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Abstract

Surfaceenhanced Raman scattering (SERS) has evolved into a powerful analytical
measurementtechnique with the potential for single molecule detection. The technological
advancement of handheld Raman instrumentation is powering the development of SERS
applications in a variety of industries. Moreover, it is driving the movement from
laboratory-based analyses to ofsite/remote analyses. As a result, a main research
component from this movement is to develop compatible SERS substrates. While the
market is dominated by solidbased substrates, solutiorbased substrates do offer some
benefits. These cald include low production costs, high scalability, competitive

reproducibility and shorter analysis times.

The primary focus of the work in this thesigs to develop solution-based SERS
substrates and explore their usage for irsolution measurements. Ths work highlights the
development of three different types of solutionbased substrates. The first substrate
involves the synthesis and optimization of gold nanostars as a colloidal SERS substrate. The
SERS performancés investigated and optimized using & £FA OAT O ' T 1 A3 O AOAAA
the buffer to gold salt concentration ratio and the use of an aggregating agent. In short, the
results indicated that gold nanostars with smaller branches provided larger enhancement
than those with larger branches, andtis has beerattributed to the Raman probesurface
coverage on the nanostars rather than an electromagnetic effect. A SERS assalgo

developed to quantitate methimazole in urine using a handheld Raman spectrometer.



The second and third solutionbasedsubstrates are metal decorated cellulose
nanofibers, also known as plasmonic cellulose nanofibers. These chapters focus on the
growth of silver and gold nanoparticles onto oxidized cellulose nanofibers, arate used as
a water dispersible substrate. In thedevelopment of plasmonic cellulose nanofibers, the
cellulose nanofibers have two important roles: (1) to act as a dispersant in water and (2)
act as a support for metallic nanopatrticles. For both substrates, centrifugation played a key
role in producing dgnificant signalenhancement. Cellulose nanofibers decorated with
silver nanoparticles were used for insolution measurements of malachite green, while
cellulose nanofibers decorated with gold nanoparticles were used for isolution
measurements of methimazole. Moreover,raassayis developed to quantitate methimazole
in synthetic urine with cellulose nanofibers decorated with gold nanoparticles.
Measurements using plasmonic cellulose nanofibemsre taken with a Raman microscope,
however, examples are shown to highlight theapability of remote analysis by coupling the

substrates with a handheld Raman spectrometer.

This work concludes with a comparative study between solidand solution-based
substrates. Using cellulose nanofibers decorated with gold nanopart&s, membrane- and
glass based SERS substratere developed. This work discusses the benefits and challenges
of solid- and solution-based substrates in terms of substrate development, measurement
versatility and reproducibility. The primary contribution of this work i s the development of

multiple solution-based SERS substrates for4isolution measurements.
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not shown here). | was also responsible for a portion of the datnd analysisrelated to the

Raman spectrometer comparison (sown in Chapter 1).
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Boluk. Manuscript writing, critical inputs, suggestions and recommendations were
provided by Dr. McDermott. FTIR measurements were collectdry the Analytical and
Instrumentation Laboratory at the Department of ChemistrySanples for XPS were
submitted and collected by the nanoFAB facilitystaff . Samples forXRD weresubmitted to

the NRGNano (Edmonton, AB)nd collectedby Steve Launspach
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| was responsible for the majority of the experimental data acquisition, the data
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cellulose nanofibers. Criical inputs, suggestions and recommendations were provided by
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Chapter 1. Introduction

1.1. Research Scope andObijectives

Surfaceenhanced Raman scattering (SERS) is a continuously developing qualitative and
guantitative measurement technique with the capability of single molecule detectioh? A
major component of SERS is the development of SERS substrates. Many different types of
SERS substrates have been fabricated and used for chemsmaising® The opportunities for
SERS substrate devepment remain open and continudo diversify. For example, paper
and cellulosebased substrates have drawn a latf attention as of late? The popularity
around paper- and cellulosebased substrates are attributed to the abundance of cellulose,
ease of surface functionalization, the ease of synthesizing nanoparticlestothe substrate,
its biocompatibility, and its biodegradability. Moreover, these papetbased substrates can
be utilized in different ways for measurements, such as dipping in solution, or swabbing a
contaminated surface’ Up until now, the majority of these substrates a used as a solid
based substrate. However, cellulosbased substrates could also be effective for4isolution

measurements, but requires further investigation.

The motivation of this thesis is to develop colloidal SERS substrates for rapid and
reproducible in-solution measurements. The work in this thesis strives to show the
potential of solution-based substrates to provide qualitative and quantitative
measurements, and their potential with a handheld Raman spectrometer. The experimental

research objecties of this thesis are: (1) optimization of gold nanostars as an-solution



SERS substrate; (2) development of a water dispersible SERS substrate using cellulose
nanofibers decorated with silver nanopatrticles for the detection of malachite green; (3)
detedion and quantitation of methimazole in synthetic urine using cellulose nanofibers
decorated with gold nanopatrticles; and (4) comparison and discussion of soliothsed and

in-solution SERS measurements using plasmonic cellulose nanofibers.

This chapterintroduces background information and the fundamentals of Raman
scattering and SERS. There is a focus on comparing different types of instrumentation and
SERS substrates with an emphasis on colloidal substrates. Additionally, background
information of cellulose nanomaterials is reviewed with a focus on cellulose nanofibers and

metal decorated cellulose nanofibers.

1.2. Raman and Surface-Enhanced Raman Scattering Theory

1.2.1. Raman Scattering

Chandrasekhara Venkata Raman discovered the Raman scattering phenomenon 28,9

and was awarded a Nobel Prize in Physics for the discovery in 1988.The different types

of scattering can be used to describe this phenomenon.h&h a photon interacts with a

molecule, the oscillating electric field from electromagnetic radiation creates a short lived
AEOOI OOCETT 1T &£ OEA 111 AAOI A0 Awwhanir@iebultidgl T OA
scattered photon is at the same frequency as the incident photon it is called Rayleigh
scattering 19 Rayleigh scattering is an elastic scattering phenomenon. On the other hand,

when the scattered photon is at a different frequency than the incident photon it is called

Raman scatteringt® Raman scattering is an inelastic scattering phenomenon. The



frequency shift in Raman scattering is equal to a molecular vibrational transitio#.In order

for this transition to occur, there must be a change in polarizability?

Raman spectroscopy has established itself as a useful techniqoe variety of
applications due to technological advancements in diode lasers and charge coupled devices
(CCD) in the 19803° Raman spectroscopy continues todused today for the investigation
of art history and archaeology, the detection of explosives, the identification of narcotics
and airport/border security. 11-13 Advantages and appealing features of Raman scattering
include: (1) non-invasive technique; (2) compatible with aqueous samples; (3) provides
chemical information about the sample; (4) narrow linewidths that provide multiplex
capahlities; (5) easy and minimal sample preparation; and (6) remote analysis
capabilities 3 10 However, there are two main problems that continue to plague Raman
spectroscopy as a technique. First, Raman spectroscopy is considered a weak scattering
technique where only one in &n million photons are Raman scattereé* Second, Raman
scattering is approximately 1¢ to 100 less efficient than fluorescence and is often

overwhelmed by its interference3
1.2.2. Surface-Enhanced Raman Scattering

Surfaceenhanced Raman scattering (SERS) is a technegemployed to amplify weak
Raman scattering by several orders of magnitude. Extremely large enhancements (up to
1019) and the capability for single molecule detection have empowered the evolution of

SERS into an analytical measurement technigqdé: 4. 15

The discorery of SERS dates back to 1974 when Fleischmann et al. were
investigating the adsorption of pyridine on silver electrodes using Raman spectroscop.

3



The increased Raman intensities were attributed as a surface adsorption effect from an
increase in surface area due to electrochemical surface roughening of the electrééé few
yearslater two independent research groups deemed the increase in surface area cannot
be the only cause for such intensity increases, and other enhancement phenomena must be
responsiblel7-18 Jeanmarie and Van Duyne studied heterocyclic, aromatic, and aliphatic
amines adsorbed on anodized silver electrodes, and concluded the Raman enhancement
was caused from an electric field enhancement mechanisthConcurrently, Albrecht and
Creighton proposed a chemical surface effect upon the adsorption of pyridine to the metal
surfacel8 The interaction between the surface plasmon from the metal and the adsorbed
pyridine causes broadening the molecular electronic energy levels, thus resulting in an
increase in the moleculalRaman scattering crosssection18 A year later, Moskovits
proposed that theenhancement is from the optical conduction resonance of surface
electrons from bumps on a metal surfacé&?-20 These works have led to the acceptance of
two enhancement mechanisms within the scientific community: an electromagnetic and

chemical enhancement mechanisms 21

1.2.3. SERS Enhancement Mechanisms

SERS ehancement is a result of an interaction between light and matter, and an
interaction between light and a metal nanostructure2l As noted above, there are two
enhancement mechanism: (1) electromagnetic and (2) chemical enhancement. These
mechanisms stem from the relationship between the Raman scattering intensity) @nd the
square of the induced dipole moment|find).1> An induced dipole moment is the product of

the Raman polarizability () and the strength of the incident electromagnetic fieldE).15



SERS enhancement mechanisms have been described and discussed extensively
throughout the literature.3. 15 21The following section will highlight the key aspects

associated with the electromagnetic and chemical enhancement mechanisms in SERS.

The electromagnetic enhancement considered the most prominent mechanism in
SERS. Figre 1-1A is a schematic demonstrating the electromagnetic enhancement
mechanism in SERS using a gold nanoparti@eWhen an incident electromagnetic wave
interacts with a metal nanostructured surface, it produces a charge separation and an
I OAEIT T AOETT 1T &£ OEA | AOAPRIND efed® o ¢aled thdodhlizddA OAQET 1
surface plasmon resonance (LSPR). The LSPR is dependent on many factors including the
dielectric functions of the metal ( meta) and the surrounding medium ( m).2t As mentioned
in the previous paragraph, the SERS enhancement mechanisms are a result of the Raman
scattering intensity and the square of the induced dipole momerit. Mathematically, the

strength of the induced dipole moment is demonstrated as in Equation-1:21

FO . HA . m bg_ e © . 1 (Equation 1-1)
where Eof &) is the incident electric field strength, ping is the induced dipole moment, and
] metaliS the polarizability of the metal2! Therefore, it is the incoming electric field strength
and the polarizability of the metal that dictates the induced dipole moment strengtht
Figure 1-1 demonstrates theinteraction of agold nanoparticlewith incoming
electromagneticradiation (in green).2! In turn, results in a charge separation and

amplification in the local electric field around the metal nanoparticlel!



A)

Matrix

mim:

electromagnetic wave
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LSPR-supporting metal nanostructure

Figure 1-1. lllustration of the SERS electromagnetic enhancement. (A) Excitation of the localized surface

plasmon resonance (LSPR) of a gold nanoparticle when interacting with electromagnetic radiation. (B)
Enhancenentof theOET AT | &h CEGOAAT @ AT A OE &z5G| otafue)bytelasfidlightEE AT A § 5
scattering from the LSPR of a metallic nanostructur&eprinted from Schliicker, S., Surfagénhanced Raman
Spectroscopy: Concepts and Chemical Applicatiomsngew. Chem. Int. EB014, 53 (19), 47564795.

