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Figure 2.5A) CN[n] induced AuNP aggregation with a fixed sub nanometer gap; Reprinted with
permission fronR. W. Taylor, R. J. Coulston, F. Biedermann, S. Mahajan, J. dnfzng and O. A.
SchermanNano Lett, 2013, 13, 5985%5990. Copyright 2014 American Chemical Soci®&yFormation

of 1 nm gap between AuNP core and shell linked with a Au hanobfRigeinted with permission from

D. K. Lim, K. S. Jeon, J. H. Hwang, H. Kjr§. Kwon, Y. D. Suh and J. M. Naiat. Nanotechnal.

2011, 6, 452460. Copyright 2014 Nature Publishing Gro@.Chemical structures of three
dithiolcarbamate pesticides. Reproduced fi®nsaute, R. Premasiri, L. Ziegler and R. Narayanan,

Analyst 2012, 137, 5085087. With permission from The Royal Society of Chemistry. Copyright 2014
The Royal Society Of ChEMISTIY . ......ouiiiiiiiiee e e eeer e 25
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with permission from C. H. Lee, L. Tian and S. Singamare@E Appl. Mater. Interface2010, 2,

34293435. Copyright 2014 American Chemical Society. B) A-staape paper with eight fingers were
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and B) calix[4]arene links PAHs and AgNRs.Guerrini, J. V. Gara-Ramos, C. Domingo and S.
SanchezCortes,Anal. Chem 2009, 81, 95360. Copyright 2014 American Chemical Society....... 30
Figure2.8 Schematic for AUNP/GO/Rubpy/GA SERS tag synthesis and its application for monitoring the
photothermal ablation of bacteria. Reprinted with permission from D. Lin, T. Qin, Y. Wang, X. Sun and
L. Chen, ACS Appl. Mater. Interfaces, 2014, 6, 1-:3329. Copright 2014 American Chemical Society.

Figure 3.1 A) BC immersed in 1 mM HAuGAith (right) and without (left) N&Cit for oneweek. B)

AuNP/BC nanocomposites: top row from left to right: AUNP/BQ, AuNP/BG1-1, AUNP/BG1-2;

bottom row from left to right: AUNP/B@-5, AuNP/BG1-10, AuNP/BG1-15. C) AuNP/BC film readily
adheres to glass coverslip, yet can be easily peeled off water is added. D) Raman spectra of BC,
AuNP/ BC, BC+MGI TC, and AuNP/ BC+MGITC (MGITC <co
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Figure 3.4 Experimental evidence for AW@R uptake by BC. A) Initial extinction spectrum of ot

AuUNPs in suspension. B) Extinction spectra of AUNPs in suspension following exposure to BC. After
three exposure cycles there is a measurable LSPR band thus indicating the BC is reaching its sorption
capacity. C) SEM image illustrated the entrainmer&@iPs within the BC matrix. Note that the AUNPs
are not homogeneously distributed within the matrix. D) SERS intensity of MGITC average spectra in
five randomly selected areas of in situ synthesized AUNP/BC and AuNP/BC prepared by sorptien of pre
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Chapter 1 Introduction

Water shortage is identified as one of the major environmental challenge¥der2dry due to

the increasing frequency of droughts due to climate change and the growing water demand
resulting from the rapid increasing world populattdif.o make matters worse, hazardous organic
compounds prese in domestic, industrial wastewater, and agricultural runoffs may end up in
rivers, lakes, and groundwater and make them unsafe drinking water sdutneaddition,
drinking water in distribution systems is vulnerable to heavy metal contamination due to the
corrosion of water supply pipelines (e.g., Flint Incidérit)Rapid and costfficient sensors for

water monitoring are highly desired to protect drinking water safety.

Currently, commonly adopted methods for organic comgowmnalysis include gas
chromatography/mass spectrometry, liquid chromatography/mass spectrometry, and high
performance liquid chromatography/tandem mass spectrofhéirplthough powerful, these
methods require extensive sample pretreatment, tedistiamental parameter optimization, and
well-trained personnel to conduct the analyses. Therefore, the high cost and long time required for
these methods prevent them from application for rapid water pollutant screening. In addition, the
water samples toebanalyzed need to be transported to specialized labs, which further increases
analysis time and uncertainty. For onsite analytical purposes, such as water quality monitoring for
point-of-use devices, it remains challenging to timely and-estiently quantify many organic
pollutants.

Optical approaches, such as fluorescence spectroscopy, Roamgformation infrared
spectroscopy, secostthrmonic generation spectroscopy, Raman spectroscopy etc., are promising

candidates to overcome the disadvgasaof traditional analytical toot$!° First, optical detectors



collect light signals geneted directly/indirectly from the target analytes. For this reason, the
detector does not contact with the water sample, thus making several sample pretreatment steps
(e.g., filtration, dilution, pH adjustment etc.) unnecessary. Second, optical spectseaneteasier

to operate than chromatography/mass spectrometers. Finally, miniaturized and portable optical
spectrometers are available, which can be brought to the water sampling site for onsite
measurement. These advantages collectively suggest optprabapes can be competitive for

rapid, costefficient, and on site water monitoring.

Among all the optical analytical methods, Raman spectroscopy is arguably the most promising
for water monitoring due to its low water band interference, high photostakiliundant
vibrational bond information, and capability for multiplex detectibh® 1’ However, Raman
scattering reflects only 1 in $&mong total scattered photons, making it challenging to fiéedp
for trace chemical detectidfiin 1974 the enhanced Raman scattering cross section dfr@yri
adsorbed on a roughened silver electrode surface was observed and was later described as surface
enhanced Raman spectroscopy (SER$Y.SERS originates from the collective oscillation of
conductive electrons on a plasmonic nanoparticle surface and enhances the Raman scattering
efficiency of organic chemicals by several orders of magnftéfeSince the first reports of single
molecule detection by SERS in 1997, its potential as an ultrasensitive analytical tool has been
extensively examinetf®

Although SERS exhibits great potential, its realrld applications have rarely been reported
mostly due to its poor reproducibility. The e
the shape, size, and alignment pattern of plastmoanostructure€.?® The variation of these
factors may overwhelm the signal variation induced by the changing analyte concentration, making

SERS quantitation challenging. In addition, the low affinity between many organic pollutants and



the plasmonic nanoparticle surface edso limit SERS applicatiorf€3! From the materials side,
one approach to improve SERS quantitation is to make SERS substrates unifdmrgduce
the heterogeneity of fdAhot S¥P*Such approashesrrélypont i o n
expensive nanofabrication methods and are challenging fordagde production. Another viable
approach for improving SERS quantitation is to introduceemital as an internal standard’
Because the internal standard undergoes the same enhancement as the target analyte, normalizing
the analyte Raman signal with the internal standard Raman signal can significantly reduce the
influenced A hot spoto heterogeneity. However, this
as generating interferent Raman bands, occupy.l
universal applicability.

The overarching airof this dissertation wa® improve the quantitative performance of SERS
for environmental analysisSensitivity, reproducibility, and affinity are three aspects that
determine  SERS quantitation performance. To improve sensitivity, we developed gold
nanoparticle/bacterial cellulogauNP/BC) SERS substrates, which contained an extremely high
Ahot spoto density. To i mpr ove -norregizeco SERS i b i | i
(HSNSERS) that employed surfaeehanced Rayleigh scatterings as SERS internal standards. To
improve affinty, we developed a pitiggered approach to enhance the electrostatic attraction
between organic amines and a cittedated AUNP (cHAuNP) surface. HSNSERS was applied to
evaluate SERS substrate efficienay,situ monitoring ligand exchange kinetics ait-AuNP
surface, and to reveal the relationship between aromatic aminangKaffinity to a ctAuNP
surface. pHriggered SERS was applied to reproducibly detect environmental pollu@nézine
and carbamazepin@nother direction that was exploréal this dissertation was to apply SERS

pH nanoprobes to detect the pH in a confined water environment, such as human prostate cancer



cells and aerosol droplets. High spatial resolution detection was enabled by the combination of
SERS nanoprobes and the famal microscope. We developed asmvent induced aggregation
approach to control nanoprobe size and optimize their SERS signal. These suspended pH
nanoprobes suggest the existence of stable pH gradients inside aerosol droplets.

There are 11 chapterstims dissertation. Following thistroduction(Chapter 1), we reviewed
the recent progress in applying plasmonic nanosensors for environmental aiggite( 2).
Chapter 3 discusses the preparation and evaluation of AUNP/BC SERS subsDiasgter 4
introduces the HSNSERS approach &ithpters 57 describe three environmental applications
of HSNSERS.Chapter 8 introduces pHriggered detection of environmental pollutants. And
Chapters 9 & 10discuss pH nanoprobe synthesis and application in aeragétipH detection,
respectively. The dissertation concludes vidimapter 11 that summarizes the work conducted

and its potential future directions.
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Abstract

The potential for water pollution outbreaks requires the development of rapid, yet simple detection
methods for water quality monitoring. Plasmonic nanostructures such as gold (AuNPs) and silver
(AgNPs) nanoparticles are compelling candidates for the oewent of highly sensitive
biosensors due to their unique localized surface plasmon resonances (LSPRs). The LSPR of
AuNPs and AgNPs lies in the visible and infrared light range and is sensitive to the size, shape,
and aggregation state of these NPs. Tlasmonic behavior provides the basis for fabrication of
colorimetric sensors for environmental analyses. Furthermore, the LSPR also enhances the
electromagnetic field near the NP surface, which provides the basis for semfeaneced Raman
spectroscopy (SES) based detection. Organic or inorganic pollutants and pathogens can be
detected and differentiated based upon the fipget spectra that arise when they enter SERS
active hot spots. In this tutorial review, we summarize progress made towards eewit@nm
analysis based on LSPased colorimetric and SERS detection. The problems and challenges that
have hindered the development of LSP&ed nanosensors for rearld environmental

pollutant monitoring are extensively discussed.

2.1 Introduction

One notoious side effect of global development is the amereasing number of gaseous and
agueous pollutants that pose ecosystem and htweath risks. Rapid pollutant recognition is
vitally important in some emergent situations. For example, in the 2014igk RVV incident

in excess of 7500 gallons ¢imethylcyclohexanemathanol-(CHM) rapidly leaked into the Elk
River such thathe drinking water distribution system for the greater Charleston, WV area was

heavily contaminatetf Similarly, in the summer of 2014 a massive algal bloom led to closure of

8



the Toledo, OH drinking water treatment plant due to the contamination of the water by
microcystin toxins® In addition to outbreaks caused by chemicals, outbreaks of waterborne
pathogens are also probiatic. For example, the 1993 Milwauk€eyptosporidiosi®utbreak in
drinking water caused 104 deaths in only two wé€ka. November 2010Cryptosporidiosis
infected® 27000 people in Ostersund, Sweden via contaminated drinkirey,w&at in December

2012 an outbreak of waterborne Norovirus caused acute gastrointestinal illness in a district
containing 368 families in Denmafk.*? In addition to waterborne contaminants, airborne
contaminants, such as dioxins from garbageieration plants or pandemic bird flu, also threaten
peopl ed healt h.

To prevent contaminants frooausing environmental catastrophes it would be ideal to detect
such contamination events as quickly as possible in order to rapidly initiate remedial strategies.
Unfortunately, many traditional detection methods for water and airborne contaminants require
either laborious sample preparation procedures or onerous analysis methods and are thus very
time-consuming. Plasmonic nanostructures such as gold and silver nanoparticles (AuNPs and
AgNPs) provide a promising avenue for the development of rapid and lsgh§itive sensor
platforms? Many of the sensing capabilities enabled by AuNPs and AgNPs rely upon localized
surface plasmon resonance (LSPR). When excited by light of a specific wavelength, the
conduction electrons on the nanoparticle surface collectively oscillaigemedate a significantly
enhanced electromagnetic field or LSPR. LSPR is an extremely sensitive optical transducer,
which is dependent on the type, size, shape and aggregation state of plasmonic nanoparticles as
well as the refctive index of the surrounding environmé&ht® Changes in the LSPR result in
color changes of the colloid suspension. Based on this phenomenon;-is3eR colorimetric

sensors have been develop&t



When the incident light wavelength is coupled with the LSPR of plasmonic NPs the
eledromagnetic field near the NP surface is significantly enhaffceétdWhen analytes closely
associate with the NP surface, their Raman scatteringseati®n increases substantially and this
phenomenon is the basis for surfarianced Raman scattering (SERSBERS is an
ultrasensitive sensing technique, which has been shown to enable the detection of single
moleculeg?* 25 % 57 Compared with fluorescent techniques, SERS has greater potential for
multiplex analysis due to the narrower peak widths in the collected Raman spectra. Because SERS
is a vibrational spectroscopy method it provides chemical bonding information thatfesilit
differentiation of highly similar molecules and different molecular orientafiéAsUnlike other
environmental analysis techniques such as inductively coupled plasmon atomic emission
spectroscopy (ICRAES) and gas chromatographass spectroscopy (G@S), SERS does not
require complex sapte pretreatment, sophisticated analytical method optimization, or advanced
analyst training. During the last decade, the rapid development of nanotechnology has created a
number of novel nanostructures that have the potential for ultrasensitive SER&onletéc
environmental contaminant$ 0 61

Ultrasensitive chemical analysis via SERS was reviewed in the late 1990s, with the focus on the
mechanisms respsible for "single molecule detectioh"%2 Subsequently, many review papers
have appeared that describe the fundamental theories, material fabrication methods, and
applications of SER&": 455576368 Reyiews on colorimetric sensors that monitor the LSPR band
location have also been produé&d' However, relatively few of these reviews focus explicitly
on environmental applications of LSPR based sensing. A number of recent reviews discuss
nanomateriabased sensors for environmental monitofihg.However, these reviews covered

either a broad suite of nanoparticles and sensing techniques or focused exclusively iraS&RS
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sensors. Herein we focus on the application of AUNPs and AgNPs for environmental sensing via
either colorimetric or SERS app@ches because these two related methods dominate much of the
current literature. Readers interested in SPR sensors based on refractive index sensing are referred
elsewher€®® This review is organized into five parts (inclugithis introduction). The second

part briefly introduces the photonic behavior responsible for l-B&3®d colorimetric and SERS
sensors. The third and fourth parts summarize recent progress in environmental analysis with
colorimetric and SERS sensors, resively. In the SERS portion of the review, we focus on
organic pollutants, biomolecules, and pathogen detection. For inorganic SERS detection the reader
is referred elsewhef The concluding part of this tutorial review discusses the extant challenges

associated with ultimate application of thesesses in environmental samheg.
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Figure 2.1 TEM images of silver spheres, pentagons, and triangles with different size (above)
and their sizedependent peak LSPR wavelength. The size of a silver triangle is its edge
length; the size of a silver pentagon is the distance between its opposite corndns; size of a
silver sphere is its diameter. Reprinted with permission fromd. Mock, M. Barbic, D. Smith,

D. Schultz and S. Schultz). Chem. Phys.2002,116, 67556759.Copyright 2014 American
Institute of Physics.
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2.2 Background on Photonics

Colloidal goldand silver nanoparticles exhibit intense colors due to a phenomenon known as
surface plasmon resonarf®e®?* This phenomenon occurs when conduction band electrons
undergo coherent oscillations following excitation by an electromagnetic field. The interaction
between the electric field of the incoming light andsN#th dimension smaller than the incident
wavelength causes polarization of the electrons in the nanoparticle relative to its heavier ionic
core® This net charge difference is confined to the nanoparticle surface and acts as a restoring
force that causes the collective oscillation of the surface electrons (i.e., a surface pfadinen).
frequency at which these surface plasmons oscillate is known as the LSPR.

