing RidBted

pH nanoprobes, but determch¢hat these nanoprobes still preferentially partition towards the droplet
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centroid FigureB.10). We are currently working to develop nanoparticle based pH probes that target the

air-water interface.
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Figure B.8. 2D characterization dhe pH inside aerosol droplets. A) Optical images and Raman maps of
droplets generated from 0.6 M PB + pH nanoprobes by trackingM@ARaman band at 1080 ¢imB)

One Raman map of a droplet by tracking thRIBA Raman band at 1080 cinthe dashed cite is the
outline of the droplet; Inset is the optical image of the droplet; The diameter determined by SERS signal |
smaller than that determined by optical image (18.8 vs 23.5 um); C) SERS spectra collected from bul
solution with pH of 7.4 and droplgenerated from that bulk solution; D) pH map of the droplet shown in
Fig. 3B; E) pH at the centroid of 33 different droplets generated from bulk solutions with pH of 7.4; F)
Schematic of the aerosol droplets generated from a bulk solution and the acoufigirotons at
air/water interface in aerosol droplets; G) Variation of interfacial volume to total volume of droplets as a
function of droplet radius.
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Figure B.9. A-C) SERS maps trackingMBA band at D80 cm' of three droplets; BF) Optical images
of the three droplets.

Figure B.10. SERS map and optical image of droplet containing fev&ed pH nanoprobes.

A representative SERS spectrum collected from the center of a droplet is shBigoraB.8C along
with the SERS spectrum for nanoprobes dispersédlinPB. As shown, all seven pH indicators suggest

that the pH at the droplet centroid was much higher than the bulk solution (pH=7.4) from which the drople
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was generated (i.e., the bands at 720, 850, and 1410ncmease in magnitude while the bands at 700,
810, and 1710 crhdecrease in magnitude and the band at 1590gtwits to a lower wavenumber). The
measured SERS signals were converted into pH values using the calibration curve drhigureid.2 to
produce 2D pH maps that reflect the measured pH distribution within the planar region bisecting the drople
(FigureB.8D). Interestingly all of the pixels exhibit pH values higher than the bulk solution pH of 7.4. This
same result was found in similar pH maps collected for 33 individual droplgte€¢B.11). The measured
average pH at the droplet centroid of 33 separate droplets was 11.(02Que B.8E). This value is 3.6

pH units higher than the initial bulk pH. Control experiments in which the probe concentration was variec
by 0.52x (our experimentally accessible range) indicate that thesmned pH was not affected by the

nanoprobe concentratiofigure B.12). In addition, experiments using a range of initial pH values (2.1

10.7) indic#e that the pH at the droplet centroid is always higher than the FiglkréB.13).

11
1
-+

Figure B.11. pH maps of 33 droplets containing 0.6 M PB and pH nanoprobes.
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Figure B.12. pH values at the centroid of droplets containing half and twice probe concentrations. Bulk
m: bulk solution pH measured using commercial pH meter;-Bulbulk solution pH measured using pH

nanoprobes; Droplet 0.5x%: droplet containing half probe conciemir&troplet 2x: droplet containing twice
probe concentration.
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Figure B.13. pH of droplets (in a petri dish without controlling RH) generated from bulk solution with
different pH.

An aerosol droplet shoulzk considered a high surface area object with a substantial portion of its volume
in the near vicinity of the air/water interfadéidureB.8F). The r&io of the interfacial to total volume (Y)

as a function of droplet radius (r) can be mathematically expressed as:

Y =1 -(%)3 EquationB-1
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wherea is the depth relative to the interface. As showRigureB.8G, Y is essentially constant for a droplet
radius between 160 0 00 & m. Ho wervaedi,u swhiesn ftuhret her decr ea:
minimum droplet size studied her&)jncreases exponentially. For example, in a 60 um spherical water
droplet Maropiet= 1.1 x 10 m®) approximately 10% of the total volume is within 1 um of the sexf&or

a 10 um droplet, this percentage increases to 49%.large air/water interfacial volume could lead to a
large number of protons residing at this region, leaving a higher pH zone in the droplet interior. We
investigated the relationship betweenpled diameter and the pH of the centroid and did not find any
correlation FigureB.14). We attribute this fact to the 1) the limited range of dragiketneters (12 5 ¢ m)
investigated; and 2) the uncertainty of the height (Z) for the scans. As shown below, the Z exhibits

significant influence on droplet pH.
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Figure B.14. pH values at the centroid of 8ltoplets as a function of droplet diameter
B.3.43D pH Distribution
2D scans of a microdroplefigureB.8B&D) cannot provide information about the pH of the interfacial
region. This fact arises from two phenomena: 1) the pH nanoprobes preferentially partition towards th

droplet centroid; 2) at the droplet edge the excitation laser is parallel to the aiiftetace and thus
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relatively few photons can be backscattered by the interfacial region and collected by the detector. Th
second limitation can be partially overcome by 3D droplet scanning.

As illustrated schematically iRigureB.15A, we systematically varied the Z height of the objective both
above and below the planar region bisecting the droplet. This approach was first tested by tracking tr
phosphate band at 998 drfor a droplet that did not have nanoprobes added. As shokigureB.16, the
maps get smaller and smaller as the Z heighdg Wmcreased thus demonstrating the feasibility of 3D
scanning of a microdroplet. Subsequently, 3D scans of a droplet containing nanoprobes were collected. ;
the objective moved upward, the optical (Rignrages
B.15B). The SERS maps of the droplet exhibit different patterns due to the Brownian motion of the
nanoprobesKigure B.15C). As shown inFigure B.15E, the pH at the center of each mggnerally
decreased as the objective moved from 0O to 20 ¢
of different dropletsKigureB.17). As the objective moves upward, it gradually approaches the air/water
interface. Therefore, the small portion of nanoprobes residing there make an increasingly large
contribution to the SERS signals that are collected, leading to the lower pH valuessEmston further

supports our speculation that the air/water interface can accumulate protons.
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Figure B.15. 3D characterization of the pH inside aerosol droplets. A) Schematic of the 3D scan of the
droplet. B) Optical images of droplets containing nanoprobes collected by focusing the light beam a

di fferent Z above the middle (0 &m),; C) SERS
focusing the laser beam at different Z above the middee®) ; D) SERS maps of
nanoprobes collected by focusing the | aser bea

pH values at the center of each Raman map as a function of Z.

Figure B.16. Variation of optical images and SERS maps (tracking 998) cullected from the droplet
generated from 1M PB solution as a function of Z.
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