Copyright 2014, with permission from John Wiley and Sor#.

Another important aspect to consider is the interactbn between the electric field
and the molecule at the nanoparticle surfacél Figure 1-1B is a schematic that illustrates
this interaction with pyridine at the surface of a gold nanoparticlé! Similar to the scenario
described above, molecules at the surface of a hanoparticle also experience induced dipole
moment, and resuts in the inelastic scattering of the incident ligh&! This is described as
dincZ vib in Figure 1-1B (in orange). This suggests that the SERS intensitydispendent on

~ A N s~
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131 Fe . - %I:“)f LA O, 4 S LO - SSF O, L O, 6 (Equationl-2)

Using Equation 12, when theJ inc and J incz9 vib radiation are close in value, the SERS

enhancement is approximately ~E.21 This is called the Eapproximation.

There are other important factors related to the incident laser wavelength and the
metal nanostructure for SERS measurements. For example, a wavelength dependence for
the LSPR exists, and ideally, theSPR wavelength from the nanopatrticle should be close to
that of the excitation wavelength?2 Van Duyne and ceworkers have demonstrated that the
largest SERS enhancements are when the excitation wavelength is bikefted from the

LSPR wavelength of the nanoparticl&

Another important factor related to SERS enhancement is a distance dependency. It
is known that the field enhancement for a spherical nanoparticle decays with, wherer is
the distance from the surface to the adsorbat®: 21 Consideringthe E* approximation, the
distance dependency scales by a factor pt2.15. 21 Additionally, it is important to consider
the increased surface area scaling?) due to adsorbed molecules, anthis results in a
distance dependency of-10.15 The distance dependency is shown mathematically in

Equation 1-3:15

CI— +?' (Equation 1 -3)

where Iserds the SERS intensitya is the average size of the fiel&énhancing features on the
surface andr is the distance between the surface and adsorbate The SERS intensity
decreases by a factor of 10 when the distance between the surface and the adsorbate is ~3
nm.15. 22 This highlights the importance of the nelecule being located at the nanoparticle

surface.



The formation of hot spots is another aspect to consider for the electromagnetic
enhancement in SERS. Hot spots are highly spatially localized regions in between
nanoparticles and are responsible for prducing very large field enhancements! In the
case of a dimer, large field enhancements are produced because the electric field becomes
polarized along the main ais of the dimer3 The strongest field enhancements are observed
when a molecule is placed exactly in the gap between the two nanopartickddowever,
the likelihood of this happening is low?! A more moderate enhancement is generally
observed from a molecule somewhere on one of the nanopatrticles, ratian being
exactly between then®! Finally, it is important to note that hot spots not only occur in the
gaps between nanoparticles, but also at and in betweeharp tips and edges: 21 This is

discussed further later in the chapter.

As previously noted above, SERS enhancement is governed by two enhancement
mechanisms. The first mechanism, the electromagnetic mechanism, was discussed above.
The second SERS enhancement mechanism hamical enhancement. The chemical
enhancement mechanism is correlated to the electronic properties of the adsorbate, and is
OEA OAOOI O T &£#/ AT ETAOAAOGA ET 1171 AAOI AO PIl AOE
cross-section?! The chemical enhancement mechanism can be described with three
processes, which are molecular excitation resonances, chargansfer resonances and
nonresonant changes in the molecular pakizability upon adsorption onto the metal
surface24-27 A chargetransfer mechanism is used to generalize and explain the chemical
enhancement contribution in SERS, and is illustrated in Figure2.28 In this schematic, the
metal and adsorbate create a complex where the molecular orbital energy is close to the

i AOAT 8 O &sAl@iinteradtidh OfAightavith metalzadsorbatecomplex leads to the



formation of electron-hole pairs (Figure £2A).28 The electron tunnels to the adsorbate
through a charge transfer transition, and results in a molecular vibrationallange (Figure
1-2B and 12C)28 Electron relaxation back to the metal, or electrofhole recombination

produces a Raman scattered photon with vibrational information of the adsorbate (Fige

.

1-2D).28

Active Site cT

Z\ 7z

® electron © hole

Aftert=T1

= 4

(o]

Figure 1-2. lllustration of the SERS chemical enhancement. (A) The interaction between radiation and a
molecule adsorbed tometallic nanostructure active site leads to the formation of an electroiole pair. (B) An
electron is transferred from the metal nanostructure to the molecule. (Qf the transferred electron remains

in the molecule long enough for a vibrational changéhen this information is transferred when the electron
tunnels back to the metal(D) A Raman photon is created with an electrofnole recombination. Reprinted

from Brolo, A. G.; Irish, D. E.; Smith, B. D., Applications of surface enhanced Raman scattering to the study of
metal-adsorbate interactions.J. Mol. Structl997, 405 (1), 2944. Copyright 1997, with permission from
Elsevierz2s

In summary, this section discussed the electromagnetic and chemical enhancement
mechanisms in SERS. The electromagnetic enhancement mechanism is the primary

mechanism with enhancement contributions ofL04 to 108 orders.1> The chemical



enhancement mechanism, which is equally important but to a lesser effect, has shown
enhancement contributions of up to 1@orders.15> Overall, these mechanisms together can

result in SERS enhancement factors as high as the? 1@ 10°range 15

1.3. Surface-Enhanced Raman Scattering Measurements

There are two main components required to perform SERS measurementsesfiively: a
Raman spectrometer and SERS substrates. The following sections provide an overview on

the types of instrumentation and SERS substrates used for SERS measurements.
1.3.1. Instrumentation for SERS Analysis

The type of instrumentation for analysis is den a choice many do not have, and the
instrument owned or available is the one used for measurements. Given the choice, there
are many different types of spectrometers with many secondary options available. As an
example, Figure 13 shows three photos ofiifferent Raman spectrometers that could be
used for SERS measurements. These instruments differ vastly in cost and application.
Figure 1-3A is a photo of a Renishaw inVia Raman microscope. This is an expensive and
large instrument (see business cards abp of instrument for scale) that cannot be easily
moved from lab to lab. It can be equipped with multiple lasers, different polarizers,

different objectives and measurement setups. While it must remain stationary, there is a lot

of versatility available with this type of Raman spectrometer.

Figure 1-3B is a photo of a benchtop DeltaNu Advantage NIR spectrometer. This
instrument is a much smaller spectrometer in comparison to the microscope (use quarter

to gauge size). This is a senstationary spectrometer that can easily be transported

10



between labs, however is not suitable for field or ossite analysis. It requires to be on a flat
stable surface, and needs to be plugged into an outlet in order to function. This
spectrometer can be equipped with differentmeasurement stages for liquid and solid
phase analysis. An instrument this size typically is only equipped with a single laser

wavelength source.

Figure 1-3C is a photo of a B&W Tek TacticlD handheld Raman spectrometer. This
instrument is versatile in that it can be used in the lab, or for ofsite analysis. It is intended
to be held in your hand and easily transportable in a case or bag. A handheld Raman is
usually battery powered. Similar to the benchtop, handheld Raman devices are usually
equipped with asingle laser wavelength source. These devices are also compatible with a
variety of different attachments for liquid and solid phase measurements. These will be

expanded on later in this chapter.

There are certainly pros and cons to using different typesf Raman spectrometers.
Above, the size and measurement capability beyond the laboratory were highlighted. It is
important to note that there are other factors that impact the performance of the
measurement and results. These include the type of laser am@velength, the type of

detector, the spectral resolution and the instrument optics.
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Figure 1-3. Photos of different Raman spectrometers. (A) Renishaw inVia Raman microscope. Business
cards near the topof the instrument can provide insight about the instrument size. (B) Benchtop DeltaNu
Advantage NIR spectrometer. (C) B&W Tek TacticID handheld Raman spectrometer. A 25¢ coin (quarter) is
used to provide insight about the scale of (B) and (C). Photos f{B) and (C) are takerand provided by Dr.
Ahmed Mahmoud.

An example of performance comparison between Raman spectrometers is shown in
Figure 1-4. This is a qualitative comparison of the isolution SERS spectrum of
methimazole using a Renishaw inVi@aman microscope, a DeltaNu benchtop Raman
spectrometer and a B&W Tek TacticID handheld Raman spectrometer. Gold nanostars were
used as the SERS substrate (Chapter 2), and the concentration and volume of the gold
nanostars are identical for each sample. @¢r sample conditions such as methimazole
concentration, the total sample volume, the final NaCl concentration and mixing times were
held constant to ensure consistency across each instrument. In Figuretlthe spectrum for
each instrument has been normated for the power and acquisition time. It is common to
plot SERS spectra with units of counts/m\k. Figure 14 indicates that instrumentation
has some impact on the measurement performancé&able 1-1 summarizes the instrument
parameters and measurementesults. The Renishaw inVia microscope provides the
highest peak intensities, while those from the DeltaNu benchtop and B&W Tek TacticlD

handheld are significantly less intense. A multiplierX5) has been applied to the spectra for

12



the benchtop and handheldo demonstrate the detection and appearance of enhanced

Ramanbands.

Figure 1-4. SERS spectra of methimazole (1.15 uM) in water using different Raman spectrometers.
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same conditions, including the samig concentration, sample volume, NaCl concentration and mixing times
were kept constant. Each instrument used a 785 nm laser. The spectra were normalized in terms of laser
power and acquisition time.In collaboration with Dr. Ahmed Mahmoud.

Table 1-1. Comparison of Raman Spectrometers for the Measurement of Methimazole

Instruments
Renishaw DeltaNu TacticlD*
Power (mW) 115+1 37x1 300.0+0.2

< Time (s) 15 10 N/A*
2
g Laser spot size (um?2) 26 491 7854
o

Power density (mW/um 2) 4.4 0.076 0.038
= o Intensity (Counts/mW 1s) 18+1 1.00 £ 0.07 0.75+0.04
(O]
€ E
o ;’ Intensity (Counts fum2/mW q[s) 466 + 28 493 + 33 5915 + 320
2 &
2% %RSD 6 7 5

“TacticID does not allow user to set the acquisition time. The time varies from sample to sample, however, can be noted anduated
for in the data treatment.2Based on three samples measured at three different locations on the vial (n=8).collaboration with Dr.

Ahmed Mahmoud.
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Peak intensity measurements at 1364 crhindicate that the microscope provides peaks

that are 18x and 24x more intense than the benchtop and handheld, respectively. However,
the measurement setup (i.e., collection optics) and laser spot size have not been accounted
for in these measurements. The comparison will never be completely fair as the optical
setup from each instrument will differ. That being said, it is difficult to account for these

the laser spot size, it varies from instrument to instrument as stwn in Table 1-1. This
inherently impacts the power density of the laser at the sample. It usually uncommon and
overlooked to normalize the intensity in terms of power density. Table -IL makes this
comparison and significantly changes the peak intensitiefn units of countsfumz/mw s

the handheld provides peak intensities that are 18 and 12x more intense than the
microscope and benchtop, respectivelyn this case, the handhelgrovides the largest

signal intensities. Moreover, it is worth noting that thepercent relative standard deviation

is relatively consistent amongst the different instruments. The point of this comparison

was to demonstrate that different instruments provide different results based on their
specific parameters and measurement scenarithat and each has its pros and cons. This
thesis highlights the importance of being able to synthesize and optimize SERS substrates
using expensive laboratory based equipment like a Raman microscope, and then use the

substrate with a less expensive hantkld Raman for remote analysis.