The LSPR bands forodd and silver are within the visible portion of the electromagnetic
spectrum. For example, the LSPR of spherical 50 nm gold nanoparticlés8)atm, which falls
into the green light range (4%¥0 nm). Accordingly, green light is absorbed and redt ligh
transmitted thus causing suspensions of this size AuNP to exhibit red colors under visible light
excitation. Similarly, the LSPR of spherical 50 nm silver nanoparticles ¥3&t nm, which falls
in the violet light range, leading suspensions of $iie AgNP to exhibit green colot$® The
exact location of the LSPR band is highly dependent on the idesitig; shape, and aggregation
state of the noble metal nanoparticle, and the suspension m&ditimcreases in size result in
red-shifts (an absorption peak shift to a longer wavelength), while changes in shape result in more
complicated effects. For example, the peak LSPR wavelength of 100 nmeadtfe silver
triangles is approximately 100 nm largban that for 200 nm silver pentagons (pentagon length
is defined as the distance between opposite corners), which is in turn 100 nm greater than that of

50 nm diameter silver spherdggdure2.1).*° Asymmetric gold nanorods exhibit two LSPR bands
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T one that corresponds to the longitudinal direction and the other the transverse direction of the
rods86-87

In addition to shape mediated effeatisanges in aggregation result in quantifiablegkits or
blue-shifts® 8 The potential devepment of secondary LSPR bands at longer wavelengths has
been observed in extd-end assembly of gold nanorods and at shorter wavelengths-inyssige
assembly of gold nanoro8%Although the physics are quite complex, in simplistic terms the new
LSPR band is the result of dipole alignment between adjacent pattidlésnable LSPR is crucial
for sensing applications. The overlap between laser wavelength and the LSPR peak results in high
SERS enhancement factors, which will be discussed®fa@tanges in the LSPR band location
can also elicit quantifiable color changes. Using 50 nm AuNPs as an example, aggregation results
in the development of a new retifted peak at about 700 nm thallfan the red light range.
Therefore, red light will be absorbed, while blue light will be scattered and the suspension color
changes to blue. Because this color change is distinct and can be easily measured, it has been found
to be highly useful for angle detectior?® ® % A broad range of analytes have been detected
solely on the basis of this color chartgé**?

Surfaceenhanced Raman scattering (SERS) is another phenomenon that arises due to LSPR. A
schematic illustrating the basic working miple of SERS is shown ifrigure 2.2. Raman
scattering is the inelastic scattering of photons by the vibrational chemical bonds of a molecule.
The Raman spectrum is unique for each molecule due to the different vibrational prestesd
within it. Unfortunately, the Raman scattering signal is only @fthe total scattering, which
makes it challenging to use Raman to detect low concentration analytes. When a molecule is
adsorbed on AuNPs or AgNPs, its Raman cross section canhasced by several orders of

magnitude due to SERS. Two primary mechanisms are responsible for SERS: electromagnetic and
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chemical. The former refers to the enhanced electromagnetic field near the nanoparticle surface,
which is a longrange mechanisi?f.Long-range enhancements occur aéajer distances away
from the nanopatrticle surface whose edge is schematicallyndbwpthe green circle iRigure2.2.
As shown irFigure2.2, analyte molecules located within the green circle (position 2 and 3) exhibit
clear Raman spectra, while analytes located outside the green circle (position 1) exhibit no
detectable Ramanignal. For example, the SERS signal of thez:Gjfoup of an alkanethiol
molecule decreased by a factor of 2 when its distance from a SERS enhancing silver substrate
increased from 0.8 nm to 2.5 MM The latter reflects charge transfer between the guest molecule
and nanoparticle, which is &artrange mechanisif. Shorterrange enhancements only occur
when an analyte is absorbed to a hanopatrticle surface.

Studies to understand the SERS effect have shown that the largest SERS enhancements are
produced by strongly interacting metal nanoparti¢te$.Clusters of two or more naparticles
give rise to an extinction spectrum consisting of multiple peaks and facilitate-siotgeule
SERS?® This effect can be &itbuted to the coupling of the intense localized electromagnetic fields
on each nanoparticle produced by incident light excitation of the appropriate wavelength and
polarization. The long range coupling of the electromagnetic fields, although it decays
exponentially with particle distance, can extend to a distance of 2.5x the nanoparticle diémeter.
9t is generally tbught that significant Raman enhancements primarily occur within gaps smaller
than 10 nm although the exact distance is still a subject of d€3&td@hese localized areas are
often eferred to as 'hotspotFigure2.2).19 As shown inFigure2.2, analyte molecules located
within the hot spot (position 3) show a much stronger Raman signals than those located on an
AuNP monomer surface @gition 2). In addition to the gap between two adjacent nanoparticles,

the sharp corners and tips of anisotropic plasmonic nanoparticles such as nanorods, nanoprisms,
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and nanostars produce another type of SERS "hot ¥3df2 A recent study demonstrated that
isolated single gold nanorods can generate strong SERS signals that approach those obtained in
the gap between spherical particl®s. Because of the importance of hot spots for SERS
application,a substantial body of research has focused on the creation and maximization of the
number and location of SERS hot spl9tg%8

Other than SERS hot spots, several factors also show a significant influence on the SERS effect,
such as nanoparticle type, shape, size, solution pH and$&'6nAgNPs can generate stronger
SERS intensities than AuNPs because the extinction coefficient of AQNPs can be 4x larger than
AuNPs of the same size and shaffe'!’ Anisotropic plasmonic nanoparticles show multiple
LSPR modes and are suitable for use under different laset1é&For example, gold nanostars
(40 nm) show a second LSPR peak at 730 nm, while gold naresp#0 nm) show only one
peak at 530 nm. Therefore, when excited by a 785 nm laser, the SERS intensity of gold nanostars
is 2-3 orders of magnitude higher than that of gold nanosph&rdsnoparticle size affects its
LSPR, which determines its SERS intensity as well. A recent study shows even under random
aggegation conditions, nanopatrticle size still plays an important role in the Raman signal. With
785 nm laser excitation, AUNPs with size betweeiv46m showed the strongest Raman signal.
It has been shown that for elongated shape gold nanoparticles suals dkat the aspect ratio
(length/diameter) is an important fact®esults suggest that enhancement can be two orders of
magnitude greater when the plasmon band of the gold nanorod overlaps with the excitation
wavelengtht?? These results indicate that it is necessary to carefully choose nanoparticle size
according to the excitation laser wavelenfffhSolution pH influences analyte adsorption to the
NP surface and can subsequently influence its SERS sf§radr example, diclofenac sodium

only exhibited a clear SERS spectrum under acidic and aleqaitt conditions and not under
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alkaline pH conditions due to electrostatic repulsion between its carboxylic group and the citrate
coated AgNP surfacg?

Organic chemical detection is comparatively easy to achieve because small molecules can
readily enter SERS hot spots. Pathogensydver, such as bacteria and viruses, are too large to
enter SERS hot spots thus resulting in several orders of magnitude lower Raman enhancement
factors. To circumvent this problem, a SERS tag is often empf§y8dA SERS tag includes a
recognition element, Raman reporter, and a signal transtfludeNPs and AgNPs are most
commonly used signal transducers, while dyes with large Ramarsats3sns are used as Raman
reporters. Specific antibodies or aptamers against the target pathogens are used as recognition
elements. Generally, a protectilayer is needed for the Raman reporter modified nanoparticle to

prevent the leakage of Raman reporter and improve the stability of the nanoparticle.
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Figure 2.2 Schematic of SERS phenomenon for an organianalyte on AuNPs
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2.3 Colorimetric Detection

Perhaps the most convenient mechanism for a rapid;degitbyable contaminant detection assay
would be to observe color changes with our naked eye. Because the LSPR of gold and silver
colloids fall within the vitble spectrum, color changes that occur due to changes in aggregation
state have been exploited for colorimetric sensor fabrication. Colorimetric sensing of DNA using
functionalized AuUNPs was pioneered by Mirkin et®In that study, two batches of 13 nm AuNPs
were functionalized with two necomplementary oligoucleotides and were then combined. After
the addition of a target DNA duplex with two "sticky ends" (complementary to the
oligonucleotides on each type of AUNP), the suspension color changed from red to purple due to
DNA hybridization induced AuNP aggretian.'?® Both the oligonucleotide modification position
and he AuNP size greatly influenced probe sensitiwilhen the two batches of AuNPs were
modified with 5*oligonucleotide and 3jligonucleotide, respectively, single base imperfections
could be detectet.Importantly, larger AUNPs (50 nm, 100 nm) were found to be more sensitive
than smaller AuNPs (13 nm) because of their larger extinction coeffi¢érits.addition to
oligonucleotidegold nanoparticle (OGN) conjugatesigainucleotidesilver nanoparticle (OSN)
conjugates were also used as DNA probes. Because of the larger extinction coefficients of AQNPs
compared with AuNPs, the detection limit for target DNA by the OSNs was 50x lower than with
the OGNs!?8

Aggregation inducedby oligonucleotide hybridization is one example of a ciodsed
colorimetric sensor. Similar sensor designs have been applied for detection of a range of
biomolecules, heavy metal ions, and pathogéhé/hen the target directly binds to a recognition
elemen on the nanopatrticle surface, it induces aggregation and, in the case of AUNPs, a red to blue

color change. Alternatively, the target can induce dissociation of nanoparticle aggregates by
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competitively binding to the linker between nanoparticles. Undesetitonditions a blue to red
color change is expected. For example, an aptéiiniexd gold nanoparticle aggregate was
developed for adenosine detection. Aptamers are single oligonucleotide strands of DNA or RNA
that can bind pathogens, molecules, or ewas with high affinity and specificit}?® Adenosine
addition resulted in dissociation of the aptaiingked aggregates due to its competitive binding to

the gptamer linker between the two AuNPs. Following addition of adenosine, the suspension color
changed from purple to red indicating the transformation from AuNP aggregates to monomers.
This result was further indicated by the blue shift of the LSPR baneé id\\VIS spectrunfrom

700to 522 nm.13! A similar protocol was successfully applied for the fabrication of a cocaine
sensor with a detection limit of 8 0 0 %¥RBtently this protocol was extended to development

of a "smart hydrogel" sensor, where dissociation of the dimssd hydrogel following addition

of target resulted in the release ofNdRs to the solution and a change in cofr.

In a non crosé$inked detection protocol there is no hybridization between different gold/silver
nanoparticles. In this case, aggregation/dissociatbnthe nanoparticles is achieved by
decreasing/increasing the concentration of stabilizer on the nanoparticle surface. For example, a
ultrasensitive colorimetric DNA probe (1 pM detection limit by eye) was developed by using a
polyelectrolyte that forms anjugates with single stranded DNA. Following polyelectrolyte
addition, AuNPs stabilized with single stranded DNA aggregated due to preferential binding
between the aptamer and the polyelectrolyte, while AuNPs stabilized with target double stranded
DNA remained stabl&?

The detectiorprotocols described above have been used for heavy metal detection due to their
capacity to form strong complexes with chelators and other recognition agents. In this manner, a

sensitive and selective probe for¥was fabricated by modifying the 13 nm KB surface with
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mercaptopropionic acid (MPA). Rgforms complexes with the carboxylate groups of MPA and
induces AuNP aggregation. After addition of-py@idinedicarboxylic acid (PDCA) into the probe
suspension, the selectivity for Hgelative to other heavy metals was significantly improved. This
result was attributed to the F0Bigher complexation coefficient of PDCA for Hghan for other
heavy metals. The combined method enabled quantitative detectior’af\ég a concentration
range of 256600 nM with a limit of detection of 100 nf4.In addition to using toxic rganic
compounds as recognition elements, urine can also be used#osédtging. The uric acid and
creatinine in urine can synergistically bind to AUNPs as well as selectively adsdrinHgldition

to the low cost sensor fabrication, a low detectimitlof 50 nM was achieved in this manrér.

It has been shown th@n?* and C&" can be detected using agglomeration and the resulting
suspension color change of 20 nm chitesapped gold nanoparticlé€ Chitosan is a welknown
chelating agent for heavy metals and the presence’dtAd Cd* can cause colloidal instability
and loose aggregation (agglomeration) of gold nanoparticles. This phenomenon causes a rapid
color change that is directly related to the heavy metals conentratfdmvifba tunable detection
limit of 200 nM to 200 uM ha been detected following an aggregatilissociation protocol. The
DNAzyme-directed assembly of gold nanoparticles cleaves in the presencé& ahBlesults in

a Hue to red color chang&igure2.3A).134
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Figure 2.3 A) DNAzyme-directed assembly formati(;n and cleavage mechanism of gold
nanoparticles in a PW colorimetric sensor, Reprinted with permission from J. Liu and Y.
Lu, J. Am. Chem. So0¢2003, 12566426643 Copyright 2014 American Chemical SocietyB)
Schematic of the Griess reaction and Griess reaction induced aggregation of AuNPs.
Reprinted with permission from W. L. Daniel, M. S. Han, J.S. Lee and C. A. Mirkin, J. Am.
Chem. S0¢.2009, 131, 6368363.Copyright 2014 American Chemical Society.

Nitrate and nitrite ions are two regulated contaminants in drinking water. A simple colorimetric
method was developed for their detection basgdn the Griess reactiofFigure 2.3B).>! As
shown inFigure 2.3B, two batches of AuNPs were functionalized witpl®]dithiolan-3-yl-
pentazoic acid [{4-amincphenyl)ethyllamide (DPAA) and-B.,2]dithiolan-3-yl-pentazoic acid
[2-(naphthalend-ylamino)ehyllamide, respectively. Following nitrite ion addition, the amino
group and naphthalene group were linked via an azide linkage, which then resulted in AuNP

aggregation and the fading of the suspension color. The color change threshold could be controlled

by adjusting the incubation time and temperature to meet the EPA standard (1 ppm for nitrite ion).
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The same procedure was applied for nitrate detection after the nitrate ions were reduced to nitrite
by nitrate reductase. The specificity of this probeightenough that it is not affected by the
presence of other inorganic ions,(8Q?, HCOs, etc.) even when their concentrations are two
orders of magnitude larger than that of nitrite.

A majority of theplasmonic nanoparticle basedlorimetric detection methods are based on
crosslinking However, norcrosslinking methods are also sometimes emplofdthmogeneous
method for the selective detection of3@nd Ag using Tween 2@nodified AUNPs has been
developedCitratecapped AuNPs were modified with Tween 20. In the presence of silver and
mercury ions, citrate ion@duceHg?* and Ad to form Hg® andAgP on the surface of the AuNPs.

This phenomenon was followed by Tween 20 removal flioenNP surface and aggregation of
AuNPs.The cetection limit can be as low as 0.1 uM in the presence of NaCl and EBTA.
another study, aensor for quantitative detection and differentiation of two nitroamine explosives

- hexahydrel,3,5trinitro-1,3,5triazine (RDX) &d octahydrel,3,5,7tetranitrel,3,5,7
tetrazocine (HMX) was developé®f. In this sensor, nitrite hydrolyzed from RDX and HMX
reacted with 4aminothiolphenol on AuNPs to form an azo dye with naphthylene diamine. Dye
formation changed the LSPR of the AuNPs because of a ctrargger interaction on the AUNP
surface. The absea of a second LSPR peak indicated the color change was not due to AuNP
aggregation, but instead due to dye formation. AUNPs improved the sensitivity of the probe but
the mechanism responsible for this behavior was not clearly elucidated.

Some specialletection protocols have also been used for heavy metal ion detecfibnacr
selectively etch the tips of gold nanorods (AuNRS) due to its strong oxidation state. Shortening of
the nanorod induces a blue shift in its longitudinal LSPR band and apmrd#sg color change.

Using this approach a detection limit of 90 nM was obtafiédhis method does maequire
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aggregation or dissociation of nanoparticles and as such has been described aggaayation
method. C&" could also etch tips of AuNRs in the presence of HBr. THawas oxidized to At

and Cd" was reduced to Cuwhich was subsequently idized to C4" by dissolved oxygen
(Figure2.4A).3 The presence of cetyltrimethylammonium bromide (CTAB) was the key for this
redox reaction because it re@dcthe redox potential of ALAU® from 0.93 V to less than 0.2 V.
The decrease in aspect ratio due to etching resulted in a blue shift of the LSPR band and a color
change from blue to redFigure2.4A). With this method, 50 nM Ctiwas detected by the naked
eye and 0.5 nM Cili was detectable by UVIS.1*8 The same type of protocol was applied for
Hg?* detection. In the presence of ascorbic acid;'Megs reduced to Hgind deposited on AuNR,
which induced a color change fromrple to blue green. The detection limit of #lgvas 800 pM.

The HJ-AuNR can subsequently be used asasé&nsor because $an exfoliate Hyfrom the

AuUNR surfacé??
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Figure 2.4 A) Schematic ofcolorimetric detection of Cu?* by etching AuNR tips by Cl?* in
the presence of CTAB and HBr.Reprinted with permission from Z. Zhang, Z. Chen, C. Qu
and L. Chen, Langmuir, 2014, 30, 3628630.Copyright 2014 American Chemical Society.
B) DNA-hybridized AuNP aggregates on a hydrophobic paper after exposure ©Nasel
droplets. Reprinted with permission from W. Zhao, M. M. Ali, S. D. Aguirre, M. A. Brook
and Y. Li, Anal. Chem, 2008, 808431-8437. Copyright 2014 American Chemical Society)
Spent paper subfrates are burnt to minimize hazardous chemical handlingReprinted with
permission fromS. C. Tseng, CC. Yu, D. Wan, H. L. Chen, L. A. Wang, M. C. Wu, W. F.
Su, H. C. Han and L.C. Chen,Anal. Chem, 2012, 84, 514%145.Copyright 2014 American
Chemical Society.

For practical field applications, papeased colorimetric sensors may be better than suspension
based ones due to their smaller volume, lotigan stability, and convenient handling and
processing. Recently it has been reported that thevyqois for suspensiebased colorimetric
detection can also be applied on a paper subsffatt. For example, DNAhybridized AuNP
aggregates that were spotted on paper can be redispersed into a droplet that contains endonuclease

(DNasel), which could cleave hybridized DNA. Following endonuclease amditihe blue or
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black spot on paper rapidly changed color to red and this color change could be discerned by the
naked eye even at low nM emmiliclease concentratiorigure2.4B).2*! It is notable that the paper

used in these assays should be hydrophobic paper or sudtaetaat hydrophilic paper to avoid

the rapid spread and drying of the droplet applied on the surface. In addition-todted AUNP
suspensions on paper, paped¥ composites can also be synthesized by ailadeced thermal
method. When 15 nm thin gold films coated on paper were exposed to KrF excimer laser
irradiation, AuNPs (46 nm) for med d.urollowing paper
immersia into cysteine solution the color of the paper changed from light yellow to dark yellow.
The paper could be burnt after use, which is a simple mechanidmaZardous waste disposal
(Figure 2.4C).**2 Another papefbased analytical protocdias been reported for colorimetric
sensing of Cti by AgNPs functionalized with homocysteine and dithiothreitol. The LSPR peak
intensity of AgNPs at 404m decreased while a new fshiifted band at 508m appeared as €u

is added. Consequentiye color of the paper coated with AQNPs changed from yellow to orange

or greerbrown. A linear response was observed for the color intensity change as a function of
CuU?* concentration in the range of 7@.8s M3 Based on these results, we are confident that
paperbased colorimetric LSPR sensors should have applicabilityetecction of a broad range of

environmental pollutants.

2.4 SERS Detection

The SERS phenomenon was first observed in 1974 when the Raman signal of pyridine adsorbed
on a roughened silver electrode was substantially enhafft88RS was subsequently proposed
as an analytical technique for many organic compounds using substrates such as Agughed

electrodes or Ag films on nanospheres (AgF&R)* However, the detection limits achieved
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with these methodsr e hi gh (above 1 €M), which | imits
molecule detection was achieved for resonant dye molecules, such as rhodamine 6G (R6G) and
crystal violet (CV) using AgNP colloids as SERS substrétéslt was subsequently realized that
aggregates in the colloid are responsible for the substantially enhanced Raman signal and the

concepif the aforementioned SERS "hot spot"”, the gap between the aggregates, was proposed.
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Figure 2.5 A) CN[n] induced AuNP aggregation with a fixed sub nanometer gap; Reprinted
with permission from R. W. Taylor, R. J. Coulston, F. Biedermann, S. Mahajan, J. J.
Baumberg and O. A. SchermanNano Lett, 2013, 13, 5985990. Copyright 2014 American
Chemical Sciety.B) Formation of 1 nm gap between AuNP core and shell linked with a Au
nanobridge. Reprinted with permission from D. K. Lim, K. S. Jeon, J. H. Hwang, H. Kim, S.
Kwon, Y. D. Suh and J. M. NamNat. Nanotechnol, 2011, 6, 452160. Copyright 2014 Natue
Publishing Group. C) Chemical structures of three dithiolcarbamate pesticides. Reproduced
from B. Saute, R. Premasiri, L. Ziegler and R. NarayananAnalyst 2012, 137, 5083087.
With permission from The Royal Society of Chemistry. Copyright 2014 The Raf Society
of Chemistry.
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In the past decade, numerous research efforts have been devoted to create and maximize the
number of "hot spots" within SERS substrat&s#® Adding salts or organic electrolytes to gold
or silver collad suspensions can induce aggregation and generate SERS "hotSpdtsiever,
the aggregation process is random and thus hard to replicate. Recently, methods to generate highly
reproducible and controllable SERS hot spots in su@pe have been reportéth. 1153 For
example, the supermolecule cucurbit[]Y€B[n]) can link AUNPs with a fixed gap of 0.9 nm
and this molecule can also specifically capture targeytsalithin the hot spoF{gure2.5A).1%*
DNA-mediated gold nanogap particles have been synthesized, which contain a 20 nm gold core
and 11 nm gold shell lked by a gold nanobridg&igure2.5B).14” Dyes located in the 1 nm gap
were quantitatively detected over an ultra low concentration range of 101f\M. Raman
mapping results demonstrate that 90% of these nanoparticles show SERSeemént factors
between 1®and 16 i a range that is sufficient for single molecule detectfdrDespite its
excellent homogeneity, this nanoparticle is more appropriate for use as a SERS tag rather than as
a SERS substrate due to the difficulty associated with getting analyte chemicals to diffuse into the
nanogap.

For real applications, solid SERS substrates are often considered superior to suspassibn
SERS due to the long term stability and transport and handling convenience that the solid
substrates provide. Extensive research efforts have been devoted to makogeheous solid
SERS substrates using approaches such as electron lithography, focused ion beam lithography,
and nanosphere lithograpPfy>6 66 114 154156 These topdown methods make highly ordered
plasmonic nanostructures with tunable shape, size, and gap and have very high SERS enhancement
factors!®” However, these methods, especially electron lithography, can be quite expensive and

are difficult to scale up. Recently reported nanoporous gold and goldisdaeporous films are
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easy to make at large scale. After thermal treatment, the films wrinkled and creatguegoast
nanogaps and nanotips, which act as SERS "hot spots”. With these wrinkled films, single molecule
detection of R6G was achieve®i!®>* Recent studies find that covering Au ngmgamid arrays
with graphene can improve the SERS signél de to the enhanced charge tranfér.

In contrast to the aforementioned rigid SERS substrates, flexible substrates such-bageper
SERS substrates are cheaper, easier to make, and can be applied for curvy'stifasgsaper
based SERS swab was fabricated by simply dipping a filter paper in AUNR suspension. AuNRs
were adsorbed efficiently onto the surface of filter paper due to the electrostatic attraction between
the negatively charged cellulose and the positivebrgdd CTABcoated AuNRs. The biggest
advantage of this SERS substrate is its ease of use for the collection of trace samples from a solid
surface. By swabbing a glass surface contaminated with a 140-pgrizénedithiol (148DT)
residue, the chemicals veereadily adsorbed on the paper surface and their Ramanuspecas
easily obtainedRigure 2.6A).1%° Similarly, a stas hape & PAD whose fingers
polyelectrolyte was fabcated Figure2.6B).1** Thi s € PAD showed the capeé
chemicals based upon their charge and to concentrate the chemicals sm@lheolume of the
tips (Figure2.6B). For example, positively charged R6G readily moved to the finger tip coated
with positively charged poly(allylamine hydrochloride), while it was retained at the entrance of
the finger coated with negatively charged poly(sodiusmdy r enesul f onatited . Thi
a preconcentration factor of 46r R6G and thus a super low detection limit of 100 aM was
detected® In addition to paper, electrospun nanofiber mats have also been used as the SERS
substrate scaffoltP> %6 For example, a AgNP/PVA (poly(vinyl alcohol)) membrane was

fabricated by electrospinning AgNRad PVA mixture. The bulk material and nanofibers coated
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with AgNPsare shown irFigure2.6C and D, respectively.-chercaptobenzoic acid{MIBA) at a

concentration ©10® M was detected using this SERS substtéfte.

Figure 2.6 A) A glass with 1,4BDT residue is swabbed by the papebased SERS substrate;
Reprinted with permission from C. H. Lee, L. Tian and S. SingamaneniACS Appl. Mater.
Interfaces 2010, 2, 3428435.Copyright 2014 American Chemical Society. B) A stashape
paper with eight fingers were coated by polyelectrolyte, which could separate and
preconcentrate chemicals efficiently; Reprinted with permission fromA. Abbas, A. Brimer,

J. M. Slocik, L. Tian, R. R. Naik and S. SingamaneniAnal. Chem, 2013, 85, 397-8983.
Copyright 2014 American Chemical Society. C) The photo and D) SEM image of AQNP/PVA
membrane fabricated by electrospinning. Reprinted with permission fronD. He, B.Hu, Q.

F. Yao, K. Wang and SH. Yu, ACS Nanq 2009, 3,39934002. Copyright 2014 American
Chemical Society.

Although significantly improved average enhancement factors (EF) have been achieved
(generally greater than 9for Raman active dyes and other test materials, the appticof such
SERS substrates for ultrasensitive detection of organic pollutants at®&téilhe reason for this

is that many organic pollutants are r@sonant under the laser excitation wavelengths 4>n&1)
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typically used for Raman spectroscopy. Accordingly, their Raman-sex$®ns are generally
several orders of magnitude lower than those for the resonant dyes most commonly used for SERS
substrate development.

SERS detection of pesticides with higiffinity to AuNPs has been reportéhd. 172
Dithiolcarbamate pesticideghiram, ferbamand ziram were detected and differentiated by SERS
using a gold nanorod suspension as the SERS substrate. The chemical structures of these three
pesticides with similar chemitcatructures are shown iRigure 2.5C. They all contain sulfur
groups that can form covalent Aibonds with the AuNP surface. To obtain high SERS intensity,
gold nanorods whose longitudinal LSPR was well coupled with the laser wavelength edees us
the SERS substrate. The detection limits of these three pesticides are 34 nM, 26 nM, and 13 nM,
respectively, well below the EPA standards€1M, € MQ 2 3?2ThelB results indicate that
for organic pollutants showing high affinity with gold or silver nanoparticles, SERS detection is
feasible if the LSPR of the SERS substrate matches the excitation laser wavelength. An
organophosphorus pesticidgaraoxon at @oncentration of 10 nM was detected using a self
assembled gold nanoparticle film. The film is made by casting metimexgaptepoly(ethylene
glycol) (MPEGSH) functionalized AuNP suspension onto a solid substrate. The AuNPs were
closely packed on the sstipate with 5 nm gaps. Seltsembly induced by mPE&H modification
significantly improved the SERS intensity and homogeneity of thefffiiihis is a simple and
costefficient method for SERS substrate fabrication. However, the author did nainexpw the
MPEGSH-AUNP suspension and the analyte solution overcame the "coffee ring effect” when cast

on a solid substrate.
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Figure 2.7 A) Trinitrotoluene (TNT) is captured by cysteine-functionalized AuNPs by form
Meisenheimer complex; Reprinted with permission fromS. S. Dasary, A. K. Singh, D.
Senapati, H. Yu and P. C. RayJ. Am. Chem. So0¢.2009, 131, 138663812.Copyright 2014
American Chemical Societyand B) calix[4]arene links PAHs and AgNPsL. Guerrini, J. V.
Garcia-Ramos, C. Domingo and S. Sanche2ortes, Anal. Chem, 2009, 81, 95360.
Copyright 2014 American Chemical Society.

A significant challenge that has limited SERS detection of organiataots is not only their
generally small Raman cross sections, but also their low affinity to the NP surface. Therefore,
methods to increase the affinity between pollutants and the gold/silver NP surface have been
pursued to solve this probletf1’2One way to achieve this goal is through addition of a molecular
trap on the gold/silver nanoparticle surface to specifically capture organic molecules. A thermal

sensitive polymer polN-isopropylacrylamide) (pNIPAM) was recently used as the trapfor 1

naphthol (tNOH). At a temperature of 277 K, pNIPAM exists in a swollen state, so-M@&H
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trapped in it is far away from AuNPs, which then results in weak SERS signal. While at
temperature of 333 K, pNIPAM shrinks to half of its swollen volume, thusibgrigNOH closer

to the AuNP surface resulting in a substantial increase in the SERS$tdras method enabled
acquisition of the SERS spectrum eNDH for the first time. However, the limit of detection for
I-NOH is high (10 €M) . -TuNclionalized AUNR sarfage eydfornoinga c y s t ¢
Meisenheiner complex with cysteine F{gure 2.7A).1"® Electrostatic attraction between
Meisenheimer complekound AuNPs and cysteifmund AuNPs subsequently resulted in AUNP
aggregation and the generation of a number of SERS hot spots. With this method, 2 pM TNT was
detected in aqueous solutidfi Dithiolcarbamate calix[4]arene was also used as a linker between
AgNPs and polycyclic aromatic hydrocarbons (PAHS). The cup shape calix[4]arene is able to host
hydrophobic PAHs and the dithiolcarbamaitethe linker increases the affinity between thkdim

and the nanoparticl€&igure2.7B).1’6 This novel SERS substrate can achieve a lifniketections

for four PAHs (pyrene, benzo|[c]phenanthrene, triphenylene, and coronene) in the range between
10 nM to 100 pM:’® Calixarenefunctionalized NP embedded in silica film was applied in a

flow cell designed for in situ monitoring of PAHs in seawatét8! Limits of detection of 100 pM

and 310 pM for pyrene and antheae were achieved when artificial sea water spiked with PAHs
traveled through the flow cell® A field study using this SERS substrate was conducted in the
Gulf of Gda@®sk (Baltic Sea). The | imit of det
comparable to the results obtained via GC/kh8s indicating the SERS technique has potential

for monitoring pollution event® situ.*® Viologens have also been used as a PAH linker. Because

of their high affinity to both AQNPs and guest PAHSs, viologens could induce the aggregation of

AgNPs and thus further increase the SERS intensity. With this method, 80 pyrene molecules were
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detectedwhich is the lowest limit of detection ever reportédThe drawback of this method is
the high background signal from the linker, which makes spectrum analysis chraglengi

The SERS spectrum of the dioxinb2nzoyldibenzgp-dioxin (BDPD), a highly toxic
compound, was first reported in 2009 using AgNPs loaded in poly(diallyldimethylammonium
chloride) (PDDA) and poklfacrylic acid) (PAA) film. This film was fabricategsing a layeby-
layer method and subsequently impregnated with AgNPs. After drying in air, this SERS substrate
showed a 5x higher Raman signal fendphthalenethiol (NAT) than an AgNP suspension due
to hot spot formation in this 3D structure. More omjantly, the SERS dioxin spectrumil&t nM
was observed on this substrate although the signal was very'W@ais substrate wés for
dioxin partly because the PDBDRAA can trap dioxin in the film thus creating the opportunity for
dioxin contact with the AgNP surface. Recently, a detection limit down to three molecules was
reported for atrazine detection via SERSThis detection limit was achieved by directly adding
a specific vol umiato AgNP cbli@i@ ThisMesult demanstiatesethat SERS
achieved similar detection limit (ppt) to sophisticated liquid chromatogrtgidem mass
spectroscopy (LOMS/MS) and outperformed it due to its facile operation and fast measurement.
However, this pagr did not report a detailed characterization of the SERS substrate, the Raman
measurement conditions, or the reproducibility of the data. The reason why the authors were able
to achieve such a low detection limit is probably the addition of high conttentraf atrazine
(100 €M) that induced AgNP aggregation. More
if SERS can be used for single or few molecule detection of organic pollutants in environmentally
relevant samples.

To facilitate on ge pollutant detection, a portable Raman instrument integrating a SERS sensor

is highly desired®3 184 Recently such an instrument containing a silver dendrite SERS substrate
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was developed for pesticide detection. The large laser spotnoh 2ninimizes SERS intensity
variation among parallel samples. A pesticiderbam with concentrations of O ppm, 4 ppm, 7
ppm, and 14 ppm was used as references indicating no risk, low risk, risk, and high risk,
respectively. The self checking tests foe four references all passed, indicating this instrument
shows potential for on site pesticide detectf&nCombining microfluidic chips and SERS
substrates in the portable Raman instrument is promising fetimeabn site pollutant detection.