Handheld Raman spectrometers are more than capable of being coupled with SERS
substrates for remote measurements and analysis. Given that larger laboratelased
instruments are expensive (>$100,000), purchasing a handheRaman spectrometer for
academic and industrial purposes in and out of the lab is a feasible option. There are many

14



options available on the market. Table 2 is a short list of some of the handheld Raman
spectrometers available on the market. There are nmy options with varying costs (~tens

of thousands of dollars). The range in instrument cost likely comes down to specific
ARAAOOOAO OEAO AOA 1T A£ZO0AT DOi OAAOAA Au OEA OAT A
the Bruker BRAVO handheld contains spediaed technology such as Sequentially Shifted
GAEOAOEIT j33%wAh DAOAT OAA £ O OAOGAAT AA [T EQEC
YT OAT 1 E4AEPA j AOOT i AOGAA 1T AAOGOOETI ¢ OEDP OAATCITEO
the manufacturers when it comes to sellingheir spectrometers. These descriptors include:
user-friendly/minimal training, rugged, versatile, transportability, fast identification, on-

board validation and calibration, extensive libraries, reproducible data acquisition, \Mri

capabilities, documenttracking and the detection of coloured samples, detection through

packaging. Moreover, almost all manufacturers claim their device is compliant with

management systems and good manufacturing practices to some extent. Also, many

companies have also develogd devices tailored for law enforcement, border security,

hazmat response, etc. For example, the B&W Tek TacticlBX®Plus was specifically

designed for forensic analysis of narcotics. It is important to consider the purpose and

functionality of the device,and whether specific parameters such as laser wavelength,

instrument size, adapter compatibility, etc. are suitable for the intended purpose, i.e. SERS

analysis.
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Table 1-2. List of Companies and Handheld Raman Spectrometers Offered on the Market

Company Devices

Agilent Resolve’, Vay&°

Anton Paar Cora 1061

B&W Tek NanoRam®106432, NanoRam®3-34, TacticlD®-106435, TacticlD®-N Plus®,
TacticID®-GP Plug’

Bruker BRAVG?

Metrohm Mira DS940, Mira P
Models: Basic, Flex, Advanced

Rigaku Progeny Res@?, Progeny Re® FLX3, ResQ CQHE, Progenys

SciAps CHEM50046, CHEM20047, Inspector 500'8, Inspector 300", ReporteRo,

ThermoFisher
Scientific

ObserveR!?

TruScan RM253, TruNarc4-55, FirstDefender RMX8-57, Geminp8-60

This thesis will demonstrate the potential capability of using a handheld Raman

spectrometer and a solutionbased SERS substrate. FigureSlshows both handheld Raman

devices that are used throughout the chapters to come. Figure5A is a B&W Tek TacticlD

Raman spectrometer and is shown with multiple handheld Raman adapters. Each adapter

will have different functionalities. For example, the point and shoot could be udédor

taking measurements of solid material within a container. The vial adapter could be used

for taking measurements of solutions. This is demonstrated in Figure-3B using a B&W

Tek NanoRam handheld Raman spectrometer. Finally, a membrane adapter would

commonly be used in conjunction with a membraneor paper-based SERS substrate. These

type of adapters add a lot of measurement versatility and functionality.
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Membrane adapter

Figure 1-5. Handheld Raman spectrometers and their different adapters. (A) B&W Tek TacticID with a
point and shoot, vial and membrane adapters. (B) B&W Tek NanoRam handheld Raman spectrometer
demonstrating how to use the vial adapter. A 25¢ coin (quarter) and pen is used to provide insight about the
scale of the instruments. Photos in (A) were takeand provided by Dr. Ahmed Mahmoud.

Vial adapter with cap

1.3.2. Development of SERS Substrates

SERS substrates are responsible for providing enhancement of waakensity Raman
scattered photons, thus are a vital component to developing any type of SERS measurement
platform. SERS substrates often fall under three main categories: (1) ordered array of
nanostructures on solid surfaces; (2) deposition of nanoparticles on swa€es; and (3)
nanoparticles in suspensiorf! The performance of SERS substrates is evaluated based on a
set of wellestablished standards. An ideal SERS substrate should: (i) demonstrate good
spot-to-spot and substrateto-substrate reproducibility (<20%); (ii) provide large
enhancements for rapid and sensive analyses; (iii) have good longerm stability; (iv)

have a clean surface for strong and weak adsorbates; and (v) be easily produced and at a
low cost3. 6263 The diversity of SERS substrates is extensive and only a select few examples
will be highlighted. Since this work focuses on solutiofbased substrates, more emphasis

will be placed on nanopatrticles in suspension.
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1.3.2.1. Ordered Nanostructure and Nanoparticle Ar rays on Solid Substrates

The fabrication of highly ordered nanostructure arrays often used micro and
nanofabrication techniques. There are many reviews that summarize the different types of
fabrication processes? 5. 61. 6465 These techniques are generally broken down into top
down, bottom-up and templating techniques®> A couple of examples of tojglown

fabrication methods include electron beam lithography and focused icheam
lithography.8> These techniques are capable of creating highly ordered geometric
structures on a substrate with a high degree of reproducibility.For example, Yue et al.
used electron beam lithography to produceyold nanostructures with controlled geometries
and arrangements for SERS analysiSsHowever, top-down techniques are generally
expensive, time consuming, and struggle aroducing sub-5 nm structures 8> Another
nanofabrication technique worth noting is nanosphere lithography. This is a technique
developed by the Van Duyne Group, and isers to fabricate arrays with controlled
nanoparticles sizes, shapes and interparticle spacirfgé These substrates are prepared by
first self-assembling polymer nanospheres onto a solid substrate, and then depositing
metal onto the nanospheres mask (15100 nm).22. 67 Figure 1-6A is an illustration of a
polymer nanosphere mask’ The substrate is then sonicated in solvent to remove the
mask, and leaves behind any metal deposited in between the nanosphefé$’ Figure 1-6B
is an AFM image demonstrating the silver triangular nanoparticle array resulting from this
process$’ Another possibility is to deposit a thicker layer of metal (~200 nm) onto the
nanosphere mask to poduce a metal film over the nanosphere (FON%.In this case the

mask is not removed afterwards.
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Figure 1-6. Nanosphere lithography. (A) Schematic illustration and (B) atomic force microscopy image of
single layer periodic particle arrays. Reprinted with permission from Haynes, C. L.; Van Duyne, R. P.,
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Optics.J. Phys. Chem2B01, 105 (24), 55995611. Copyright 2001 American Chemical Saty.57

Bottom-up approaches, such asangmuirzBlodgett, LangmuizSchaefer and other
interface assembly protocols are commonly employed to assemble smaller nanoparticles
into an ordered array$> Tao et al. ued a LangmuigBlodgett technique to assemble aligned
silver nanowires on a surface for SERS molecular sensif¥glhese methods are capable of
achieving moderate reproducibility 85 Templating fabrication technigues, such as anodized
aluminium oxide templating, are a lower cost option for producing high throughput and
highly reproducible substrates$> Moskovits and ceworkers developed silver nanowire
bundles using a porous aluminium oxide template and AC electrodeposition for SERS

applications.”0
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1.3.2.2. Nanoparticles on Flexible Substrates

The deposition of nanoparticles into flexible sbstrates are a highly sought after alternative
due to their costeffectiveness and versatility in taking measurements. Many types of
platforms, such as paper, polymer membranes and fabrics have been incorporated with
metallic nanoparticles and used for SER applications’l-’2 The useof paper-based SERS
dates back as far as the mid980s.73-75> Over time, the use of cellulosdased (paper)
substrates for SERS applications has grown immensélyn general, many different
protocols have been developed to synthesize flexible substes. Some of these protocols
include in-situ synthesis, dropcasting, dip-coating/immersion, electrospinning, additive
manufacturing and filtration.6 7372 For example, Kim et al. used an 1situ
synthesis/immersion protocol to develop a SERS biosensing paper stripln their work,

the substrates are developed by immersing filter papers into a gold salt solution, and then
immersing in sodium borohydride solution to form gold nanoparticles directly on the filter
paper.’¢ The synthesis used a technique called successive ionic layer absorption and
reaction (SILAR) to maximize the SERS activity and enhancement of their substratein
short, this technique essentially exposes the filter paper to multiple reaction cycles. These
types of substrate are capable of producing high enhancement factors (~3)0and provide
good reproducibility (~7.5% relative standard deviation).”6 However, the requirement to
immerse the substrate in multiple solutions followed by multiple rinsing steps can be
tedious and time consuming, and this makes having a high productionroughput

difficult. 72
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The deposition of nanoparticles through additive manufacturing consistef inkjet
printing, spraying and screen printing processe$? For example, the White group has
developed a costeffective paperbased SERS substrate using an inkjptinting approach.”.
77-86 |nitially, silver nanoparticles were inkjet-printed onto chromatography paper using a
commercially available inkjet printer.82 The substrates have also been printedith gold
nanoparticles and have proven to be versatile in acquiring measurementsThese
substrates can be used for lateral flow assays, to wipe surfaces, dip into solutions, &tc.
Figurelx OET xO Ei ACAO 1 Apebdaskd suistta@faddihe Qifiefe@d D
styles of substrates’¢ However, there are some drawback in the development of these
substrate. In the production of these substrates, the paper needs to be treated so it is
hydrophobic, the nanoparticlesneed to be concentrated, the solution viscosity needs to be

corrected for printing and multiple deposition cycles are usually neededg. 82
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Figure 1-7. Inkjet -printed SERS substrates. (A) Printed array of SERS substrates that can be cut and
adapted to meet specific analyte collection, concentration and detection requirements eesqjuired by the
application. (B) General SERS substratégbricated using inkjet-printed gold nanoparticles. C) SERS
substrates used for lateral flow concentration experiments. (D) Large wicking region allows for the substrate
to be used as a dipstick. (E) Surface swab SERS substra®eprinted from Hoppmann, E. P.; Yu, W. W.; White,
I. M., Highly sensitive andlexible inkjet printed SERS sensors on papeiMethods2013, 63 (3), 219224.
Copyright 2013, with permission from Elseviergé

Another simple and straightforward approach to incorporate nanoparticles into
flexible substrates is through filtration. For example, Yu and White loaded praggregated
silver nanoparticles into nylon andpolyvinylidene fluoride (PVDF) filter membranes using
a syringe filtration process®” Gao et al. performed a similar study and loaded pre
aggregated silver nanoparticles into PVYDF membrane filteg8.These reports showed good