With a micropillar array PDMS chip integrated in the instrument, completenghof the two
confluents- AgNPs and pollutants (dipicolinic acid and malachite green) is achieved. Dipicolinic
acid and malachite green were quantitatively detected with limits of detection of 200 ppb and 500

ppb, respectively?
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Figure 2.8 Schematic for AUNP/GO/Rubpy/GA SERS tag synthesiand its application for
monitoring the photothermal ablation of bacteria. Reprinted with permission from D. Lin,
T. Qin, Y. Wang, X. Sun and L. Chen, ACS Appl. Mater. Interfaces, 2014, 6, 132(829.
Copyright 2014 American Chemical Society.

For larger targets, such as biomolecules, viruses, cancer cells, bacteria and protozoa, it is very

difficult to directly acquire their SERS spectra by adding them to SERS substrates because they
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are too big to fit into the hot spots due to their large.$iz&° Instead, a SERS tag is used to
specifically bind the targets and the SERS spectrum of a Raman reporter functionalized on the
SERS tag is then monitoréeP 18’ Raman eporter is usually a dye having a large Raman cross
section. Ideal SERS tags are able to generate strong enough signals for single target detection.
Interested readers are referred to a very good review for additional details on SERS éags.

et al. fabricated a nanopilldiased SERS substrate to detect the macromolecule vasopressin, which
was labeled by a Raman reportecdboxytéramethylrhodamine. The nanopillar is made by
depositing gold vapor onto etched silicon wafer. The coated gold film on the tip of silicon wire
formed a pillar, which was functionalized with a vasoprespiecific aptamer. After exposure to
vasopressin ansubsequent drying, the intensified SERS signal of TAMRA was acquired due to
the capillary forcedriven aggregation of the nanopillars. The detection limit of vasopressin was
reported to be 1 pNf® Recently, graphene oxide (GO) was used for SERS tag fabrication because
of its capacity to significantly enhance the SERS sigifdf® The schematic of this SERSg
synthesis is shown iRigure 2.8.18° Different from the traditional SERS tag fabrication, Raman

reporter - tris(2,2-bipyridyl)ruthenium@ ) chloride (Rubpy) was first adsorbed on GO and

subsequently AuNPs formed by situ reduction of HAuCJ on GO/Rubpy. GO waable to not

only enhance the SERS signal by two fold but also improve the colloid stability by wrapping
around the small nanopatrticle aggregates. AUNP/GO/Rubpy was subsequently functionalized with
positively charged poly(allylamine hydrochloride) (PAHhiah provided amine groups to link

with the recognition element glutaraldehyde (GA). GA can bind to both-goaitive and gram
negative bacteria by crosslinking with the peptidoglycan layer on their surfaces. In addition to its

single cell identificatiorcapability, this SERS tag can also be used for photothermal ablation of
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bacteria when exposed to a 400 mW 785 nm laser. The decrease in the SERS signal can be used
to monitor the beterial ablation proces&igure2.8).18°

Although detecting large targets using SERS tags can achieve very high sensitivity, it is complex
and costly to fabricate these tags. Most recently, the SERS spectrum of virus on SERS substrates
without a SERS tag hasdrereported. This is called labiebe SERS detection of virdéProgress
made in this promising area of research was recently summarized elsé\Breeély, a highly
sensitive and reproducible SERS substrate was fabricated by oblique angle deposition. The
obtained SERS substrate contains dilgglver nanowire arrays. Virus was directly added to the
SERS substrate and its SERS spectrum was readily acquired. Using this technique, three viruses
adenovirus, rhinovirus, and HIV were distinguished and even different strains of respiratory
syncytid virus (RSV) could be differentiated. This approach was also applied to measure the SERS
spectrum of RSV in its infected cell lysate although the background interference is strong. These
results indicate that labélee detection of virus is feasible IERS substrates are well designed.
However, the weak signal, strong background disturbance, and subtle change of spectrum between
different viruses make the data analysis challenging. Principle component analysis (PCA) and
other chemometic approaches arefrequired to differentiate the viruses from the background

and from one another.

2.5 Challenges

Although the rapid development of nanotechnology faagitated substantial progress towards
improved colorimetric and SERS detection, the high costs of sensor fabrication still impede their
practical environmental applications. Development of-tmst and scalable detection platforms

remains a big challenge. It isuth desirable to incorporate detection components within paper or
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other sustainable materials without using costly lithography techniques:teaer colorimetric
sensors can be used at home to monitor drinking water quality by simply dipping tesnstrips i
water. However, the sensitivity and resistance of these test strips to potential interferents such as
drinking water disinfectants should be improved to make such a sensor truly useful. SERS sensors
have the capacity to replace the complex lab assayently used in water and wastewater
treatment plants because of their simple sample preparation and rapid detection process.
Suspensioibased sensors may not be appropriate for use in real water samples since the colloids
may not be stable in complex watchemistries and the challenges associated withtemg
storage. As noted, papbased SERS substrates have potential application. However, their SERS
hot spot densities and affinities for specific organic pollutants currently do not meet real world
application requirements. It is a considerable challenge to develop universal SERS substrates that
have broad applicability to all of the organic chemicals of interest because the size, polarity, and
isoelectric point of the chemicals determine their capaoitenter the hot spots on the SERS
substrate. For ogite detection, portable SERS instrumentation is required and those systems
currently rely only on near infrared lasers because of their ease of miniaturization. Accordingly,
the SERS substrate must dptimized for application with near infrared lasers. Unfortunately,
most organic pollutants are noasonant at this laser wavelength, which makes their detection
more challenging. Moreover, if we want to achieve-teaé detection, the laser integratitime

must be very short, which further increases the difficulty. In addition to organic pollutant detection,
SERS sensors also show potential for ldbe pathogen detection. Since pathogens are generally
too large to readily enter hot spots, the SERBstrate must have extremely high enhancement
factor to make the pathogen spectrum visible. The reproducibility of SERS pathogen detection is

also challenged because the contact between pathogens and Au or AQNPs may vary with time. The
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steps required foravelopment of lowcost and efficient SERS substrates for pathogen detection

are an ongoing area of research focus.

37



Chapter 3 Preparation of NanocelluloseGold Nanoparticle Nanocomposites

for SERS Applications

Haoran Wet23Katia RodrigueZ;* Scott Renneckar? Weinan Lend;?3and Peter J.

Vikesland23"

!Department of Civil and Environmental Engineering, Virginia Tech, Blacksburg, Virginia

2Virginia Tech Institute of Critical Technology and Applied Sciencéf@S) Sustainable

Nanotechnology Center (VTSuN), Blacksburg, Virginia

3Center for the Environmental Implications of Nanotechnology (CEINT), Duke University,

Durham, North Carolina
4Department of Sustainable Biomaterials, Virginia Tech, Blacksburg, Virginia

*Corresponding athor. Phone: (540) 233568, Emailpvikes@vt.edu

(This chapter hasalbpisme ppruobdiuicsende dbyi nper mi ssi on

Soci ety of Chemitshter yRo yTahle Spouchileitsyh eorf Chemi stry

reproduction permission when the article is wu

38


mailto:pvikes@vt.edu

Abstract

Nanocellulose is of research interest due to its extraordinary optical, thermal, and mechanical
properties. The incorporation of guest nanoparticles into nanocellulose substrates enables
production of novel nanocomposites with a broad range of applicationtis study, gold
nanoparticle/bacterial cellulose (AuNP/BC) nanocomposites were prepared and evaluated for their
applicability as surfacenhanced Raman scattering (SERS) substrates. The nanocomposites were
prepared by citrate mediatedsitureducton of A" in the presence of a BC hydrogel at 303 K.

Both the size and morphology of the AuNPs were functions of the HAa@d citrate
concentrations. At high HAugkoncentrations, Au nanoplates form within the nanocomposites

and are responsible for high SERS enhancements. At lower HAo@tentrations, uniform
nanospheres form and the SERS enhancement is dependent on the nanosphere size. The time
resolved increasen t he SERS signal was probed as a fu
spotsdé6 primarily forming in the final mi nut e
AuUNP/BC nanocomposites for detection of the SERS active dyes MGITC and R6G as well as th
environmental contaminant atrazine is illustrated. The results indicate the broad applicability of

this nanocomposite for analyte detection.

3.1 Introduction

Nanocellulose consists of a bundlebsi,4-glucan chains with a nanoscale radial diameter. In
recant years, nanocellulose has attracted increasing attention due to its extraordinary mechanical,

thermal, and optical propertié¥:'®3Bacterial celluloses (BC) are a class of extracellular hydrogel
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characterized by uniformly spaced nanocellulose layers that are produced by specific babteria suc
asAchromobacterAlcaligenes andGluconacetobacter xylinua liquid culture mediunt®* Due

to their reported ease of production as well as their biocompatibility and biodegradability, BCs are
being increasingly tested for use as artifibl@od vessels and for tissue engineeritig

BC is an excellent host substrate for guest nanoparticles due to its large surface area, highly
porous structure, and the abundant number of active hydroxyl groups on its SUi%dBC-
based nanocomposites combine the advantages of the nanocellulose and the guest nanoparticles
and show excellent potentifar many applications. For example, silver nanoparticle (AgNP)/BC
nanocomposites exhibit superior antimicrobial properties relative to AgNPs alone and are being
tested for wound dressiféf 2°* Furthermore, platinum or palladium BC nanocomposites
containing small, dispersed NPs aseellent catalysts for organic compound degradafioff°
Recently, hydrothermally prepared gold nanoparticle (AuNP)/BC nanocomposites have been
proposed for use as surface enhanced Raman spectroscopy (SERS) substrates for the detection of
organic compound®?

SERS is a term used to reflect the enhanced Raman scattering that occurs in the vicinity of
AuNPs or AgNPs that is induced by the localizeurface plasmon resonance (LSPR) of the
particles®? SERS has been recently suggested as a tool for analyte detection due to its reported
low detection limits (< nd/) and relatively straightforward applicatiéff:2° Although high signal
enhancements have been achieved wgtigate nanostructures fabricated by lithography, oblique
angle deposition, LangmuBlodgett methods, and the recent glass capillary method, the
development of costffective and scalable SERS substrates is highly desirable to make this
technique feasikl for practical application'g 15204205 Accordingly, there is growing interest in

the development of flexible SERS substrates that incorporate plasmonic nanopé&tticles.

40



Compared with traditional rigid SERS substrates, such as silicon or glass, flexible SERS substrates
that can change their shape should improve analyte collection from solid sdtfaces.

Papetbased substrates are the most commonly used fle&HRS substrate§® 2% In most of
these substrates psgnthesized plasmonic NPs are adsorbed, printed, or written onto cellulose
basedfilter paper and then papbased ricrofluidics are used to separate and concentrate analytes
within a defined detection zorié# 297 208 Compared with the cellulose in filter paper, however,
nanocelluloses have much smaller diameters that are comparable with those of th&@guest N
this reason, nanofibdrased papers or films can be expected to support higher NP loadings as well
as improved homogeneity. Recently, electrospun polymer nanofibers have been used to fabricate
high-performance SERS substraté% 29211 Compared with synthetic amofibers, however,
nanocelluloses are more sustainable due to their abundant natural sources. However, to the best of
our knowledge, only two studies to date have explored the possible use of nanocellulose for SERS
substrate fabricatioff? 212 Unfortunately neither of the extant studies has reported satisfactory
detection limits.

Herein we propose a method for the l@mmperature sythesis of AUNP/BC nanocomposites
by thein situreduction of HAuC) by sodium citrate in the presence of B&LINPs were selected
for study due to their lonterm stability relative to AgNPs. The performance of these
nanocomposites as SERS substrates was primarily evaluatednadadite green isothiocyanate
(MGITC) as a model analyte due to its capacity tonfaovalent bonds with the AuNPs through
its isothiocyanate groufd® Additional proof of concept experiments were also coretlietith

Rhodamine 6G as well as the herbicide atrazine.
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3.2 Experimental Section

3.2.1Chemicals and Materials

Gold chloride trihydrate (HAuUGY3H20, reagent gragewas purchased from MP Biomedicals
(Solon, OH) Sodium citrate tribasic dihydrate (}Git2H.0O, 299.0%, ACS and Rhodamine 6G
(R6G,299.0%)werepurchased from Sigmaldrich. MGITC was acquired from Invitrogen Corp.

(Grand Island, NY)Atrazine (purity 98.9%) was purchased from Chem. Service Inc. (West

Chester, PA)AII DI water used was ultrapure wiresistance >18 il-cm.

3.2.2Preparation of AUNP/BC Nanocomposites

BC was prepared by incubatijuconacetobacter xylinua ATCC medium 459. This medium

was prepared by sequentially adding 40 g fructose, 4 g yeast extract, and 10 g@a8QmDmL

DI water. After autoclave sterilization and cool down, the medium was inoculated with
Gluconacetobacter xylinugch medium (80:1 volume rati@nd incubated at 303 K for three days.

The BC prepared via this approach was purified with 0.1 M NaOH under continuous stirring at
room temperature for 5 days and it was then extensively washed with DI water until a stable pH
value of 7 was attained.

Six AuNP/BC nanocomposites were prepared using different HAo@icentrations and
NasCit/HAUCl;4 ratios. We differentiate these nanocomposites using the following nomenclature:
AuNP/BGX-Y, where X represents the pGit/HAuCls molar ratio and Y representise applied
HAuCI4 concentration (in mM). In brief, pieces of BC hydrogel (2.5x@5 cm) were placed
onto bibulous paper for 20 s to wick away excess water and were then immersed in 5 mL af HAuClI
solution with final concentrations ranging frorl® mM. Subsequently, aliquots with volumes of

33495¢L of 30 mM NacCit solution were added. In each case, except for one sample with a
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NasCit/HAuUCls molar ratio of 3:1, the N&€it/HAuCls molar ratio was fixed at 1:1. The samples
were then heated to 303 K forgiven reaction time. For AUNP/BG-1, AUNP/BG1-1, and
AuNP/BC1-2, the reaction time was fixed at 72 h. For AUNP/BE, AuNP/BG1-10 and
AuUNP/BC-1-15, the reaction time was fixed at 2 h. These reaction times were chosen based upon
visual observation thiahe suspension color did not change for longer reaction periods. The as
produced AuNP/BC nanocomposites were extensively washed and kept in DI water. The samples

were stable fof 6 months with no discernible change in color or morphology.

3.2.3Analyte Preconentration/Adsorption

Generally, a piece of wet AUNP/BC nanocomposite (about 0.5 @rb cm) was immersed in 5

mL MGITC, R6G, and atrazine solution for 48 h and then washed to remove unbound analytes.
For a comparison, a piece of dry AUNP/BC film was also used for analyte preconcentration. The
AuNP/BC nanocomposite was put on a glass iypeand mounted on the sample stage for Raman
test. Procedures for investigating adsorption capacity of BC fofopmeed AuNPs arePre
synthesized AuNPs (AuNps) with a uniform size of 50 nm were synthesized using the seed
mediated growth method® 2% A piece of BC hydrogel (2 cthwas immersed in 15 mL of AUNP

ps suspension (5.36 10'° NPs/ml) and shaken for 24 h. The WA spectra of the AuN#Ps
suspension before and after adsorption were measured to quantify the adsorption capacity of BC
for AUNP-ps. If all AuUNRps were adsodad by BC (no LSPR band in the UXs spectrum), the
hydrogel was immersed in a second 15 mL of AydéRBuspension. This process was repeated for
four cycles until a detectable AUNP LSPR band appeared in theid8pectrum, thus indicating

the adsorption q@cess had reached saturation. The concentration of AuNPs remaining in
suspension was calculated by dividing the LSPR band height of the-psiN&spension prior to

the sorption experiment by that after sorption.
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3.2.4 Instrumentation

Raman measurements werdl@cted with a WITec alpha500R Raman spectrometer using a 633

nm excitation laser. The signal was dispersed using a 300 groove/mm grating and collected with a

Peltier cooled charge coupled device (CCD). A dbjective and 1.43 mW laser intensity at the

sanple were used for all Raman measurements, unless otherwise noted. All the spectra were the

average from 400 spectra in a Raman map except for those in section 3.3 "Influence of sample

drying time", in which the spectra were obtained in one spot becagsehdllenging to scan an

area without "losing focus" while a hydrogel is drying. For the study of thergéswved Raman

signal change, a single spectrum was acquired every 15 min until the sarsglenmaetely dry.

Single spectrum wallected usingn integration time of 0.5 s. The final condition is established

to be the point when SERS intensity of MGITC stops significantly increasing. Under these

conditions the nominal laser spot size at the sampl€ @dsm. For the study of the influence of

HAuCls concentration on the Raman signal, three image scans were acquired and averaged for

each sample. Each image scan covers & 00 100em area with 20 lines and 20 points per line.

The integration time for each point was 0.01 s to reduce scanruirgvaid overheating by laser

in this area. Similarlyto illustrate the homogeneity of the AUNP/BC SERS substrates, five 100

em I 100 e&m image scans were acquired and ave
Extinction spectra of four AuNP/BC nanocomposites (AuNREBLT AuNP/BG1-1,

AuNP/BCG1-2, AuUNP/BG1-10) were measured using a BXs-NIR spectrophotometer (Cary

5000, Agilent). Prior to each measurement, the AUNP/BC nanocomposite was adhered to the inner

wall of a cuvette and dried in air. This approach took adgent# the transparency of the

AuUNP/BC film and its capability to adhere to solid surfacése morphologies of the AuNPs

within the dry films were characterized by fiedchission scanning electron microscopy (FESEM,
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LEO (Zeiss) 1550). Both secondary (Inlsemletector) and backscattered (RBSD detector)
electrons were detected. The InLens mode provides contrast for both nanocellulose and AuNPs,
while the RBSD mode provides sharp contrast between individual AUNPs. The average size of the

AuUNPs in a given AuNP/B sample was determined using ImageJ software.

3.2.5Measurement of AUNP/BC Thickness and Density

The thickness of the AUNP/BTG-10 nanocomposite and dry film were measured using the optical
microscope of the Raman instrument. For this purpose, visible ligbt fa@used on the
nanocomposite surface using ax10bjective and then fbcused on the surface once the
nanocomposite was completely dry. The objective travel distance was recoidedras 10&
objective was focused on the edge of the dried AuUNP/BCdild then on the glass coverslip. The
distance the 1000bjective moved was recordedtds which corresponds to the thickness of the
dried AUNP/BC film. The AuNP/BC nanocomposite thicknesslisH>. The BC density}c,
mg/cnt) was measured using th@lowing procedure: a large BC film (64 &mwas weighed
using an analytical balance (detection limit of 0.1 mg) and the mmsgas recorded. The density
was calculated by dividingn by the surficial BC area. AUNP densities within the AuNP/BC
nanocompadges ( a, mg/cnt) were estimated by assuming 100% conversion of Aulo

AuNPs and no loss of AuNPs during washing.

3.3 Results andDiscussion

3.3.1AuNP/BC Nanocomposite Synthesis and Characterization
The AuNP/BC nanocomposites were synthesizeih Isjtu redwction of HAuUCL by NaCit in the
presence of BC at 303 K. Past studies have suggested that the hydroxyl groups within

nanocellulose can reduce metal salts to metal NPs at 3931 However, we found that this
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reaction is quite slow at 303 K. To accelerate AUNP formatiosCllavas added as an external
reductant. NeCit is widely use for AUNP production at both room and elevated temperéttire.
217,218 \Within 4 h,the mixture of HAuCHNasCit+BC changed color from yellow to dark purple,
while the mixture of HAUGHBC remained yellovafter seven day&rigure 3.1A). This result
indicates that the AuNPs primarily form by 4Tit mediated reduction of gold salt and not by the
action of the BC surface hydroxyl groups. AuUNP/BC prepared waCitl reduction at room
temperature contains much higher AuNP density than that prepared with BC surface hydroxyl
group reduction at 373 K, indicating the much higher reducing efficiency sitNthan the BC

surface hydroxyl group@-igure3.2A&B).
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Figure 3.1 A) BC immersed in 1 mM HAuCIs with (right) and without (left) Na 3Cit for one
week. B) AUNP/BC nanocomposites: top row from left to right: AUNP/BC3-1, AUNP/BC-1-
1, AUNP/BC-1-2; bottom row from left to right: AUNP/BC -1-5, AuNP/BC-1-10, AuNP/BCG
1-15. C) AuNP/BC film readily adheres to glass coverslip, yet can be easilygbed off when
water is added. D)Raman specta of BC, AUNP/BC,BC+MGITC, and AUNP/BC+MGITC
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Figure 3.2 SEM images of AuNP/BC prepared with A) NaCit reduction at room
temperature, B) BC surface hydroxyl group reduction at 373 K, and C) N&Cit reduction at
373 K.

The AuNP/BC nanocomposites were prepared using differes€itldAuCls ratios and
HAuCls concentrations. The nanocomposites could be divided into two categories: 1) brown
colored samples prepared with high HAu@ncentrations?(5 mM; bottom row irFigure3.1B);
and 2) samples prepared with lower HAuGbncentratins (< 5 mM; upper row ifigure3.1B)
that are dark purple, blue, or red. Sample AUNRIBT is exemgry of the first category. The
AuNP/BC-1-10 suspension color changed from yellow to dark purple after 15 min indicating that
AuNP formation was rapid. After 2 h, the suspension color faded while the nanocomposite became
brown. The brown color indicates thhigh HAuCkL concentrations result in rapid nucleation,
growth, and agglomeration of the AuNPs within the BC matrix. Sample AuNB/BGs
exemplary of the second category. Prior ta@inaddition the HAuCl solution containing BC
had a yellow tint, whe four hours after N&it addition the suspension color was black thus
indicating AUNP formation. After 48 h, the suspension was pink and the BC had transitioned from
colorless to dark purple, by 72 h the suspension akast completgl clear Figure 3.3).

Synthesis time of AUNP/BC can be reduced to 1 h by raising reaction temperature to 373 K. The

AuUNP/BC prepared at elevated temperature showed higher size and shape heterogeneity than that
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prepared at room temperatyfégure 3.2A&C), so we focus on the room temperature synthesis

procedure in this paper.

t=0 hrs t=4 hrs t =48 hrs t=72 hrs

Figure 3.3 Residual AuNPs following immersion of BC in HAuCk (1 mM) and Naascitrate (3
mM) solution for A) 0 h, B) 4 h, C) 48 h, and D) 72 h. (In each case the BC hydrogel was
removed from the tube prior to taking the picture.)

The time series experiments indicate that AUNPs that precipitate outside of the BCamatrix
readily sorbed by BC over tim8imilarly, preformed AuNPs can also be readdyrbed by the
BC matrix Figure 3.4A&B). As shown inFigure 3.4A&B, the U\-Vis spectrum of ANP
suspensions beforand after sorption byhe BC exhibited a single peak at 533 nm, which
corresponds to the LSPR band of the 50 nm AuNPs. Following the first and second sorption cycles
the UV-Vis spectra are straight lines, thus indicating complete rehuvaAuNP-ps by the BC
(Figure3.4B). After the third sorption cycle, 1.5% of the AufB remained in suspension. After
the fourth sorption cycle, a prominent peak appeared at 533 nm (8.6%-pgsukéMmained),
indicating complete surface saturation. Based upon this experiment the sorptaeitycaf BC
for the AUNPs was calculated to be 5.82 (g AuNP/g BC). A SEM image of the final nanocomposite

illustrates the incorporation of AuNBs within the BC matrix. Importantly, however, the AUNPs

are not homogeneously distributed within the matrixd ahus it was concluded that
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nanocomposites made by this approach would not exhibit reproducible SERS responses.
Nonetheless, this result demonstrates that BC has a very large sorption capacity for AUNPs (about

6% its own weight) and by extension this i®pably true for other nanostructures.

124 A —— Before sorption 010, B — 1% cycle sorption

—— 2™ cycle sorption
0.08+ —— 3% cycle sorption
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.
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|
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Figure 3.4 Experimental evidence for AUNRps uptake by BC. A) Initial extinction spectrum

of 50 nm AuNPs in suspension. B) Extinction spectra of AuNPs in suspensianiléwing
exposure to BC. After three exposure cycles there is a measurable LSPR band thus indicating
the BC is reaching its sorption capacity. C) SEM image illustrated the entrainment of AUNPs
within the BC matrix. Note that the AuNPs are not homogeneousldistributed within the
matrix. D) SERS intensity of MGITC average spectra in five randomly selected areas of in
situ synthesized AUNP/BC and AuNP/BC prepared by sorption of préormed AuNPs.
(Dotted line is the average Raman intensity of the five averagpectra.)

Neat BC has a reported isoelectric point at pH'8ahd our citratestabilized AuNPs exhibit a
g-potential of-36:1 mV at neutral pH, a value consistent with the literatéft@&ecause both BC
and citratestabilized AuNPs @ negatively charged it would not be expected for there to be an
electrostatic attraction between them. Similarly, because we did not observe evidence of a redox
reaction between surface hydroxyls on the BC and HAaCbur reaction temperature it seems
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unlikely that AuNPs would be stabilized by the BC hydroxyl groups. The hydrogen bonding
between carboxyl groups of AUNP surface coating and the hydroxyl groups of BC probably plays
a key role in the adsorption of AUNPs on BC. Recently, however, it wasvelsinat AUNPs
readily sorb to unmodified cellulose filter pap&tin thateffort, the large volume fraction of pores

into which AuNPs can diffuse was determined to be the driving force for AUNP incorporation into
the filter papet-®? Considering the much smaller diameter of nanocellulose than the cellulose fibers
in filter paper, BC should provide a much larger volume fraction of pores and therefateé sho

house more AuNPs.

Figure 3.5 Secondary electron images of A) BC alone, B) AuNP/BG-1, C) AuNP/BC-3-5,
D) AuNP/BC-1-10.

The morphologies of the AuNPs within the AUNP/BC films were charactetiged) SEM.
Secondary electron imaging provides contrast for both the AaR&®8C on thewgface Figure
3.5), while backscattered electron imaging provides contrasiveen individual AuNPs and

facilitates imaging to depths of 500 nm. Initial characterization was done using secondaoy electr
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imaging. As shown irnFigure 3.5A, ned BC dry film consists of a network of interwoven

nanocellulose fibers with approximate diameters of 50 nm. For AUNB/BQyold nanospheres

with a uniform size of 20.5£2.2 nm (n = 50) are well distridutgthin the BC matrix Eigure

3.5B). An increase in the initial HAu@toncentration to 5 mM led to increased numbers of highly

dispersed AuNP of e 71.8+14.3 nm (n = 5@igure 3.5C), while a further increase in

concentration to 10 mM (and a simultaneous decrease in #§@tiBEAUCI4 ratio to 1:1) resulted

in nanoplate form#on (Figure3.5D). It is important to note that in general the nanocomposites

produced vian situreduction of HAuC] were slightly more homogeneous and SER8ve than

those produced via adutit of preformedAuNPs EFigure3.4 & Figure3.5). This property suggests

thatin situ preparation could produce more SEB8cient andreproducible SERS substrates.
Considering that AUNP size and morphology dictate the SERS signal intevesialso utilized

backscattered electron imaging to charactesimesamples. As shown Figure 3.6A, when the

NasCit/HAUCl,4 ratio was set at 1:1 the average natple size in the AUNP/BC samples was

47.3£10.8 nm (n = 50). This value was significantly larger than that for the higk@it/N&\uCls

ratio of 3:1. We also found that the initial HAu€bncentration influenced the AuNP size. When

the HAuUChL concentréion was increased from 1 to 2 mM, the average nanoparticle sizesatrea

to 51.3+9.0 nm (n=5@igure3.6B) and the total number of AUNPs increased. A SEM image with

higher magnification showed the relatively even distributtbrAUNPs in BC matrix Figure

3.2A). For HAuCL concentrations higher than 5 mM the AuNP size distribution broadened and

spherical particles with sizes in excess of 200 nm were found (data not shown). For excitation with

either a 633 oa 785 nm laser these large particles are typically not as efficient as smaller AUNPs

for SERS. It is noteworthy, however, that large triangular and hexagonal Au nanoplates also form

under tlese reaction conditiong={gure 3.6C&D). Energydispersive Xray spectroscopy (EDS)
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results indicate the nanlapes are AuNPs (insef Figure3.6D). It has previously been reported

that strong SERS enhancements occur at the vertices of gold (or silver) narfépfates.

Figure 3.6 Backscattered electron images of AUNP/BC nanocomposites prepared with initial
HAuCI 4 concentrations of 215 mM and a fixed NaCit/HAuCl 4 molar ratio of 1:1. Inset of
figure 2D is the energy dispersive spectroscopy (EDS) of the Au nanoplate.

The nanoplates formed in these samples are very thin (< 30 nm) and are transparent under the
electran beam of the SEM. Hexagonal or triangular gold nanoplates are generally synthesized in
the presence of shajplirecting agents that selectively adsorb to the (111) crystal face and hinder
crystal growth along that faéé>?26In our syntheses, higher initial Hi€l, concentrationsRigure
3.6C&D) facilitate gold nanoplate formation, while lower §Tat/HAuUCl,4 ratios and lower initial

HAuCls concentrations facilitate gold nanosphere formation. These results are consistent with

prior reports in the literaturé® 225 227 As llustrated inFigure 3.5D, the majority of the Au
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nanoplates appear to be located between the nanocellulose Vegetwerefore speculate that the
nanoplates form within the confined space between adjacent narsosheet

The plasmonic properties of the nanocomposites were probed vidsBpectoscopy Figure
3.7). As shown, BC does not absorb light across the wavelength ran§é-890 nm. In contrast,
AuNP/BG3-1, AuNP/BG1-1, and AuNP/BEL-2 all exhibit a narrow extinction band in the
wavelength range of 53349 nm that redshifts across these samples. The relatively narrow LSPR
band is indicative of the general monodispersitthe AUNPs (as previously determined via SEM)
and the red shift indicates that the AUNPs grow larger asat@it/HAuCl, ratio decreases from
3:1to 1:1 (i.e.AUNP/BG3-1 to AuNP/BCG1-1). When the HAuGIconcentration was increased
to 10 mM (AuNP/BCG1-10), the LSPR broadened substantiale attribute this lattasbservation
to a broader AuNP size distribution, the presence of gold nanoplates, as well as enhanced

interparticle coupling.
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Figure 3.7 Extinction spectra of BC, AuNP/BG3-1, AuNP/BC-1-1, AuNP/BC1-2, and
AuNP/BC-1-10. The inset is a photograph of the five samples adhered to the inner walls of
separate cuvettes.

The AuNP/BC nanocomposites obtained by this approach exhibit interestysjcalh
properties. Initially they exist in the form of a hydrogel with a saturated thicknesst6f 1L f&m.
When dried, the nanocomposite shrinks to producgla f thin film that is tightly bound to the
underlying solid surfacéFigure 3.8). When the film is wetted it can be easgigeled from the
substrateKigure3.1C). To test their chemical resistance the AUNPfiBGs were subjected to 20
min ultrasonic treatment. Over this period the films were stable and the AUNPs remained firmly
attached to the BQubstrate. The strong interaction forces between AuNPs and BC were attributed
to the dipoledipole interaction such as hydrogen bonding between the carboxyl groups of AUNP
surface coating and hydroxyl groups of B&henthe HAuCls concentration wa below 2mM,

the nanocomposite filmwas sentransparent due to theninimal light scattering of

nanocellulosé® The AuNP and BC densities (mg/énin the AUNP/BG1-10 nanocomposite
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were calculated using the methods described in the Materials and Methods section. The measured
BC and AuNP/BC densities were 0.26 mgfand 1.58 mg/cf These data demonstrate that the
nanocomposites produced by thigegach are very light. For comparison, the weight of this BC
substrate is roughly 1/60 of that of normal printer paper of the same area. AUNP suspension
suffered from uncontrollable aggregation and flocculation at extreme pH while the AuUNP/BC
nanocomposite were expected to exhibit higher resistance to both acidic and alkaline solutions
since AuNPs were restined in BC matrixKigure3.9A). The strong SERS intensity MGITC

spectra acquired at different pH indicates that AUNP/BC can be used in both extremely acidic and

alkaline conditiongFigure3.9B).