SERS measurement capabilities. An alternative is to use a vacuum filtration appcba
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Zhang et al. vacuum filtered a cellulose nanofiber layer onto polycarbonate filter membrane
before adding gold nanorod$?® Their substrate demonstrated molecularand cellular SERS

detection capabilities8®

In general, the development of flexible SERS substrates are a eefective
alternative to ordered nanostructure arrays on rigid substrates. The synthesis is relatively
straightforward and does not require the use of expensive equipment. The measurement
versatility is also an appealing added feature. The SERS performance of nanopatrticles on
flexible substrates have modeate reproducibility, enhancement factors between 16-10°

and detection limits in the nM to pM range; 71

1.3.2.3. Nanoparticles in Suspension

Colloidal plasmonic nanoparticles for insolution measurements offer two distinct
advantages over the substrates described above. The first\ahtage is the decrease in the
adsorption time of the analyte to the nanoparticle surface due to dynamic solution mixing.
Second, solution homogeneity offers the potential for reproducible analysis. Colloidal
plasmonic nanopatrticles, such as silver and gbhanoparticles, are the most common
examples of solutiorbased SERS substrates. The ease and scalability of nanoparticle
synthesis make their use as a substrate viable and appealing. The msistple synthesis of
silver and gold nanoparticles is prepared B reducing and stabilizing a metal precursor,
such as AgN®or HAuClk, with a reducing agent and capping agent (e,godium citrate).2°
There are plenty of alternative methods that use different reducing and capping agents, and
these ultimately result in nanoparticles of different shapes and sizes with unique optical

properties.
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There are many important factors that contribue to the nanoparticles surface
plasmon resonance properties and SERS enhancement capability. These factors include the
nanoparticle size, the type of metal and the nanoparticle shape. For example, the size of
gold and silver nanoparticles have an impactrothe LSPR and the SERS performarféeé?
Generally, nanoparticles betweeri0-100 nm are used for SERS analysis purpos®&dn
terms of the metal type, silver naopatrticles provide signals as much as 10 to 100 times
more intense than those from gold nanoparticle$* However, gold nanoparticles have a
higher biocompatibility in comparison to silver nanoparticles, and are o&n used in
biological applications?4-9 The shape of the anopatrticle is also an important factor to
consider. A variety of nanoparticle shapes have been investigated throughout the literature,
including spheres, nanorods, nanotriangles, nanostars, et€19> One benefit of using
anisotropic nanoparticles is the capability to tune the LSPR over a ram@f wavelengthst06
Another benefit is that large enhancements arerpduced at sharp edges and points of
AT EOT 00T PEA T AT T PAOOGEAI AOh Al As1GEanGtaEO AAI 1 AA
examined the effect of different nanoparticle shapes on the SERS enhancement of
rhodamine 6G by comparing gold spheres, aggregated spheres, nanotriangles and
nanostars10s Briefly, their results demonstrated that the nanostars provided the highest
signal enhancement, whereas the no@aggregated spheres provided little signal

enhancement0s

It is well understood that the enhancement from dispersed single particle is
considered weak/low in comparison to dimers and small cluster§3 Hence, many
aggregation strategies ave been investigated to increase the number of hot spots in
solution and improve the SERS enhancemeht%8 A variety of different aggregating agents,
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such as poly(L:lysine), halide ions, spermine, nitric acid, magnesium sulfate, etc. have been
investigated 8. 108 However, controlling the aggregation process is difficult and could lead
to irreproducible results. There have been attempts to control the aggregation process
the past. For example, Meyer et al. studied the formation of lodiyed metastable silver
nanoparticle clusters with the addition of potassium chloride for SERS applicatior&?

Their results showed the possibility to produce partially aggregated nanoparticles for long
term usage with reproducible signalsto® In another example, Cummingham et al.
investigated the aggregatiorof citrate reduced silver nanoparticles with the controlled
addition of poly(L-lysine).%6 Larmour et al. examined the use magnesium sulfate as an
aggregating agent to produce silver nanoparticle dimers® The authors suggest that silver
nanoparticle dimers are still supported by weakly bound citrate due to a weaker bindg

affinity between sulfate anions and silvei10

Another interesting exampleinvestigated strategies to improve the reproducibility
of colloidal SERS3!! Tantra et al. synthesized citrate capped silver nanoparticles, used
potassium chloride to aggregate the nanoparticles and rhodamine 6G as a Raman préie.
Some of the key parameters that were studied include stoga conditions, filtration and
solution vortexing time.111 Their results indicated that filtration and storage conditions had
little to no effect on the SERS, however, longer vortexing time improved the SERS
reproducibility. 111 These improvements were attributed to the formation of reproducilbe

clusters under forced convection, rather than random collisions via natural convectio¥!

Some other approaches to produce dimers and nanoparie clusters in solution

include the selfassembly of nanoparticles using molecular linker&° Molecuar linkers are
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often classifiedinto groups: (1) bifunctional molecules (e.gdithiol) and selective
recognition molecules (e.g. DNA hybridization}?8 The detection of polycyclic aromatic
hydrocarbons (PAHs) have been quite successful with colloidal nanoparticles and
bifunctional molecules!12-115 For example, Guerrini et al. created nanosensors capable of
detecting PAHSs using viologen functionalized nanoparticled3. 115 The viologens were
responsible for creating intermolecular hot spots and cavities for molecular detectioH3.
115 While multiple viologens were investigated, he authors found that lucigenin provided
the best SERS results due to its large aromatic character and bifunctional propertiés.
Moreover, Guerrini et al. also investigated the use of tiiocarbamate calix[4]arene
functionalized nanoparticles for PAH detectiori12. 114 The dithiocarbamate has a strong
affinity to metal surfaces, while the calix[4]arene component creates a cavity at the
nanoparticle surface for PAH adsorptiori12 In the presence of a PAH, such as coronene,
functionalized nanoparticles form hosgguest complexes and trap the PAHSs ihe

interparticle hot spot.114

Biological linkers, such as antibodies, antigens and DNA, have been used to induce
nanoparticle assemblies and introduce molecular recognition capabilitie®¥8 For example,
Graham et al. developed a DNBased nanoparticle assembly process for controlled SERS.
Silver nanoparticles were labelled with a dye molecules (Raman reporter) and surface
functionalized with DNA probes? Aggregation of the nanoparticles and formation of hot
spots is caused by sequenespecific DNA hybridization in the presence of the
complementary DNA strand®® This results in a large SERS enhancement in comparison to

dye-coded single nanoparticle®?
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Another more recent approach is to control and prevent nanoparticle sedimentation
using a polymer solution. Van Duyne and eaorkers developed a method using
polyvinylpyrrolidone (PVP) to prevent the sedimentation of gold nanoparticles for the
SERS detection of negotransmitters. 116 A schematic of the method used is shown in Figure
1-8. In their approach, gold nanoparticles are nmxed with neurotransmitters (epinephrine,
dopamine, serotonin, histamine and norepinephrine) in salty buffer solution, and PVP is
added to the solution immediately afterwards to control and halt any significant
aggregation16 The PVP encapsulates the gold nanoparticle clusters with analyte, and

demonstrates detection in the nM rangéié

Polymer-encapsulated
AuNPs analyte-AuNP aggregates

1. Mix

2. Prevent
sedimentation
with polymer

OH
cl Cl
Na*

Figure 1-8. Schematic demonstrating a method for controlled aggregation for in  -solution SERS.
Reprinted with permission from Vander Ende, E.; Bourgeois, M. R.; HenrylAChéavez, J. L.; Krabacher, R.;
Schatz, G. C.; Van Duyne, R. P., Physicochemical Trapping of Neurotransmitters in Poljeeiated Gold
Nanoparticle Aggregates for Surfac&nhanced Raman SpectroscopyAnal. Chem2019, 91 (15), 95549562.
Copyright 2019 American Chemical Societjs

et
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The deposition ard growth of nanoparticles onto larger dispersible support
structures is another approach for reproducible insolution SERS measurements. For
example, Li et al. coated poly(styreneo-acrylic acid) nanosphere with silver nanoparticles
and stabilized with P\P for the detection of trace melamine in solutiodl” Ogundare and
van Zylsynthesized silver nanoparticles onto cellulose nanocrystals (CNC) for the detection
of riboflavin.118 Silver nanoparticles were also deposited onto a silica/CNC nanocomposite
material for the in-solution SERS measurement of malachite greé#.In these examples,
the larger structures act as a support for the nanoparticles and bring nanopartes in close
proximity to one another. This produces potential hot spots for SERS measurements. This

thesis investigates a similar approach using cellulose nanofibers as a dispersible support.

1.4. Cellulose nanomaterials

#A11 01T OA EO OEA renevablépblgnerd ahd@uidwniaa ibd ek T O

component found in cell wallst20 Cellulose has become a widely used maiat with a

variety of different applications, particularly in forest products, pulp and paper and textile
industries.121 It was not until 1838 that French chemist Anselme Payen first discovered the

material A A1 1 @2 #28ikcé Ben, much effort has been invested into characterizing and
understanding its structure121. 123124 Figure 1-9 shows an illustration of the chemical and

physical structure of cellulose. Cellulose is chemically composed of two anhydroglucose

OTEOQO j AAT 11T AET OAN OADPA AOdutoSidichdn@io-AirzOan derA ET ET A
Waals and intermolecular hydrogen bonding between the hydroxyl and oxygen groups

result in stable cellulose chaing?! Cellulose chains are composed of elementary fibrils and

bundles of fibrils (as known as microfibrillated or nanofbrillated cellulose) (see Figure 1
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9).121. 124 These fibrils are generally several micrometres in length with a diameter range of
5-50 nm121. 124 Moreover, the makeup of elementary fibrils consist of highly orders
(crystalline) and disordered (amorphous) regions (Figure 19).121. 124 The diversity in
cellulose is controlled by two factors: (1) source of the cellulose material (i,evood, plant,
tunicates, algae, bacteria, etc.) and (2) the extraction process (epye-treatment,

disintegration or deconstruction).121

Cell wall L
Cellulosic fibers
MEB Image —
ol o } Elementary fibrils
B T Microfibrillated cellulose

OH OH
o o LR, o
MM R e
o “OH O/ “on
n
3 Crystalline parts Cellulosic fiber
o i = Amorphous regions

Figure 1-9. lllustration of the chemical and physical structure of cellulose. = Demonstration of cellulose
breakdown from cellulose sources to cellulose molecules with an emphasis on the cellulose microfibrils.
Reprinted from Lavoine, N.; Desloges, |.; Dufresne, A.; Bras, J., Microfibrillated celluipks barrier
properties and applications in cellulosic materials: A revdw. Carbohydr. Polym2012, 90 (2), 735764.
Copyright 2012, with permission from Elseviert24

29



The extraction of nanocellulose has led to the use of cellulose nanomaterials in
numerous areas, such as polymers, biomedical, pharmaceuticals, separation membranes,
etc121 It is important to distinguish between the different types of nanomaterials, and in
general can be broken down into two main dagories: (1) cellulose nanocrystals (CNC) and
i ¢cq AAI1 OIT OA 1 AT 1T AHikeAdddparticks wihOmdthstof 3500 and O A
lengths of 50500 nm depending on the cellulose sourc&! The first report of colloidal
suspension of CNCs was by Ranby in the 1950s after treating cellulose fibrils watilfuric
acid 120 Acid hydrolysis treatment is used to hydrolyse the disordered regions on the
cellulose fibrils, leaving behind the crystalline region$20 Conversely, CNF typically have
sizes ranging from 420 nm in width and 500-2000 nm in length121 These materials are
finer cellulose fibers consisting of both the crystalline and amorphous regioris! Unlike
CNCs production which requires an acid hydrolysis treatment, CNFs are usually produced
using a mechanical process to defibrillatéhe fibers121 CNFs are used throughout this

thesis ard will be discussed more throughout the chapters.