A

Figure 3.8 A) AuNP/BC-3-8 bound to aluminum foil and peeled off when wetted. Bgft: BC
hydrogel, middle AUNP/BC-1-10 hydrogel, andright: AUNP/BC-1-10 film.
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Figure 3.9 A) AuNP suspeasion at different pH after settling for 6 h (left) and AUNP/BC
nanocomposites taken out of MGITC solutions with different pH (right). B) Influence of
solution pH on MGITC SERS spectra obtained with AUNP/BC as the SERS subtrates.
3.3.2 AuNP/BC Nanocomposite SER Evaluation
To illustrate the capabilities of the AUNP/BC films as SERS substrates we exposed the AUNP/BC
1-10 nanocomposite to 5 mL of 1 &M MGITC sol ut
i mmersed in 5 mL of 1 &M MGITC soAuNR/BCon f or
BC+MGITC, andAuNP/BC+MGITC are shown ifrigure 3.1D. No discernible Raman bands
were observed for pure BC and BC+MGITC under 633 nm excitation AEdIP/BC-1-10,
however, there is a broad Raman band between-1600 cm'. Furthermore, more detailed

analysis of this spectrum indicates prominent peaks at 257, 734, 1016, 1326, 1591, and 2927 cm

1 The Raman band at 257 ¢énis attributed to covalent iatactions between the AuNPs and, Cl
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while the other prominent Raman bands are attributed to nanocellulose itself (183 cn€ O C)
glycosidicf?822% or residual citrate/citrate oxidation products on the AuNP surface. Of the peaks
attributed to citrate or citrate oxidation products the band at 2927scthe most prominent. In
Figure3.10 we compare the spatial variation in the 2927*@ignal to that of the 257 chband.

As illustrated in this figurethe Raman signals from the citrate/citrate residuals and the AuNPs are
highly correlated, thus indicating that the Raman signal of the citrate/citrate residuals is surface

enhanced.

257

—+—AuNP/BC
2927 A

Normalized SERS intensity (a.u.)

T T T T
0 700 1400 2100 2800 3500
Rel(1/cm)

Figure3.10 A) Average Raran spectrum of AUNP/BQ-10 (no added MGITC); Raman maps of

B) nanocellulose and C) AuNPE.ach map covers a 32 em | 16 =&
points per line. The integration time for each point was 0.5 s. A 10x objective and 0.26 mW laser
intensitywere used. The maps were obtained by tracking the intensity of the peak at 29%j cm

or the peak at 257 ch(C).
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Under our test conditions amgsidual citrate/citrate oxidation products adhered to the AuNP
surface should not impede analyte detectmmthe following reasons: 1) the affinity between
citrate and the AuNP surface is expected to be low, so citrate molecules will be relatively easily
displaced by guest analytes; 2) the SERS signal of citrate/citrate oxidation products is weak (below
10 GCD counts); 3) Even if an analyte is separated from the AuNP surface by residual
citrate/citrate oxidation products, its Raman signal can still be enhanced by the long range
electromagnetic mechanism; 4) The fixed peak positions of residual citrate/oixieegion
products make it easy to distinguish the analyte spectrum from the background. In support of these
assertions we note that the SERS intensity of the synthesis residuals is minimal relative to the
strong characteristic peaks of MGITC (1177%m377 cm!, and 1607 cn4) for AUNP/BC
exposed to MGITCRigure3.1D). At a laser wavelength of 633 nm, MGITC exhibits a resonance
enhancement that facilitates higls#RS enhancements than fresonant citrate/citrate residuals.
Based upon these experiments it is reasonable to cdenthat the peaks shown kigure 3.1D

reflect the SERS of MGITC.
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Figure 3.11 Raman spectra of MGITC (100 nM) on AuNP/BC film prepared with different
concentrations of HAuGland differentNasCit/HAUCI, ratios(each spectrum is the average of
threel0GGm I 100 em i mage scans with each i mage s
The NaCit/HAuCls ratio and the initial HAuGl concentration are expected to have a
significant influence on the capabilities of the nanocomposites as SERS substrates. Average SERS
spectra obtained from 160100 mm? image scans for AUNP/BC nanocomposites prepared under
different conditions are shown Figure3.11. A strong MGITC signal was distributed uniformly
everywhere across the Raman map and average spectra from five randomly selected areas are
almost the same (relative standard deviation (RSB%o¥ thus illustrating the reproducibilitf
the SERS substrateBigure3.12). The small variation of SERS spectra (RSD=12%) obtained by
three batches of independigrprepared AuNP/BC samples indicated that the synthesis method is
also reproducibléinset ofFigure3.12). For all samples prepared at as€@/HAuUCls molar ratio
of 1:1 the MGITC signal is readily observed. However, for the sample prepared at a
NaCit/HAuUCls molar ratio of 3:1, the MGITC spectrum, although discernible, is much weaker.

When the initial HAuC4 concentration was increased from 1 to 15 mM the averagSSinal

exhibits only minor fluctuations in intensity (as shown quantitatively in a plibteoheight of the
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peak at 1177 crh Figure3.13). It is well known that SERS enhancements of gold nanospheres

are a function of their diameter and size distribution (and thus the location and width of their LSPR)
and thaP 55 nm is optimafor SERS under 633 nm excitatiéf!Given this knowledge, we might

have expected that the nanocomposites with AUNPs primarily of this size would give the greatest
signal enhancements; however, that expectation was not met. Instead, with the extepgon
AuNP/BG3-1 substrate containing 20.5+2.2 nm nanospheres that exhibited relatively little
enhancement, all of the other substrates performed similarly. We attribute the similar performance
of the different substrates to the production of large tiesof highly SERS active nanoplates

as well as our use of areal scans that produce average spectra for a large sampling area. However,

because AUNP/BQ-10 exhibited the strongest SERS signal, it was selected for further study.

Area 1
Area 2
Area 3

b

500 750 1000 1250 1500
Raman shift (cm™)

Area 4
Area 5

Intensity (a.u.)

Figure 312Average SERS spectra of MGI TC (1 &M) on
AUNP/BC-1-10. Inset is the intensity of Raman band at 1170 chof SERS spectra obtained
by three batches of independently prepared AUNP/BC samples.
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3.3.3 Influence of SampleDrying Time

SERS "hot spots" are generally indicative either of small spatial gaps between adjacent AUNPs in

which the electromagnetic fields of the individual nanoparticles couple and produce extremely

large Raman enhancements or of large electromagdiedts at the ends or vertices of isotropic

nanostructures (i.e., nanoplaté¥)As noted previously, the AUNP/BC nanocomposites have a

layered 3D structure. When these nanocomposites dry the interstitial water is eliminated and the

distance between AuNPs in each layer decreases and the increased proximity of the AuNPs is

expected tproduce hot spots?

We monitored the SERS signal of our AUNP/&C0 nanocomposite asfanction of drying

time to obtain

deformation. For this purpose, the nanocomposite was exposed toNBOAGITC for 48 h. After

nf ormati on

about

t

h e

K i

net.

rinsing away unbound MGITC, the sample was medrdn the Raman stage and SERS spectra
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were recordedvery 15 min. As shown iRigure3.14A, the SERS intensity increased slowly from

0 min to 45 min. During this pied, the thickness of the AUNP/BC nanocomposite decreased by
©91%. Further drying between 4#® min., during which time the nanocomposite became
completely dry, led to a 300% increase in the SERS intensity. Similar drying metetedin
signalwere observed when AuNP/B@-10 was exposed to MGITC concentragdoetween 4

1000 nM As shown inFigure 3.14B, the drying induced signal enhancement (DISE; defined as
theratio of SERS intensity of the dry AUNP/BC relative to the SERS intensity when wet) generally
increased slowly (@5 min) and then increased more rapidly. Under our sampling conditions, the
time between 15 and 60 min is when the AUNP/BC nanocompositeesh&nogn nearly dry to
completely dry. We note that the rate of drying of these samples was not completely consistent
because the humidity of the environment was not contrdedtrol of the humidity during drying

can be expected to increase shenpleto-sampleconsistency and reduce drying time.
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Figure 3.14 A) SERS intensity of AUNP/BG1-10 exposed to 5000 nM MGITC [nset is UV-
Vis absorption spectra of AUNP/BCG1-10 under wet and dry condition3. B) Drying induced
signal enhancement as a function of drying time for 4 5000 nM MGITC.
In the lowest concentration samples we observed that extended laser illumination could result
in a slight decrease SERS intensityThis result is consistent with laser imeéd damage either
to MGITC or the nanocompositéd control experiment supports the latteypothesis Whena

fully dry AuNP/BC sample was illuminated by tB&83 nmlaser for 1 min, its SERS intensity

deceased by 44%Hgure3.15).
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Figure 3.15 Raman spectrum of MGITC on AuNP/BC-1-10 before and after laser exposure
for 1 min.

The measured increase in SERS interastg result of nanocomposite drying suggests that large
numbers of hot spots form as a result of drying and that the majority of these hot spots form during
the period when the AUNP/BC changes from being nearly dry to completely dry. Apparently only
undercompletely dry conditions are large humbers of AuNPs in adjacent layers close enough to
one another to produce strong SERS intensilewe alternative explanation for the observed
increase in the Raman signal due to drying is the anisotropic shrinkiBG af it dries on the
glass substrat€? When BC is dry, uniplanar orientation of the (101) crystallographic planes will
take place. Therefore, the (101) planes where hydroxyl groups as well as AUNPs dominate are not
twisted around the nanofibers, but rather positioned in the same directidnuanehhance the
Raman signal®?> We were able to exclude this latter hypothesis based upon comparisdfz of
Vis spectra of the AUNP/BQ-10 nanocomposite under wet and dry conditions (ias€&igure
3.14A). Under both conditions each sample exhibited a broad absorption in the ran{f@05Qm
that was centered at 589 rinra wavelength that is well coupled with the laser wavelength (633

nm). Upon drying theignal intensity increased substantially, but did notsiaft, thus suggesting
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a greater density of AUNPs and not drying induced alignment. This result demonstrates that the
dryinginduced Raman intensity enhancement can be attributed to the formh&#RS& hot

spots.

3.3.4SERS Dynamic Range

To test the dynamic range of the AUNP/BC nanocomposite we examined its response towards
MGITC at concentrations of 4@M and 400 fM. As shown iRigure3.16, the characteristic peaks

of MGITC are easily observed for the dried 400 pM AuNP/BC sample, while no MGITC peaks

could be identified when the sample was wet. We note thl@i@C spectrum irFigure3.16A

was obtained at randomly selected spots across the substrate. To further test the dynamic range we
decreased the MGITC concentration to 430 f M a
sample the three most prominent peaks of MGITC were readily detected at discrete locations
(Figure3.17). Assuming the homogeneous distribution of MGITC acrossidm@composite, we

estimate that only 24 molecules should be within the probe voRiin® ( 3§ thus indicating the

excellent SERS enhancement of our material.

——AuNP/BC hydrogel MGITC 400 pM A —— Dry before exposure B

AuNP/BC film - 1585 —— Dry after exposure

918
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WJ\W\‘M/\

800 1000 1200 1400 1600 800 1000 1200 1400 1600
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Figure 3.16 A) SERS of MGITC (400 pM) AuNP/BC-1-10 before and after drying and B)
SERS of MGITC (20 nM) adsorbed on AuNP/BC before and after it was dried.
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Figure3.17 A) Raman map of MGITC (400 fM)Ithe maps were obtained by tracking the intgns
of peak at 1177 cr) ; B) Raman spectrum at spot 1 labeled in the Raman map.

3.3.5Accumulation of Analytes

The AuNP/BC nanocomposite not only can act as a detection substrate, but also can accumulate
MGITC from solution. Such an accumulation process casidrgficantly accelerated by sample
agitation. The SERS intensity of the sample exposed to MGITC solution with agitatior? was 4
higher than that withoutgtation (Figure3.18). To ensure MGITC not only adsorbed to the surface

of AUNP/BC nanocomposite, we also exposed the dry AuNP/BC film to MGITC solution and
measured its IES intensity. As shown iRigure3.16B, the SERS intensity of AUNP/BC exposed

to MGITC as a nanocomposite was3higher than that exposed to MGITC as dry film. This
result demonstrated that MGITC sorbs anty to the AUNP/BC nanocomposite top surface, but

also into its bulk. The accumulation of chemicals and drymdigiced formation of SERS "hot

spots" makes this material very promising for trace pollutant detection in water.
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Figure3.18SERS of MGI TC ( 1 -kl1Méxposed to MGITNPsobl@iGh with or
without a shaker.

3.3.6Additional Analytes

In addition to MGITC, which can form covalent bonds witlthe AuNP surface due to its
isothiocyanate groypve alsotested R6Ga positively chargedlyethat can adsorto the AUNP
surface via electrostatic attractionto further test the performance of the AuNP/BC
nanocomposites. The SERS intensity (indicated by the peak at 113generally increased with

an increae indrying time Figure3.19A) thus indicating that drying induced signal enhancement
also occurs for molecules witkelativelylow AuNP surface affinity. To illusate this effect, we
randomly scanned a 1@0n x 100em area exposed to a low R6G concentration (78 nM) and
consistently observed a detectable R8&nan signalKigure 3.19B). This result demonstrated
that there are numerous "hot spots” within the sample area. Even after excluding the highest
intensity "hot spots” in the image, the average spectrum of R6G &chéicellent signal to noise

(Figure3.19C).
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Figure3.19A) SERS of R6 G ( 71-18 aseaRipctioo afryidguirNe? B) Bn@ge
scan of R6G (78 nM) on AUNP/BEG10, and C) the average spectrum of R6G on AuNPIERO
in image scan. Image scan was acquired by tracking the area betwee1250m* (between
the two dash lines).

To further demonstrate thlgeneral applicability of the AUNP/BC SERS substrates, atrazne
hydrophobic and neutral organic pollutantas used as the analyte. A clear SERS spectrum of
atrazine (10 bsiMedomAaNP/BELE® (Bigude3/20).dn general the measured
peak positions match very well (<I® nm shift in wavelength) with those in the normal Raman
spectrum of atrazine. The enhancement factor (EF) for atrazine was ealdolée as high as 2

x 10 based upon the expression:

EF = Vsers 2N e Equation3.1

I NR N SERS
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wherelsersandInr are the SERS and normal Raman signal intensities of the atrazine peak at 961
cmt, NsersandNnr are estimates of the numbers of atrazine molecules in the laser probe volume
for SERS and normal Ram&Quantitative analysis of atrazine was performed at a solution pH of
1.3. As showiin Figure3.21, atrazine signal (band at 961 éo citrate background (band at 734
cmi?) increased linearly as the atrazine concentration (in logarithm) increased from 2556M

eM, indicating the ap p lositesdobquaniitative analysis &f atfdzne.B C
These results collectively show that the AUNP/BC SERS substrates have general applicability for

a broad range of organic pollutants.

— Atrazine solid normal Raman
——— Atrazine solution SERS
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Figure 3.20 SERS spectrumo f atrazine (10-1-10M&id nanmal RamaN P/ B C

spectrum of atrazine solid.

69

n

(



e Blank

— 250 NM

— 2.5 uM .

—25 1M :f_

— 250 tM — 961

0.8 0.0

0.8 1
LogC (uM)

Intensity (a.u.)

700 800 900 1000
Raman shift (cm™)

Figure 3.21 Quantitative analysis of atrazine at solution pH of 1.3. (Raman band at 734 cin

is from NasCit coating and the Raman band at 961 crt is from atrazine. Their intensity

ratio 1 961/ 73a was used for the quantitative analysis of atrazine.)

3.4 Conclusions

AuNP/BC nanocomposites were preparedrbgitu reduction of HAuC} in the presence of BC

and the feasibility of these nanocomposites as SERS substrates was evaluated. The AuNP size and
morphology in the nanocomposites could be adjusted by H&wg@kentration. At high HAuGl
concentration, Au nanoplates were synthesemed were thought to be responsible for the high
SERS intensity. Following the drying of the AUNP/BC nanocomposite, the distance between its
layers is reduced and hot spots form in the vertical direction. Most of the hot spots formed during
the period whethe AuNP/BC changed from being nearly dry to completely dry corresponding to
the significant increase of SERS intensity in this period. The diipitigced enhancement factor
increased with a decrease in MGITC concentration, which enabled an ultra lotioddiett of

~24 molecules of MGITC. The AuNP/BC nanocomposites reported here show the potential to
detect trace contaminants in wat€€ompared with papdrased SERS substratethese
nanocompositéilms are lighter andnoreflexible in terms of their ptential applicationsThis

nanocomposite can be expected to be more resistant to water, acidic and alkaline solutions and it
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thus has potential to serve as a passive sampler for ultimate field deployheelatrge adsorption
capacity of BC for AuNPs indates the potential for all kinds of SERStive nanostructures to be

easily integrated into the BC structuiiéhe cost of these SERS substrates is very low. Taking
AUNP/BC-1-2 as an example, the price of gold contained in a 0.5 @rf cm sample (more tha

enough for a single analysis) is only $0.003 based upon the August 2014 international price for
gold. Considering the facile synthesis procedure and sustainable nature of nanocellulose, these

super light and flexible nanocomposites show great poteatiahéss production.
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Abstract

The application of surfaeenhanced Raman spectroscopy (SERS) for everyday quantitative
analysis is hindered by the pcigkpoint variability of SERS substrates that arises due to the
heterogeneous distribution of localized electromagnetic fields acrossiten of plasmonic
nanostructures. Herein, for the first time, we adopt swéatmanced elastic (i.e., Rayleigh)
scattering as a SERS internal standard. Both elastic and inelastic (i.e., Raman) scattering are
simultaneous!| y enh anancthus theysurfaeengancecetastid draiterings p ot 0
signal provides a localized intrinsic internal standard that scales across all of the ptasaoced
electromagnetic fields within a substrate. The elastic scattered light used as normalization factor
originates from the amplified spontaneous emission of laser that forms a pseudo band in low
wavenumber range where edge filters cut on. A theoretical model is established to illustrate the
mechanism of this normalization approach. The normalized Raman sayralsdependent of
incident | aser intensities and Ahots psoptoot o HISe)n
normalization, the coefficient of variation of SERS substrates significantly decrease from 10%

60% to 2%7%. The batcho-batch and subsiteto-substrate variations decrease from 55% and

94% to 5% and 9%, respectivielyhis approach significantly improves the SERS quantitation
performance for four chloroanilines and its reproducibility for monitoring analyte adsorption to
AuNP in both stat and dynamic systems. Overall, this approach provides an easy and cheap way

to improve SERS reproducibility without the need to use additional chemicals as internal

standards.
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4.1 Introduction

Surfaceenhanced Raman spectroscopy (SERS) has long been pragosed ultrasensitive
analysis method with single molecule sensitivity, minimal need for sample pretreatment, rapid
detection time, and potential forsite deployment® 24 2568 234 However, in spite of the volume
of research conducted to develop SERS substrates and optimize the techreqpeorth
reproducibility of theSERSsignal makes it a challenge to achieve reliable quantitative analysis.
SERS largely remains a laboratory curiosity, but with great potential for multiplevoeia
applicationg’® 235237 One means to improve SERS reproducibility is to develagfonm SERS
substratesddvnm®d umgdn 5%t 128 A tHowewver, it is challenging to
create such substest at scale and at reasonable cost. Especially for environmental monitoring, it
is highly desired to achieve pollutant quantitation using comparatively cheap anrib-ezeke
SERS substrates.

An alternative approach to reduce SERS irreproducibility ismicorporate internal standards
(IS) into the substrat¥: 24®?42 The IS undergoes the same enhancement as target analytes, thus
reducing poirtto-point fluctuations in the signal caused by substrate heterogeneity, laser intensity
fluctuations, or temperature variatioithough SERS quantitation was achieved using IS, it adds
to the cost and complexity of substrate preparation, lacks universal applicability, generate
interferent Raman bands, and the reference pr
addition, it is nontrival to find an appropriate IS for the target analyte. Isctpeed internal
standards (IEIS) are ideal candidates for IS because the two isotope analogues share the same
Raman crossection and affinity to plasmonic nanoparticle (NP) surf&cé® While analyte
concentrations can be determined based on the ratios of the Raman band intensities of the two

isotope analogues, their adsorption kinetics cannot be acquired. In addition, IEIS for a large
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number of chemicals of analytical interest are not readily available. Importantly, none of the
aforementioned approaches is applicable for SE
spot o densities change over SERSmassays f& bionedicalond i t
and environmental detectidh 244247

The SERS effect is inherently surface enabled with the highest signal enhancements observed
at locations where the electromagnetic field is highest (i.e., either at edges or between two
nanopartiles)?® 248 Regions with the highest enhancement factors are typically referred to as
SERS fihot spotso. Variation of SERS sional s i
spotso oftentimes surpasses that induced by t
Therefore, normali zing HAhot spoto distributi
substrates is vitally important for improving the performanc@ERS quantitation. It was recently
reported that the elastic scattering undergoes the same electromagnetic enhancement as the
inelastic scattering c o nfBagedbnthisstudy dne comssiderieg S ER
the intrinsic drawbacks of the reported IS, it is possible and preferable to introduce a light instead
of a chemical as SERS IS.

In this effort, we demonstrate an easy and cheap appfoairhproving SERS reproducibility
that exploits surface plasmon enhanBayleighscattering signals as internal standards for SERS
signal normalization. Both theory and experiments show that the intensity of the surface plasmon
enhanced elastic scattagisignal of a lowwavenumber pseudn a n ¢ scéles linearly with the
i nt egr astpeodt 0fi hsoitgn a l S thand maptbé used® h icsal pdbeade fh
variations and minimize the signal heterogeneity of a SERS substrate, substrates prepared in
different batches, and different types of SERS substitedirst discuss the fundamental theory

supporting our approach, provide supporting experimental results, and conclude by demonstrating
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Ahot spot o nor mal ipH-aiggerediSRS detectidh pf chdoroanitintes; and3) i v e

di fferentiation of analyte adsorption and #fAho

4.2 Results and Discussion

421Theoreti cal Basis for AHot Spoto Normali zat
Using a scalar phenomenological thet¥¥2>*we developed an analytical expression that predicts
thatthe intensity of the surface enhanced elastic Rayleigh scattering signal is proportional to the
SERS signal from the ensemble of analyte and backgnmahetules in the vicinity of plasmonic
nanostructures. We propose that the surface enhanced Rayleigh scattering signal can serve as an
intrinsic internal standard for quantitative SERS under carefully controlled conditions.

As depicted inFigure 4.1a, a molecule is located at positianctose to a plasmonic metal
nanostructure (at roé6) that supports Il ocalized
incident fields &(ro, ¥ o) into local scattered fieldsgEo, ¥ o) ~ f(ro, ¥ 0)Eo(ro, ¥ o), wheref(ro, ¥ o)
is the field enhancement factor. Laser illumination gives rise not only to the stimulated emission
fields B(ro, ¥0) at the lasing frequencypo, but also amplified spontaneousission (ASE) fields
Eo(ro, ¥1) over broad frequencies; that have weaker amplitudes than the lasing emission. An
analytemolecule ato experiences the total local fields £ Es ~ (1+f(ro, ¥))*Eo(ro, ¥) at lasing
frequencyyo and ASE frequencies, respectively. The interaction of the molecule with the
enhanced total local fields &b gives rise to the dipole moment associated with inelastic Raman
scattering according ] 1 R 17 1 h p QOh O Oh , where
¥vib is a vbrationally shifted frequency and¥o ¥vib, ¥ o) is the polarizability for the frequency
mixing Stokes€o - ¥vib) Or antiStokes ¢ o + ¥vib) Raman scattering process. Similarly, the dipole
moment associated with elastic Rayleigh scattering at frequencgn be induced according to
Nl |17 p fOR O Oh , where((¥1) is the polarizability of the Rayleigh
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scattering process. In the presence of plasmonic nanostructures, the Green G(ngtiorm) of
the combined molecuiranostructure systera iepresented as (f(fo, ¥)) Go(rp, o, ¥), whereGo
is the freespace Green function in the absence of plasmonic nanostructuréssatiee field
enhancement factor at the radiation frequency. The electric field intérsityof the radiation
from the induced Raman scattering dipgle 1 h depends on the incident field

intensitylo and can be expressed as:

0 oh 1 Oih 1 s
s——— 00 Oh T nt 1 R s
———sp "QOR T "OO0OMh 1 11 1 R p
QOh sOO0Oh . (Equation4.1)

Similarly, the radiation intensitikayieighfrom the induced Rayleigh scatteringpdien 1  is

—sp QORh OO0OMR |1 p QOh s'OOh . (Equation4.2)

For most quantitative SERS applications, we want to quantify analyte molecule concentrations
by measuring Raman signals from an ensemble of analyte molecules in a dielectric environment
(e.g., various liquids). Under laser illumination both the insl@&aman scattering and the elastic
Rayleigh scattering signals come from an ensemble of analyte and background molecules.
According to Eq4.1 and Eqg4.2, the ratio of signal intensities between Raman scatterimg fit

¥vib and Rayleigh scattering &t can be expressed as
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(Equatior4.3)

whereNa, Ng are the molar concentrations of the analyte and the background solvent molecules
(Nel Na) present within the sampling volumé Un(¥o ¥vib, ¥0) iS the Raman scattering
polarizability of the analyte moleculeBk(¥1) is the Rayleigh scattering polarizability of the
background molecules, afd, O are the positions of analyte molecuéid background molecule

j.

If we constrain the optical sampling volume within a tightly focused spot that contains
plasmonic nanostructures (e.g., by use of a confocal configuration), both the surface enhanced
elastic scattering and the inelastic scattering signals will be @bednby the analyte and
background mol ecules | ocated in close proxim
intensities of both elastic and inelastic scattering proportionlaif, wherefmaxis the maximum
field enhancement factor in the hot spegion at the excitation frequericy .**° Sincg e
1T 17 , We assumBnaxro, ¥o) € fmaxro, ¥1) € fmaxfo, ¥o ¥vib) K fmax 1 1, andGo(re, ro, ¥ 1)

e Go(re, fo, ¥o ¥vib). In this case, the ratio of Raman and Rayleigh signal intensities can be

approximated as

2 h s 0 (Equation4.4)
During a SERS measurement, all factors (&g.[h, Us, andOi h FOi h ) excepiNa in

Eq. 44 are constant. By normalizing the SERS signals with the surface enhanced Rayleigh
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scattering signals of the background mol ecul

h

, provides quantitation of the molar concentration of analyte moledjes

without being affected by the many experimental factors that give rise to uncontrollable spatial
and temporal perturbations (e.g., local refractive index environments, local riietsthaement
factors, and local laser illumination fluxes).

We emphasize that the Rayleigh scattering polarizability  is many orders larger than the
Raman scattering polarizability 1 1 h  and thatNs is generally orders of magnitude
higher thanNa. Consequently, to maintain a large sigtahoise for quantitative SERS
applications, we must ensure tfai i (=excitation field intensity for Raman scattering) >>
'Oi R (=excitation field intensity foRayleigh scatteringin Eq.4.4. This condition can be

satisfied by using intense lasing light and weak ASE light in the laser emission.
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Figure 4.1 a) Schematic illustration of the relation between the incident field (k) and
scattered (&) Rayl eigh and Raman fi el d®) Thessgseinn g t
employed for backscattering confocal Raman microspectroscopy/imaging. c) Laser
emission spectra in transmission mode with or withoutmedgeor bandpass filter.d) Raman
spectra of two SERS substrates and Si wafer collected using backscattering Raman mode
compared to transmission mode laser emission spectra) Raman spectra of AUNP/BC
exposed to 4AMBA excited by 633 nm and 785 nm lasers. The spectra are normalized to the
intensity at 813 nm (= normalization point (NP)). Blue and red shaded areas represent
contribution of Rayleigh scattering and photoluminescence (PL), respectively, tge. f)
Raman spectra of4-mercaptobenzoic acid4-MBA ) under various laser powersg) Variation

of band intensities of the laser peakse at 126 cm?, and the principal 4MBA bands at 1076
and 1587 cmt as a function of laser powerh) Variation of the intensity ratio betweenthe 4-
MBA bands at 1076 cmt and 1587 cm' and the 3e pseudopeak (at 126cmt) as a function of
laser power.

4220r i gian of 3
As a proof of concept, &wusel a confocal Raman micrgpectroscopy/imaging set@ipigure4.1b)

to simultaneously collect and compare inelastic Raman and elastic Rayleigh scattering signals
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from a tightly focusdspoton ananostructured plasmimrsubstrate. As shown Figure4.1c, the
measured diode laser (785 nm) emission spectrum (red curve) consists of a narrow laser line at 0
cmit along with a broad ASE backgroutitht extenddeyond 200 cm. After blocking the laser
emission with a longpaggdge)filter, we observe an asymmetric peak @t % cm thatis an
artificial/pseudo spectral feature due to the convoluticth@fpectral profilef the ASE andthe
transmittance othe filter (cuton wavenumber68 cnil). By choosing longpass filtsrwith

different cuton wavenumbers and eaff slopes, we can control the spectral positiehape and
amplitude of3e (Figure 4.2). For instance, whemwe insert a badpass filter in addition to the
longpass filter, the pseudo peak) (@t B cm* (green curve)s significantly attenuatedhowing

that3e originates from the laser ASE.
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Figure 4.2 a) SERS spectra ofAUNP/BC nanocompositecollected by Raman instruments
equipped with longpass (edge) filters with different cubn wavenumbers (The spectra were
collected in baclscattering mode using two separate Raman instruments and normalized to

the laser band at 0 crt). b) Transmission spectrum ofthe longpass filter (shown as
instrument 2 filter 3 in Fig. S1a)collected with a U\-VIS spectrometer (Cary 5000, Agilent).

The transmission reached its maximum at 122n?, indicating this longpass filter should cut
onatt hi s wavenumber . This i s c¢ abasdiinsFigeSidaThevi t h
Raman spectra of deionized water and AuUNP monomer suspension are shown in Fig. S1b,
which exhibit bands at the same position where the longpass filter cuts.

Becausese is weak, it has been typically overlooked based on the assumption that Rayleigh

scattering will be fully blocked by the longpass filt&f 2> This assumption deviates from the

reality of many SERS studied/e speculated thattheweak nt er act s wi th SERS

elastically scattek by the molecules within them, and experiences the same electromagnetic

enhancement as Raman scatteffig.o test this hypothesis, backscattered Raman spet# Si
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wafer and a SERS substrétgold nanoparticle/bacterial cellulose (AuNP/BCyere collected.
As shown inFigure4.1d, an asymmetric peak at 76 ¢mppears in the Raman spectra for both Si
and the SERS substrate that reflects the line shape of the laser ASE (red curve). Notaly, the
AuUNP/BC was 2600%arger than that of the Si wafer, thus supporting the hypothesisetisat
significanttyenhan e d by S E R SFigliréddd). spot so (

As shown irFigure4.3, additional experiments using a second Raman instrument equipped with
an edge filter (cubn wavenumber: 126 cito probe AUNP/BC, a commercial SERS substrate,
and aggregated AuNP colloidsrroborate this resulln the absence of plasmonic nanostructures
(e. g., i n DI wat & n26 cnt Is eeryiweak,ebotsthie tsignal infensity is
significantly enhanced by substrates such as AuUNP/BC or a commercial SERS substrate. The
preseace of afor auNP/BGrand the commercial substrate suggests that this band is
enhanced when SERS Ahot spotso are highly con
by the obsewavsatweoank tfhoart 50 nm AuNsO cwdrl @i gr evhe
but it developed following electrolyte addition and concomitant colloid aggregation. This finding
suggests there is a correlation between the plasmon enhanced elastic scattering signal and the
strength of pl as mo n eld enharcemenags dll €xperirheatseisl o ¢ a |

characteristically weak in the absence of large numbers of SERS hotspots.
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Figure 4.3 Raman spectra collected from DI water, AUNP monomer suspension ({AuUNPS),
AuUNP aggregate suspension {AuNPs), AUNP/BC nanocomposite, and a commercial SERS
substratei Klarite using backscattering Raman mode. aAuNPs were prepared by adding
0.5 mL phosphate buffer (100 mM) into 0.5 mL AuNP monomer suspension and vortex
mixing for 30 s.