1.4.1. Metal Nanoparticles on Cellulose Nanomaterials

Cellulose nanomaterials have been used in a wide range of applications as described above.

This section specifically discusses the synthesis and use of cellkdonanomaterial and
metal particle nanocomposites. Islam et al. have written an excellent review on cellulese
based inorganic hybrid systemg2> Some of the key features of cellulose nanomaterials,
such as the large surface area, reductive surface functional groupsdawater dispersibility,
have allowed for its ability to act as a scaffold for metallic nanoparticle nucleation and

deposition.125 Many types of nanoparticles have been used in the synthesis of metal
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cellulose nanocomposites. Some examples of the nanoparticles include Ag, Au, Cu, Pt, Pd,
Ni, etc.125-131 Moreover, a wide range of different synthesis processes have been used
including hydrothermal, UV reduction, electrostatic assembly, reduction with external
reducing agents, et@25126. 132139 |t js pelievedthat oxygen containing moietiesare
responsible for acting as a nucleation and/or supportstabilizer for metal nanoparticles25
Depending on the type of naoparticle synthesized onto the cellulose nanomaterial, there
have been many applications for these materials. These metzllulose hybrid

nanomaterials have been used in many applications, including antimicrobial, biosensing,
catalytic and SERS applicains 125 127,131, 136137 For example, Wu et al. synthesized silver
nanoparticles onto bacterial cellulose and aplied their material as a wound dressing-36
Gopiraman et al. synthesized Au, Agd Ni onto cellulose nanofiber composites and used
these nanocomposites as a catalyst for the reduction of nitrophenol in waté#’” In another
example, Jiang and Hsieh developed a solid substrate composed of cellulose nanofibrils and
silver nanoprisms for SERS applications” These are just a few of many application
examples for metatcellulose hybrid nanomaterials, and may more can be found in this
review article.125 In this thesis, siver and gold nanoparticles will be synthesized with CNF,

and will be used for SERS measurement applications.

1.5. Thesis Outline

This thesis describes the synthesis and development of SERS substrates fesatution
analysis. Two different SERS substrate termaies were investigated in this thesis. The first
OOAO 'TTABO AOAEZAO O OUIT OEA cduiidh avalyss 0O0DPDI 00

(Chapter 2). The second SERS substrate uses cellulose nanofibers decorated with silver and
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gold nanopatrticles (Chapter 3 ad 4). The cellulose nanofibers are used as a template for
nanoparticle growth and as a support for colloidal stability for insolution analysis. This
thesis concludes with a comparison between ksolution and solid-based analyses using

cellulose-based sulstrates (Chapter 5).

Chapter 2 investigates the use of gold nanostars as ansolution SERS substrate
using a handheld Raman spectrometer. The SERS performance is optimized based on
AEEEAOCAT O "1 TA60 AOAAAOO Al A Obiusigisdtte O AOALEAE
aggregate the nanostars is investigated and potential applications are shown. An assay is
developed with these nanostars to quantitate methimazole, an anthyroid pharmaceutical,

in urine.

Chapter 3 investigates the development of a wat dispersible SERS substrate using
cellulose nanofibers to provide rapid and reproducible measurement of soluticivorne
analytes. The substrate synthesis conditions were optimized based on SERS performance. A
centrifugal entanglement process is used to mduce colloidally stable bundles of plasmonic
cellulose nanofibers. This process brings silver nanoparticles{iclose proximity to each
other creating hot spots for SERS analysis. Plasmonic cellulose nanofibers are examined
using chemisorb and physisorb aalytes. The substrates were used to detect malachite

green below the recommended limit in less than 2 minutes.

Chapter 4 examines the synthesis of gold nanoparticles on cellulose nanofibers as a
water dispersible SERS substrate. The stability and reprodibility of cellulose nanofibers
decorated with gold nanoparticles were investigated. Methimazole in urine was

guantitatively measured and compared to the gold nanostars. The field deployability of
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metal decorated cellulose nanofibers is investigated by king measurements using a

handheld Raman spectrometer.

Chapter 5 is a comparative study using cellulose nanofibers decorated with gold
nanoparticles as a solutiorbased and solidbased SERS substrate. In this chapter the
advantages and disadvantages ofsing a solutionbased and solidbased substrate are
highlighted. These are discussed in terms of the synthesis and preparation of the substrate,
the instrumentation setup and optimization, substrate treatment before analysis, the

measurement style and techique, and the substrate reproducibility.
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Chapter 2. Gold Nanostars as a Colloidal Substrate
for In-Solution SERSMeasurements Using a

Handheld Raman Spectrometer

*Reproducedand/or adapted from Mahmoud, A. Y. F.; Rusin, C. J.; McDermott, M. T., Gold nanostars as a
colloidal substrate for in-solution SERS measurements using a tadheld Raman spectrometerAnalyst2020,
145 (4), 1396-1407. Copyright 2020, with permission from the Royal Society of Chemistry.

2.1. Introduction

Raman spectroscopy has evolved from an instrument intensive, higiost research lab
based methodology to annexpensive, routine analysis techniqué:3 One main driving force
behind this evolution was the development of highperformance yet lower-cost, compact
instrument components such as lasers, wavelength selectors and detectdrghis has led to
commercial bench top Raman systems with a small footprint as well as handheld Raman
devices? 3 Another driving force of analytical measurement applications has been advances
in platforms that enhance Raman signals, specifically surface enhanced Raman scattering
(SERSY}. A significant area of advancement has been in the synthesis of nobietal
nanoparticles (NP) of controlled size and shapeComputational models and experiments
have both opened pathways for the appliation of plasmonic metal NPs in quantitative
SERS measurements’ Further introduction of SERS into a wider range of analytical
measurements will rely on the pairing of appropriate SERS substrates with compact

instrumentation.
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Anisotropic gold nanostructures have been synthesized in many differeshapes
such as rod$-9 cubes?? bipyramids ! cages!? prisms,!3 nanostars!4-16 etc. The localized
surface plasmon resonance (EPR) of these structures is tunable over a wide wavelength
range when compared to spherical nanoparticlet’-20 Previous reports have shown that
plasmonic excitation of anisotropic nanoparticles result in intense electric éids
characteristically localized at their sharp edge$7-20 This phenomenon is called the
Ol ECEO1 E1 Tan®daksignifibaimlE fbréve SERS enhancemepitovided that the

shape and the size of these particles are uniforf:20

Gold nanostars (AuNS) are examples of anisotropic nanoparticlésat have
attracted interest as a SERS substrate because of their multiple branchBgrne and ce
workers have shown that the SERS enhancement of R6G adsorbed to AUNS was more
pronounced than that of nanotriangles and nanosphere®.RodriguezLorenzo et
al.reported a zeptomole detection limit of 1,5naphtalenedithiol by sandwiching the
molecule baéween a gold substrate and the tips of AuNS.Indrasekaraet al.attached AuNS
to a thin gold film using a short amine terminated alkanethiot* The substrate had an
enhancement factor up to 5 orders of magnitude higher than that of gold nanospheres and
achieved femtomolar level of detection of 4nercaptobenzoic aci?* These nanostructures
have also been integrated into sandwich lateral flow SERS assays foe ttetection of
human immunoglobulin G, Zika and dengue biomarke®s:26 All these SERS applications of
AuNS have been in the solid state, where the spectra were collected in air at a substrate
surface. Haes and cavorkers have used AuNS functionalized with carboxylic acid
terminated alkanethiols for uranyl detection27-28 The initial study in this series reported
the use of AuNS in collidal form with the measurements being made in solution.
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AUNS are synthesized via two main approaches; seatkdiated and seedless growth
protocols. The seeemediated protocol is a twostep approach that requires the synthesis
of isotropic gold nanoseeds, Wwere anisotropic structures are grown on the seed&-24.29-31
For example, the nanoseeds are grown into AuNS by the rediact of HAuClh using ascorbic
acid in the presence of cetyltrimethylammonium bromide and AgN£32.30 In addition,
nanoseeds can be grown into AUNS when HAU® reduced using N,Ndimethylformamide
in the presence of poly(vinylpyrrolidone).23.29 Gold nanoseeds can also be grown into AUNS

by the reduction of HAuClk using ascorbic acid in the presence of HCI and Aghf®31

The seedlesgprotocol is a single step onegot synthesis approach. In this approach,
AuNS are synthesized by the reduction of HAWG OET C ' T T Ag2hydlokyriah-O O 8
1-piperazineethanesulfonic acid (HEPES).16.32-33 and 4-(2-hydroxyethyl) -1-
piperazinepropanesulfonic acid (PPS}23# A OA OEA 11 OO0 AT sduffeitd U OOAA
synthesize AuNS. gN-morpholino)propanesulfonic acid (MOPS3}? has also been used to
synthesize AuNS. The tertiary amines from the piperazine group form cationic free radicals
and actsas the reducing agent for Au ion&? 32.35-36 The terminal alkanesulfonate group
acts as a shapinglirecting agent and promotes bilayer formation on the AuN$:33.37 The
terminal hydroxyl groups promote bilayer formation and shape stability via hydrogen
bonding.32-33 The hydrophilic nature of the hydroxyl groups also provide water
dispersibility and colloidal stability of the AuUNS33 The simplicity of the onepot seedless
OuUl OEAOGEO APDPOT AAE 1T &£ ' O. 3 &ixénkoh forvaribus A3 O A O EEA
applications25-28.34.38 These nanostars have been applied in many SERS applications using
different synthesis conditions25-28 The plasmonic behaviour of AUNS has been
systematically optimized by varying experimental conditions such as the concentration
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the effect of these various conditions on the SERS performance has not been investigdted.
Herein, we report the colloidal SERBerformance of AUNS substrates using a

handheld Raman spectrometer. lrsolution SERS measurements were carried out with

AuUNS synthesized using HEPES and EPPS buffer at numerous ratios with and without using

an aggregating agent (NacCl). This is to determirtbe optimal buffer and buffer to gold ratio

for colloidal SERS analysis. The AuNS are characterized based on their LSPR, shape and

size, and Raman intensity enhancement with and without NaCl. Following optimization

with a chemisorbed Raman probe, the AuN&e used as a dispersible substrate to detect

and quantify methimazole (MTZ) in synthetic urine. All Raman analyses are performed

using a handheld Raman device to show the field deployability aspect of a colloidal AUNS

substrate and to demonstrate rapid neasurement performance.

2.2. Experimental

2.2.1. Materials

Gold (IIl) chloride trinydrate (99.995%, HAuClk), 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid buffer solution (1 M in KO, HEPES),-2-Hydroxyethyl)-1-
piperazinepropanesulfonic acid (99.5%, EPPS),sdii AEI T OEAA j 1 ww8ubh
green oxalate salt technical grade (MG), methimazole (analytical standard, MTZ),

AEPOT &1 1T gAAET j1 wybh #EDPOIT q AT A 300ET AA T ACA
SigmaAldrich Canada (Oakville, Ontario). 4nercaptobenzonitrile (MBN) was purchased

from CombiBlocks, Inc. (San Diego, California, USA). Sodium hydroxide (NaOH) was
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purchased from Fisher Scientific Canada. Transmission electron microscopy (TEM) grids
(400-mesh carbon) were purchased from Electron MicrosddU 3 AEAT AAO8 &EOEAO/
Class A clear glass threaded vials (1 dram) were purchased from Fisher Scientific

CanadaThe gold nanoparticles (30 nm) were purchased from Ted Pella, Inc. Deionized

O

i $)q xAOAO jpws8g -mOAiq xAO Codidthismio® Al 1 OUI
2.2.2. Preparation of Gold Nanostars

AuUNS were synthesized according to previously developed methods with slight
modifications.32 The pH of the 1 M HEPES buffer solution was adjusted®0 + 0.01 using

a solution of 1 M NaOH and a Fisher Scientific accumet research AR15 pH meter. Similarly,
a solution of 0.5 M EPPS buffer was prepared in DI water and the pH was also adjusted to
7.20 £ 0.01. A stock solution of HAu€(26 mM) was prepared in DI water. The synthesis of
AuUNS is governed by the ratio of the precursors in solution and is defined as R =
[Buffer]/[HAuUCI 4], where [Buffer] is the concentration of HEPES or EPPS, and [HAJ®&

held constant at 0.2 mM. The ratios assessed for édguffer in this work are 100, 300, 500,
700 and 1000 (buffer concentration = 20, 60, 100, 140 and 200 mM, respectively). The
"TTABO0 AOAEZAO EO ET EOEAI T U Ldol@iBnks thefcaddedts ) x AOA
the solution and mixed for 5 minutesThe solution is then removed and stored in a dark
environment for 24 hours. The AuNS concentration at HR100 and ER100 is estimated to be
~2.2 and 1.2 nM, respectively, as calculated using a previously published mett¥8d.
Throughout this manuscript,a codename is used to describe the AuNS such as HR100. The

first letter (in this case H) is the buffer used, where H stands for HEPES and E stands for

EPPS, the R represents ratio, and the numbers represent the ratio being examined.
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2.2.3. Characterization

UV-Vis spectroscopy experiments were completed using a PerkinElmer Lambda 35
spectrometer. All experiments used a slit width of 1 nm and a scan rate of 960 nm/min. The
samples were analyzed in 1.5 mL BRAND® polystyrene disposable cuvettes (unless stated

otherwise) and monitored from 400 to 1000 nm.

Transmission electron microscopy (TEM) imaging was performed using a JEOL JEM
ARMZ200CF S/TEM. Samples underwent a washing step to remove excess buffer by
centrifuging three times: 12000 rpm for 10 minutes, 9000pm for 10 minutes and 6000
rpm for 10 minutes (Eppendorf Centrifuge 5417 R). The samples were-dispersed in
water and sonicated for 2 minutes between centrifugation steps. After the final
centrifugation step the sample was concentrated by a factor of X6r imaging. The sample
(10 pL) was drop-casted onto a TEM grid for 10 minutes and the excess solution was
wicked away. Samples were imaged at 200 kV. Image processing and analysis was

completed using Gatan Digital Micrograph software.

Dynamic light scatering (DLS) and zeta potential measurements of AUNS were
determined using a Malvern Zetasizer Nan&S. The instrument is equipped with a 4 mW
HeNe laser (633 nm) and 173 ° backscattering angle. The 1 mL aliquot samples were
measured in 2.5 mL BRAND® polytgrene disposable cuvettes (pathlength=1cm). Each
measurement was performed with an equilibrium time of 120 seconds and at a
temperature of 25 °C. For the DLS experiment, the standard deviation is representative of

n=5 with each measurement consisting ofd sub-runs. For the zeta potential experiment,
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the standard deviation is representative of n=3 with each measurement consisting of 20

sub-runs.
2.2.4. Raman Analysis

Raman analysis using the AUNS was completed with a B&W Tek TacticlD handheld Raman
device with 785 nm laser (spot size 10Qum). The handheld was standardized using a
polystyrene standard and all samples were analyzed using a liquid cell adapter at 100%
power (300 mW). All measurements were performed in 1 dram vials. The analytes were
mixed with the AuNS for 2 minutes using a vortex before analysis. In some experiments,
NaCl was used as an aggregating agent to produce additional enhancement. Studies using
salt were mixed for an additional 2 minutes after the addition of NaCl (total of 4 minutes)
before taking the measurement. All samples contained the same concentration of AUNS and
a total sample volume of 1 mL. Care was taken to choose an analyte concentration range
that would not aggregate the AuNS before the addition of salthis range was investigatd

by assessing low concentrations to concentrations that visibly aggregate the AuN&is
ensured partial control over the aggregation throughout the analyses. The acquisition time
from the handheld cannot be user controlled. All Raman spectra were norniegd to the
device acquisition time. The spectral analysis was done using Spectragryph ogsource

software 40

2.3. Results and Discussion

A combination of easyto-use, solution based SERS substrates and handheld Raman

instrumentation has the potentid to be a powerful portable measurement platform.
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Anisotropic metal nanoparticles, such as AuNS, have shown a great deal of promise as in
solution SERS substrates. The influence of the type of buffer and the [buffer]/[HAuDlatio
(R) on the structure andplasmonic behaviour of AUNS has been explored by Odom and co
workers.32 Although their work provides a clear set of design rules for achieving a certain
shape and optical properties, the effectfdouffer type and R on the performance of colloidal
AUNS as a water dispersible SERS substrate has not been fully explored to the best of our
ETTx1I AACA8 )1 OEEO x1 OEh ! 0.3 OUI OEAOEUAA EI
EPPS) with a R ranging from@0 to 1000 were investigated (Figure 21). AUNS used in
SERS applications are usually prepared in this buffer ratio range as shown in Tabid .2-28.
34,41-42 |In the work described here, we characterize the structure of AuNS from HEPES and
EPPS at various ratios. The tsolution SERS performance of the Audlis then investigated
using a probe molecule and a handheld Raman device. Finally, we present results for the

measurement of the antithyroid pharmaceutical drug, methimazole (MTZ) in urine.

HEPES o _ [Buffer]
40 % [HAUCL,)
'L T OH
HO/' RN
+ HAUCI,
EPPS Buffer
R Stir
NN
h[l 'T 0/S\OH
HO W \ )

Figure 2-1.3 AEAT AGEA 1T £ ' 0.3 OUT OEAOEO OOEI C

58



Table 2-1. Comparison of AUNSSUT OEAOEUAA ®dGfers fgr SERSAphlidaiions

Type O.f Buffer type Platform Application Reference
synthesis and ratio
Seedless/seeded R Eigﬁo Cellular SERS imaging of breast cancer cells 34
EPPS . .
Seedless/seeded R = 400 Colloidal Detection of uranyl 27
EPPS .
Seedless/seeded R = 200 Surface Detection of uranyl 28
HEPES
Seedless R = ~310 Surface Lateral flow assay 25
Seedless RH:E~P6EZSS Surface Lateral flow assay 26
Seedless HIEPES Surface Development of S_ERS graphenganostar a1
R =200 composite nanoprobe
Seedless l—|EPES Surface Synthesis of graphene nanostar 42
R =83-500 nanocomposite
HEPES/EPPS
Seedless R =100 Colloidal SERS optimization and detection This work
1000

*Seedless/seeded; AuNS are initially synthesized using a seedless method. Then AuNS are used as seeds to produce nanostars with
longer branches via further addition of HAuGl

2.3.1. Synthesis and Characterization of AUNS using HEPES and EPPS

Buffers
TheOUT OEAOEO T &£ '0.3 EIT '"11TA80 AOAEZEAOO xAO DPAO.
methods16.32 The size and shape of the AUNS were manipulated based of? Rigure 2-2
shows the extinction spectra and TEM images of AuNS synthesized using HEPES and EPPS.
The AuNS extinction spectra is at ratios of 100, 300, 500, 700 and 1000, while only the
AuUNS extremities were imaged. The inset photographs are a visualization oethSPR red
shift through a solution colour change from purple/blue to grey as the ratio is increased.
Figure 2-2A are the results for HEPES. It is known that low R values for HEPES result in

more spherical particles with short branches and higher R mixtureyield longer

branches32 It has also been reported that HEPES induces branch growth in the [111]
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crystal plane direction32 The extinction spectrum of HR100 in Figure 2A exhibits a single
LSPR mode centred at 566 nm. This mode is attributed to the negpherical core of the
AuUNS (Figure 23).16.32,43 The TEM image of the HR100 shows a neapherical structure
with a size of 39 + 11 nm (tipto-tip) and branches of 7 £ 2 nm in length (size distribution
found in Figure 24). The latice spacing within the branches measured from high
resolution TEM images (Figure 24) is 0.235 + 0.003 nm and is consistent with branch
growth along the [111] direction.16.32.44 The extinction spectra of AUNS prepared with R
300 to 1000 all exhibit a primary band that is associated with the branches that reshifts

as R increases. The redhift has previously been attributed to the change in branch length
and the brarch tip sharpnessté As shown in the TEM image of the HR1000, a high R
produces anisotropic AUNS containing branches up to 100 nm in length with sharper tips. A
low intensity band between 520 and 550 nm is also observed for R > 100 that is attributed
to spherical by-products that are minimized with stirring.32 The results in Figure 22A

agree with those reported by Odom and cavorkers for AUNS synthesized from HEPES.
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[HAUCI4] ratios. Extinction spectra of (A) HEPES and (B) EPPS buffers. The inset images shovetieur of
the AUNS solutions at the given ratios. TEM images correspond to AuNS at R 100 and 1000.
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Figure 2-3. U\-Vis spectrum of citrate capped gold nanopatrticles (30 nm).
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The optical properties of AUNS synthesized using EPPS buffer are qualitatively
similar to those from HEPES as shown in FigureZB. The primary mode is redshifted as R
is increased from 100 to 1000. One notable difference between the HEPES and EPPS is the
presence of wo plasmon modes for ER100. This suggests a spherical core (26 £ 9 nm, tip
to-tip, or furthest tip points) with smaller branch lengths (6 £ 2 nm) in comparison to

nanostars synthesized at higher ratiosOdom and ceworkers have thoroughly examined

the extinction spectra of AUNS synthesized using EPPS, including subtle changes at higher
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ratios.32 Our results are consistent with their observations. The TEM images for ER100 and
ER1000 indicate a shap evolution from more spherical NPs with small branches to NPs
ATTET AGAA AU 111 C AQaforNEskiBesiyzet in ERRS i 10wt than O E A
those in HEPES for a given Rt has been reported that the branches grow in the [110]

direction in EPPS2AT A OEA A EnkigEikeyidiieAddthe kdriatidns in crystal

structure of the branches. The results in Figure-2 are qualitatively similar to those

reported in the literature 32 and describe the evolution of both the shape and optical

properties of AUNS with buffer type and concentration.
2.3.2. In-Solution SERS Performance of AUNS