We e mp h a seioxwes it addition tsthe SERS background continuum that originates
from the combination of the photoluminescence (PL) of the plasmonic nanostructures and the
fluorescence emitted by fluorophores near the surdader laser eitation2°#2%” Fluorophores
in resonance with the excitation laser are subject to suefdtanced fluorescence (SEF) that
contributes to the background continuéith?®® 2°To minimize this possibility, we primarily used
a nonresonant molecule,-MIBA, and thoroughly washed our substrates such that residual
fluorophores were removed. PL ginates from the radiative recombination of sp band electrons
and excited d band holes in noble metals and can be significantly enhanced by the surface plasmon
resonance of nanostructur@3 2" 260 pL is an inherent characteristic of the SERS spectrum and

is typically the primary contributor to the SERS continuiiany SERS studies report spectra in

a range far away frorthe excitation wavelength (> 200 &)3°8 261 262 where the PL signal can
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dominate the SERS continuum. It should be noted, however, that for any given SERS substrate the
contribution ofPL to the SERS continuum will be a function of the laser excitation wavel&tgth

261 To illustrate, the AUNP/BC substrate was probed using both 633 andn7&xcitation. As

shown inFigure4.1e,the PL background of the SERS spectrum obtained wité3Benm laser
perfectlypredicts the PL background of the SERS spectrum collected dBB8emmexcitation

The contribution of PL to the pseugeak ai84 cm? (the redshaded areas) is a function of the

laser excitation, with a larger contribution undeB68n excitation(~50.1%)than at 785 nm
(~6.5%).Figure4.1e illustrates the additive contribution of surface enhanced Rayleigh scattering

to 3e relative to the broadgmooth PL backgroum@’ The influence of Plont he i nte&snsi ty

readily accounted for by baseline correction uginglished Matlab script${gure4.4).253
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Figure 4.4 Baseline (black) that is subtracted fromthe SERS spectum (red) collected from
the AUNP/BC substrate

The strong orrelation between PL and the ddr&ld scattering spectra of individual plasmonic
nanogrticles/clusters demonstrates that the PL spectrum is dependent on the localized surface
plasmon resonance (LSPR) of the nanostrucife8> 257 264 265 This L SPR dependence was

experimentally demonstrated by the dissimilar SERS backgrounds of two SERS substrates,
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AgNP/BC and AuNP/BC, for wavenumbers88lcm' where tle laser ASE is quite weakKigure
4.1d & Figure4.5). The3e line shapes for these substrates overlap and resemble the line shape of

the laser ASE <188 ci(Figure4.1d), further indicating thate originates from ASE and not PL
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—— AuUNP/BC

c

i

)

(&)

£

=<

(]

e

g C
©

£

—

o

pd

T T T 1
400 500 600 700 800

Wavelength (nm)

Figure 4.5 a) The normalized extinction spectra of AQNP/BC and AuNP/BC; SEM images of
b) AUNP/BC and c) AgNP/BC.

Figure4.1f shows the Raman spectra efnércaptobenzoic aci{d-MBA) functionalizedAuNP
clustersundervarious laser power3heintensities ofthe laser band0 cni?), the elastic pseudo
peak (26 cml), andthe most intens®aman bansl (1076and 1587cm?) are plotted irFigure
4.1g. Each of these bandscrease linearly witlanincrea® in laser powerAs expected based on
our theoretical analysisheintensitytrendfor thepseudo elastic scattering pdalsimilar tothat
of the Ramanbands. Thentensity of3e at 126 cm® is of comparablemagnitudeto the Raman
scatting intensitywhich makes it potentially suitable internal standarfdr calibration ofthe
SERS signalsTo validate this hypothesithe intensity ratie of the pseudo peak126 cm?) and
two Ramanbands(1076and 1587cm?) areplotted inFigure4.1h. Theseratios areindependent

of laser intensitya finding in agreementith Eq. 44.
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4.2.3Reducing SERS Substrate Heterogeneity by HS Normalization

All other parameters being figethe ratiadefined by Eq4.4wi | | be constant no
spoto density <changes. To il | us?®Srtramtterhjbits we e x
temporally wvari abl efunétibnoot dryingtine fgureldéa). Over & s  a s ¢
drying period, both the-MBA Raman band at 1076 cha n dincsease in intensity due to the

drying mediated increi n A hot s piguief6b&t)eDespitetthyese (emporal changes,
however, the ratio between the Ramanrbd  aemdinegconstant Figure4.6d), as expected.

We suggest t hadprovidesean indicdtienrofsthe tintegratetl strength of SERS
efficiencyf r om al |l fAhot spotso within the microscop:
randomly selected from a 400 pixel SERS map -MBA on AuNP/BC. Acoss this map, as
shown inFigure4.6e, the intensity of the-MBA Raman band at 1076 chincreased linearly with
theintensityoBe(R=0. 99) . Thi s |c.quantitatively teffectstie integrated 8ERE 3
efficiency of t he e x ctithe entbnsify lofathe MB84 Bamanoband We n o
correlates poorly with the inteibg of the PL background=gure4.6f ) , t hus iepathi cat i n
serve as a SERS internal standard while the SERS continuum cannot.

The measured SERS intensity of any analyte reflects the combined effects of laser intensity, the
el ectromagnetic field within SERS HfAhoaytespot sc
molecules within the probe volum®.As discussed previously, the fluctuations of the first three
factorsae si gni f i c a mgrioimglizatioe ldavicgeheé numiyer of analyte molecules as
the remaining variable dictating signal intensity. Normalizatiorsdoyz|ramardlrayleign) decreases
the variability of the SERS signal by minimizing petotpointvar at i ons i n SERS i

densities. We refer to this approach as nfdhot
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Figure4d6a) Schematic of the increase in SERS fAhot

volume that occurs due to AUNP/BC hydrogel drying; b) The Raman spectra of-MBA on
AuUNP/BC platform at different drying times; The intensity of the Raman band at 1076 cm
of 4-MBA as the AuNP/BC hydrogel was drying c) before and dafter HS normalization;
Variation of the SERS intensity of the 4V BA Raman band at 1076 cmt as a function of the
intensity of the e) elastic band at 84 crhand f) photoluminescence (PL) backgpund at 1800
cm! across a SERS map acquired on the AuNP/BC platform (100 points were randomly
selected from a SERS map containing 400 pixels).

HS normalization significantly reduces the peioipoint heterogeneity of SERS substrates.

Using the AUNP/BC sbstrate and-MBA as our test anal yt%e4/00 Raman

pixels) were constructed by separately tracking the Raman band at 1376 an84 cm', and
background PL at 1820 ch(Figure4.7a-j). The maps tracking the Raman band aaédxhibit

highly similar fAhot spotodo distributions illus

are similarly enhanced. The measured coefficients of variation, (@\the ratio of the standard
deviation to the mean, were 9.3 and 18.8% for the 10x and 100x objectives, respectively. However,

following HS normalization the CVs declined to 2.3 and 7.9%, respectively. After HS

nor mal i zat.

on, ald sphet sidvoti spot sOpa@amms Wiictoh b e
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disappear, graphically illustrating the concept of HS normalization. Maps normalized using
background PL exhibit little improvement in CV. The differential performance of Pke&s a

SERS internal standard is attributed to their different enhancement mechanisms. PL reflects the
enhancement of a radiating dipole comprisinatids and -glectrons in the presence of a
LSPR?%" In contrast,3. is enhanced by the same electromagnetic mechanism responsible for
SERS?® The concept of HS normalization is extendable to otHdBA Raman bands as well as
AuUNP suspensichased §RS Figure 4.8, Figure 4.9, & Figure 4.10). HS normalization is

p ossi blepseudepetkisset sising a range of longgafilters(Figure 4.10) and variable

sampling areag~{gure4.11).
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Figure 4.7 SERS spectra and maps of-MBA on dry AuUNP/BC film collected using 10x (a

e) and 100x (fj) objectives. Maps of 4MBA tracking the bands at 84 cm? (b), 1076 cm! (c),
the ratio between the two bands (h7d11s4) (d), the ratio between the band at 1076 crhand
the PL background (l107¢11820) (€). Maps of 4MBA tracking the bands at 84 cm! (g), 1076
cmt(h), the ratio between the two bands ¢b7dls4) (i), and the ratio between the band at 1076
cmt and the PL background (1107611820 (j). Maps of 2-CA from a drying AUNP/BC hydrogel
tracking the bands at 126 crri (I), 556 cm* (m), the ratio between the two bands éke/l 126) (n),
and the ratio between the band at 556 crhand the PL background (lsse/l 1820 (0). All maps
were collected acrossd 00 € m [ 1 Ond coatamedadOCesingleaspectra. p) SERS
signals of 4MBA Raman band at 1076 cmt collected from AuNP/BC substrates prepared
by three different people and in five batches; q) The HS normalized {d7d1s4) signal for 4
MBA collected from AuNP/BC substrates prepared in five batches; r) SERS signals of 4
MBA Raman band at 1076 cm' collected using four different SERS substrates; s) The ratio
between the two bands (b7dlss) of 4MBA collected using four diferent SERS substrates.
Substrates #1 and #2 are AuNP/BC nanocomposites prepared using 1.2 mM or 12 mM
NasCit as reducing agent, respectively; Substrates #3 and #4 are AQNP/BC nanocomposites
prepared using 250 mM or 25 mM NaBH as reducing agent, respectely; Each substrate
was scanned (containing 400 pixels) three times and the error bars reflect the standard
deviation of these three scans.
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Finally, HS normalization can account for batokbatch variabilityin substrate performance
(Figure4.7p&q) as well as differences in substrate identityhaitt any additional cosF{gure
4.7r&s). To illustrate, Five batches of AUNP/BC were prepared by three separate individuals and
scanned after dwBhforen.Mee CV wmlusodthesREmMad band at 1076'cm
of 4-MBA decreased from 55.3% to $6&fter HS normalizatior={gure4.7p&q), indicating that
HS normalization can significantly improve batithbatch reproducibility of SER substrates.
Four nanocellulosbased SERS substrates prepared using two different metals (Au or Ag) and
two different reducing agents (NaCitorNapH wer e scanned by Raman af i
4-MBA for 2 h. The CV value of the 1076 ¢imRaman bandecreased from 93.6% to Y2after
HS normalizationKigure4.7r&s), indicating that HS normalization can significantly improve the

reproducibility across a suite offigérent SERS substrates.
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Figure 4.8 Maps of 4MBA on dry AUNP/BC film tracking the band at 525 cnr using a) 10x

and c¢) 100x objectives. The ratio between the two bands4dI126) using b) 10x and d) 100v

objectives. Maps of 2CA on drying AuNP/BC hydrogel tracking the band at e) 1021 cm

and f) The ratio between the two bands gb2/l12¢) . Al | maps were coll ect
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Figure 4.9 Maps of 4MBA coated AuNP clusters in suspension tracking the band at a) 84
cmt (3¢ and 1076 cm' (Raman band), and b) the ratio between the two bandsagizd1s4) (all
maps were collected acrossA 00 e m | 1 (@ cordameda @0 siagle apectra).
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Our measured CV value of 2.3% is, to the best of our knowledge, the lowest reported in the
literature (Table 4-1). Such a result is impressive given that the AuNP/BC substrate is
heterogeneous with respect to nanoparticle size, shape, and aggregation state and thus the numbers
of 4-MBA molecules associae d wi t h any Ng)wilmnbe F00% identisapacrose  (
the map. Most approaches to achieve low CV values rely on expensive lithographic techniques or
apply highly specialized analyte dosing or added internal stantfard82%° As shown inTable
4-1, Sepanialet al.produced a highly homogeneous SERS substrate by electron beam lithography
and nanotransfer printing that exhibited a CV value of #3%imilarly, wellpatterned gold
nanocluster arrays fabricated via tempigigded seHassembly exhibited a CV value of 1298.

Most recently, Chen et al. achieved a then retmndCVVv al ue (4. 3%) by #Afi xir
Ahot zoneod above aegulaked Agfintahd usimgdht kgand asgnéemal
standard€*! The fact that HS normalization works well under challenging imaging conditions

suggests even lower CV values can be achieved with-eagmeered substrates.

4-MBA l157d 1156 CV=5.1%

a 4-MBAI,,,CV=9.9% 4-MBAIl;sCV=11.4% D

'

|

Intensity (a.u.)

0 500 1000 1500 2000 2500 3000 5 10 15 20
Raman shift (cm™)

Figure 4.10 Maps of 4MBA coated AuNP clusters in suspension tracking the bands at a) 126
cm?!( & and 1076 cmt (Raman band), and b) the ratio between the two bandsigzd/ 12¢).
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Figure 4.11 Maps of 4MBA on dry AuNP/BC film tracking the band at 126 cnr?, 1076 cn,

and the ratio between the two bands (b7dl126) collected from three different areas (ac in

area 1, df in area 2, and gi in area 3). Al maps were col
area and contained 400 single spectra.

Table 4-1 Comparison of CV valuesof recently reported SERS substrates

Substrate name Preparation approach Analyte CV (%) Ref

Nanopsrrrt;c;tsa cluster Templateguided seassembly 4-Mercaptoaniline 12 270

Ordered nanopillars Reactive ion etchlr_lfpllowed by gold Tra_nsl,z-b|s(4- 8 071
coating pyridyl)ethylene

Ligandregulated Janus particle laydry-layer assembly;
silver nanoparticle P yeny-ay Y Crystal violet 4.3 241
films Analytes in spiron-glass
Nanoarrays E-beam I|thogra_phy and nanotransfe R6G 13 60
printing
Nanostar on silica E-beam Ilthography and reactive ior A-Mercaptoaniline 10 272
pillar etching
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AuNP-decorated Si Reactive ion etching and raé

269
nanorod array assisted chemical etching R6G 3972
Ag nzg?tztrr:cture Electrolytic spray deposition Crystal violet 11-24 273
. Nanosphere lithography, metal
Ordered Ag/Si assisted chemical etching and Ag  4-Mercaptoaniline 9 268
Nanowires array .
sputter coating
AuNP/BC In situ reduction 4-MBA 2.3 This
study

We have illustrated the applicability of HS normalization for analytes that strongly associate
with the AuNP surface via a thiol linkage. However, many analytes only weakly associate with
the surface via electrostatic interactions. Due to their lowercaiafiinities, these analytes present
the greatest challenge for SERS based quantitation. To illustrate the broad applicability of HS
normalization, SERS maps were acquired by scanning wet AUNP/BC substrates exposed to four
structurally similar chloroanties: 2chloroaniline (2CA), 3-chloroaniline (3CA), 4
chloroaniline (4CA), and 2,4dichloroaniline (2,4DCA). Across this series, the analyté, value
changes systematically due to inductive and deductive substituent éffeatsH-triggered
approach was applied enhance surface affinity and ensure consistent molecular alignment on
the AuNP surfacegFigure 4.12).23¢ Maps for 2CA constructed by tracking the intensity of its
characteristic band at 556 ¢m .ag126 cm, and the background PL at 1820 tare shown in
Figure4.7k-o. The CV ofthe SERS signals prior to HS normalization was 61.4%, but was reduced
to 7.2% following normalization. Similar improvements in pdipoint variability were
observed for the other chloroanilinéSigure 4.13). It is interesting that the CV values were
reduced to a | evel below 10% fr omenarhaizatory, er | al
which lowered the threshold for making reproducible SERS substratiearéheligible for rapid

screen measurements.
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Figure 4.12 Fifty randomly selected Raman spectra from SERS maps acquired on wet
AuNP/BC at pH<pKafor a) 4-CA, b) 3-CA, c) 2-CA, and d) 2,4DCA.

Figure 4.13Maps of 4CA on AuNP/BC platform tracking the band at a) 126 cnt (3¢), b) 644
cmrl, and c) the ratio between the two bands €141126). Maps of 3CA on AuNP/BC platform
tracking the band at d) 126 cnt, €) 531 cmt, and f) the ratio between the two bands ék1/1 12¢).
Maps of 2,4DCA on AuNP/BC platform tracking the band at g) 126 cmt, h) 652 cmt, and
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