In-solution SERS using colloidal NPs has provenlte a challenge. Spherical NPs do not
yield substantial SERS intensities without inducing aggregatiof¥:46 Nanoparticles with
shapes such as rods and doghbones*-49 have demonstrated promise as colloidal SERS
substrates. As shown in Table-4, most of the SERS applications of AUNS have been in the
solid-state with the exception of work by Haes and cworkers in the measurement of

uranyl with functionalized AuNS?7 In the work presented here, we examine the SERS
performance of AUNS synthesized using HEPES and EPPS bufferh diitferent R and using

a handheld Raman instrument. Mercaptobenzonitrile (MBN) was chosen as a Raman probe
due to its ability to specifically adsorb to the AuNS surface. We chose to conduct our
measurements without any centrifugation or cleaning steps ftdwing synthesis. This
represents a facile approach of performing SERS measurements directly after NP synthesis.
Figure 2-5 shows the SERS spectra of 5 uM MBN mixed with AuNS prepared from R100

solutions for both HEPES and EPPS buffers. The spectra werkbexted with a handheld
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instrument following 2 min of stirring (vortex). The major Raman bands are identified in
Table 22 according to previously published papers?-52 Note that the only evidence of the
buffer itself is the shoulder at 1044 cnt (Figure 2-6). Both buffers yield AUNS that provide
in-solution SERS spectra with reasonable sigrtd-noise without the need to form

aggregate generated hespots.
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Table 2-2. Major Band Assignments Listed for the SERS Spectrum of 4-Mercaptobenzonitrile on AUNS

Band position (cm 1) Assignment 50-52
1075 ZS and @QC stretch
1178 CzH bend and @C stretch
1204 CHbendand@#t k. OOOAOAE
1586 CzC stretch
2233 #k. OOOAOAE

o

~_ 8
N )

0
OH

HEPES

EPPS

Water

T L) T L] L] T T
400 600 800 1000 1200 1400 1600 1800 2000

Raman shift (cm™)

Figure 2-6. Solution Raman spectra of water, EPPS and HEPES bulffer.

The band intensities observed in Figure -5A for the AuNS fromHEPES are
approximately 4x more intense than those in EPPS. A summary of the intensities of the
three major bands at 1075 cni (CzS stretch,’ cs and GC stretch, cg, 1586 cm? (CzC
stretch,’ cd, and 2233 cmlj # k . O &) 8f OIBNEfdr thedifferent buffers and
concentration ratios are shown in parts B and C of Figure-259-52 The results for HEPES
show a dependence on R, while the intensity is insensitive to R for EPR$Figure 2-5B,

the intensity of all bands decrease as R increas with the highest intensities observed at
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HR100 and are 2x that of HR1000. This is surprising considering the shapes of the AuNS,
where the longer and sharper branches formed from higher R may be expected to yield
higher SERS intensity. However, the vetions of the SERS intensities observed are, at
most, a factor of 4, and as described below, we believe these differences are primarily due

to surface coverage of the probe MBN rather than any large electromagnetic differences.

HEPES and EPPS both actaseducing, shape directing and stabilizing agent in the
synthesis of AUNS?2 37 The piperazine moiety contains two cationic free radical tertiary
amines that can reduce A%r to Aud.32.36 Additionally, the terminal alkanesulfonate group
interacts with the AuUNS surface and acts as a shape directing agewhile the terminal
hydroxyl group acts as a stabilizing agent and facilitates bilayer formation of the buffer
ligand.32-33.37 MBN will have to compete with the HEPES or EPPS for surface sites. Previous
studies suggest that at lower HEPES concentration the formation of a bilayer is incomplete
or collapseds33.37 Conversely, at jh HEPES concentration (>100 mM) the formation of a
bilayer inhibits the adsorption of MBN. Thus, MBN can compete more favourably for AUNS

surface sites when R = 100.

Figure 2-5 plots the intensities of the MBN bands for ER100 to ER1000. A
comparison ofthe intensities between parts B and C of Figure-2 shows that the AUNS
prepared from HEPES provide more intense SERS signals for all R values. This difference is
a factor of 4 for R100 and a factor of 2 for higher buffer concentrations. Again, we believe
these modest differences in SERS intensities are due to the amount of probe adsorbed in
each case. The additional methylene group in EPPS may promote a more densely packed

monolayer on the AuNS through hydrophobic interactions similar to alkanethiols

67



monolayers leading to less available surface sites for Raman active molecuiéAnother

factor involves the growth direction of the AUNS branches in each buffer. As previously
noted, it has been shown that HEPES induces branch growth in the [111] direction while
EPPS results in branches in the [110] directio®? It is known that the surface coverage of
thiol-derived monolayers depends on the gold crystal facé. Thus, surface coverage of

MBN binding to the AuNS will be influenced by these different crystal faces. Another
observation from Figure 25Cis that the peak intensities of MBN are relatively constant
regardless of the EPPS buffer to gold ratio. One possible explanation involves the energetics
of bilayer formation for HEPESHEPES vsEPPSEPPS. A computational study using the
polarizable continuum model determined that HEPESEPES and EPPSPPS dimers have

a binding energy of 25.7 and1.0 KJ/mol, respectively?3 Thus, while HEPES can form stable
bilayers at higher concentrations, bilayer formationwith EPPS is less favourable. The AUNS
formed in EPPS are thus coated with a more densely packed monolayer of stabilizing agent
that does not vary with concentration of EPPS. In summary, colloidal AuNS prepared from
HR100 solutions provide the highest irsolution SERS intensity for the MBN probe and
overall greater enhancement than EPPS. The experiments described in the next section are

all carried out with HR100 AuNS.
2.3.3. Reproducibility and Additional Enhancement

One of the potential benefits of using a caidal SERS substrate and isolution
measurements is high reproducibility provided by sample homogeneity. Figure-2A shows
SERS spectra of MBN from AuNS within the same batch on different days. The peak

intensity from the G-S stretching vibration on diffaent days is plotted in Figure 27B. The
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AUNS HR100 were exposed to 5 uM MBN and measured@ay 0. The samples were then
measured after being stored at 4 °C for the given period of time. Slight deviations in
intensity may be the result of several factorsThe initial spectra (Day 0) is obtained after 2
minutes of mixing and the thiolate layer may be incomplete. Additionally, over 78 days
adsorption/desorption of the thiolate, changes in molecular orientation and gold surface
reconstruction could result in slight variations in intensity. However, any significant
destabilization of the AUNS would result in substantial changes in intensity. Over a period
of 78 days, the AuUNS showed a percent relative standard deviation (%RSD) ranges@a)
within the same dayand %RSD of 8% over the entire time period suggesting an excellent
colloidal stability and a longterm storage capability at 4 °C. This demonstrates the

applicability to store functionalized AuNS longterm.

-
A —
T —F— 1
T
1
1000 1200 1400 1600 1800 2000 2200 0 T T T T T
Raman shift (cm™") Day 0 Day 1 Day 2 Day 6 Day 78

Storage days

Figure 2-7. SERS reproducibility and long -term storage of colloidal AUNS. (A) SERS spectra of MBN
showing signal reproducibility from AuNS substrates(B) Bar chart of MBN €S stretch peak intensity
showing stability of AUNS at 4 °C.

Aggregating agents are commonly used to enhance the SERS signals in solution by

entrapping molecules between interstitial hot spots>-56 We explored the possibility of
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increasing the observed signals by adding NaCl (200 mM) to produce dispersible AUNS
nano-aggregates. Figure BA shows insolution SERS spectra of MBN in AUNS HR100
before and afer the addition of NaCl. The addition of NaCl results in a significant increase
in peak intensity; a factor of about 10 for the & stretch at 1075 cnt. The extinction
spectra in Figure 28B provides evidence for the formation of salt inducetiano-aggregates.
4EA 1'0.3 (2pnn A@seehi die addition 80BN ihdicates a slight
decrease in the extinction and the appearance of a tail in the 6005 nm range of the
spectrum. There is also a slight colour change from light purple@tdark purple. This is
attributed to MBN adsorbing to the AuNS surface and changing the local dielectric constant.
After the addition of NaCl, there is a large redhift and broadening of the LSPR peak
indicating the formation of AUNS aggregates. The coloof the AUNS changes from a dark
purple to a light blue/grey. The UWVis extinction results are consistent with the formation

of AUNS naneaggregates with the addition of NaCl, and this explains the large

enhancement observed in the SERS data.
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Figure 2-8. Additional SERS enhancement using NaCl. (A) SERS spectra of MBN using AUNS HR100 before
and after salt addition.(B) U\+Vis spectra showing the extinction of AUNS HR100, after the addition of MBN
and after the addition of MBN and NacCl.
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The size and colloidal stability of the AUNS naraggregates were studied using DLS
and zeta potential measurements, and the results are shown in Table32 The AUNS HR100
have a zaverage diameter of 49.4 + 0.9 nm. Withhe addition of MBN, we observe an
increase in the zaverage diameter due to the adsorption of MBN onto the AuNS surface
through a goldthiol linkage. Addition of NaCl causes the-average diameter to increase to
379 nm indicating the formation of AUNS naneaggregates. The polydispersity index (PDI)
decreases with the addition of MBN and NaCl indicating the AUNS become more uniformly
dispersed. The zeta potential remains relatively constant with the addition of MBN and

NacCl.

Table 2-3. Size and Colloidal Stability Study of AUNS Nano-Aggregates Using Dynamic Light Scattering
and Zeta Potential Measurements.

AuNS HR100 z-average diameter (nm) 2 PDla Zeta potential (mV) ®
Unmodified 49.4+0.9 0.38 £ 0.04 -35+1
+ MBN 547+04 0.29+0.01 -36.9+0.9
+ NaCl 379+ 54 0.23+0.03 -34+£2

an=5 with each measurement consisting of 13 sulmeasurements. Analysis is based on a measurement time of 8 minutes=5 with
each measurement consisting of 20 sulmeasurements. Analysis is based on a measurement time of 5 minutes. pH values of the AUNS
solutions were at 6.57 and were measured using Accumet pH paper.

2.3.4. Applications of AUNS for In-Solution SERS

In the absence of any programmed molecular recognition, analytes will have to adsorb onto
the AuNS in order to be detected. In this work, different adsorption mechanisms were
investigated. Figure 29 contains the insolution SERS spectra of four different analytes,
before and after naneaggregate formation, that are expected to interact with the AuNS via

different mechanisms. All analytes were detected in solution within five minutes of mixing.
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Thiabendazole (TBZ) (Figure 2A) and methimazole (MTZ) (Figure 29B) are examples of
sulfur containing molecules which adsorb on AuNS by chemisorption through a/u
interaction. Malachite green (MG) (Figure BC) and ciprofloxacin (Cipro) (Figure 29D) are
examples of nonsulfur containing molecules that will likely physisorb through the

aromatic rings or N groups. All of these analytes can be rapidly measured (within 5

minutes) in the low uM range using colloidal AuUNS via either chemisorption or

physisorption mechanisms using the handheld Raman device. This points to the lgiiof a
range of molecular structures to compete with HEPES for surface sites on the AuNS surface.
As shown in Figure 29, the analytes are detectable with uraggregated AuNS. However,

with the addition of NaCl the analyte signal is significantly enhandedue to aggregation

and the subsequent formation of SERS hot spots.
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Figure 2-9. Applications for in -solution SERS measurements using AuNS.(A) 5 uM thiabendazole in 0.1
M HCI,(B) 1 uM methimazole in water(C) 0.5 uM malachite green in water an(D) 5 uM ciprofloxacin in 0.1
M HCI using a colloidal AuUNS HR100 substrate before and after the addition of NaCl (200 mM).
Thiabendazole (TBZ) is a common fungicide applied after harseto prevent mould
and rot on fruit and vegetables’ The use of TBZ has been classified as likely to be
carcinogenic at high concentrations and poses thyroid hormone production imbalance
risks.58-59 Since TBZ is a widely used on fruits and vegetables ranging from applesauce to
sweet potatoes, the maximum residue limit (MRL) will differ per commodity. For example,

the United States Environmental Protection Agenc(US EPA) has set a tolerance limit of 5

ppm and 10 ppm for applesauce and sweet potatoes, respectively (~Z® uM) 50 Figure 2-
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9A shows the &RS spectrum of 5 uM TBZ adsorbed on AuNS before and after the addition
of NaCl (200 mM). The major bands are summarized in Tabled2according to a previously

published papers?

Table 2-4. Major Bands Assignments Listed for the SERS Spectrum of Thiabendazole on AUNS

Band position (cm -1) Assignment 61
788 CzH out-of-plane bend
1012 CzH out-of-plane bend
1276 Ring stretch
1580

Ring stretch and C=N stretch

Malachite green (MG) is a highly effective fungicide used to mitigate fungi and
parasite growth in the aquaculture industry%2 In Canada, MG is approved for use on
aquarium fish only, and is not permitted for use on foogbroducing animals/fish.63 MG and
its metabolite, leucomalachite green, are known to reside in fish tissue and are known to
have mutagenic and teratogenic effects on humais®3 While its use on aquarium fish is
approved, improper disposal or careless treatment of aquarium fish could lead to
accidental contamination of surrounding bodies of water and fish. Figure-2C shows the
in-solution SERS speaam of 0.5 pM MG adsorbed on colloidal AUNS before and after the
addition of NaCl. These bands are summarized in Tables2according to a previously
published paperé MG was used as an example of a fluorescent dye to show the capability

of AUNS to detect such a molecule.
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Table 2-5. Major Bands Assignments Listed for the SERS Spectrum of Malachite Green on AuNS

Band position (cm -1) Assignment 64
1172 In-plane &H ring vibration
1220 CzH rock
1368 N-phenyl stretch
1592 CzC stretch
1616 CzC stretch

Ciprofloxacin (Cipro) is a fluoroquinolone antibiotic used to treat bacterial
infections relating to the urinary tract, prostatitis, sinusitis, bones and joint$> Figure 2-9D
shows the SERS spectrum of Cipro adsorbed on AuNS before and after the addition of NaCl
at a concentration of 5 uM. These bands are summarized in Tabl& 2accordingto

previously published papers86-67

Table 2-6. Major Bands Assignments Listed for the SERS Spectrum of Ciprofloxacin on AUNS

Band position (cm 1) Assignment 66-67
1392 Symmetric @CzO stretch
1496 Asymmetric @CzO stretch
1544 Quinolone ring stretch
1636

Asymmetric aromatic ring stretch

Further development of a quantitative method and measurement in a complex
matrix was carried out for MTZ. MTZ is commonly used a anti-hormone pharmaceutical
to treat hyperthyroidism by regulating the production of thyroxine and triiodothyronine.6s-

69 Moreover, MTZ is often illegally applied to animal feed to promote animal weight gain by
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increasing water retention in tissues$8.70 Monitoring and limiting human exposure is
important as MTZ is known to have multiple negative side effects. These side effects
include skin irritation, allergic reactions, impaired taste, pharyngitis nephritis and liver
cirrhosis.88-69.71 |n addition, metabolization of MTZ leads to further MTZ intermediates
known to have cytotoxic effects in the body! Chromatography is commonly used to detect
and quantify MTZ in urine® However, the chromatographic method requires instrumental
expertise, sample extradbn, pre-concentration, or derivatization treatment before
analysis®8-69 The limit of detection of MTZ by liquid chromatography methods can range
from a concentration of nM to pVP8-69 A simple and less labour intensive method that can
competitively quantify MTZ in urine would be useful. Figure 2B shows the SERS
spectrum of 1 uM MTZ before and after the addition of NaCl adsorbed on AuNS. This
demonstrates the promise of insolution SERS with a handheld device to measure this

analyte. The bandassignments are summarized in Table-Z.

Table 2-7. Major Bands Assignments Listed for the SERS Spectrum of Methimazole on AuNS

Band position (cm -1) Assignment 72-77
500 SN in plane bend
616 Ring out-of-plane bend, ring @H and NyH out-of-plane bend
1037 Ring bend, ring @H bend and @%H bend
1086 Ring &N stretch and ring @H bend
1145 CzSstretch, ring &ZH bend and @N stretch
1320 Ring &N stretch, ring bend and ring @H bend
1364 CZN stretch, ring bend and ring @H bend
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Figure 2-10 contains the results for the method development and quantitation of
MTZ using insolution SERSFirst, we estimated the insolution SERS enhancement factor
of the MTZ AuNS system with the handheld device. Figurel®A contains the SERS spectra
of MTZ in water in the absence and presence of AUNS. The band intensity at 1364'en
low and only slightly visible above the background for 16 mM MTZ in water. The MTZ
(0.917 uM)>-AuNS naneaggregate mixture exhibit a large enhancement at 1364 cinThe
enhancement factor for AUNS HR100 was determined using the analytical enhancement

factor formula’8, as shown in Equation 21:

2F .
=888 m‘?‘—f—ﬂ Equation 2-1

W04

where Iseraind Iramanare the peak intensities at 1364 cni of MTZ in the presence and in
the absence of AUNS HR100, respectivelyhe csersand cramanterms are the solution
concentrations of MTZ in the SERS and normal Raman measurements (0.917 uM and 16
mM), respectively. The enhancement factor from the AuNS was calculated to be 5.2¢10
This value is comparable to those measured for blotsolid’® and in-solution29.80 substrates
and indicates sufficient signal intensity for quantitative analysigé The Raman spectrunfor

solid MTZ can be found in Figure -A1.
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Figure 2-10. Quantitation of MTZ using colloidal AUNS. (A) SERS spectra showing the enhancement of
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Figure 2-11.Raman spectrum of solid methimazole.

Parts B and C of Figure-20 demonstrate quantitation of MTZ using colloidal AUNS
nanc-aggregates as a water dispersible SERS substrate. The SERS spectra of MTZ at
different concentrations in water is shown in Figure 210B. Each concentration is
represented by an average spectrum composed of three samples measured three times at
different spots in a glass vial (n=9). The #C stretching band at 1364 cm used for

guantitation is highlighted in light blue andband intensities increase with concentration.

Figure 2-10C is a plot of the intensity of the 1364 crhband versus concentration.
The plot exhibits a linear portion and curves at low and high concentration. The curvature
at lower concentration indicatesOEA 1 EIi EO 1T £ OEA | AAREEOAT ADASOA
at high concentrations likely indicates that the adsorption sites on the AUNS nano
aggregates are saturated. A linear least squares fit of a portion of the plot can be used as a
calibration curve. From this linear portion, the limit of detection and limit of quantification
xAOA AAI AOI AGAA O1 AA n8p AT A m8oc t-8 4EA AUl

AT A m8w -8
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The batchto-batch reproducibility of the AUNS was monitored using the peak
intensity at 1364 cm! of MTZ. Figure 210D shows a bar chart of the peak intensity using
three different AUNS batches. Each batch consists of three samples analyzed three times at
different spots on the vial (n=9). The %RSD between samples within the sarbatch was
between 58%, while the %RSD between different batches was 16%. The %RSD for SERS

substrates is generally reported up to about 150%.81

Human urine is a complex matrix consisting of noiprotein nitrogenous compounds
(e.g, urea), inorganic ions and salts, water soluble toxins and haemoglobin fpyoducts .82
Individuals that use MTZ to treat hyperthyroidism will excrete excess amounts in their
urine.%8-69 The amount of MTZ retained in tissues can be harmful to the individualsealth.68
The amount of MTZ retained in tissues can be quantified by monitoring the amount of MTZ
excreted in urine. In this study, we spiked synthetic urine with MTZ andsed our colloidal
AuNS SERS substrate to quantify the amount of MTZ. Figur&2shows the Raman spectra
of MTZ found in urine along with the corresponding control experiments. A band at 1008
cmlis prominent in the spectrum of pure urine that likely caresponds to the symmetrical

CN stretch of ured?
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Figure 2-12. In-solution SERS spectrum of methimazole in urine and associated control spectra.

When urine is spiked with MTZ (0.2 mM as the final concentration), no bands
corresponding to MTZ are observed. When urine is mixed with the AUNS nanoaggregate
substrate, only a bandrom the HEPES buffer is visible. The disappearance of the 1008-€m
is due to the 200x dilution of the urine into the AuUNS. The urine sample spiked with MTZ
(0.5 uM final concentration) mixed with the AUNS nanoaggregates shows a large
enhancement of MTZ Bman bands. Using the calibration curve obtained in water (Figure
2-10C), MTZ in urine was examined at 0.5 and 0.8 uM and our method provided recoveries

of nearly 100% (Table 28).

Table 2-8. Recoveries of Methimazole in Urine Using AUNS Nano -Aggregates as a SERS Substrate

Spiked amount of MTZ (uM) Calc. amount of MTZ (uM) % Recovery % RSD
0.5 0.495 + 0.009 99+ 2 2%
0.8 0.83 £ 0.05 104+ 6 5%
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2.4. Conclusions

The synthesis of AUNS using HEPES and EPPS bufiee systematically explored to

determine the optimal buffer and bufferto-gold ratio for in-solution SERS analysis.
Differences in SERS intensities between HEPES and EPPS at different R values are primarily
due to surface coverage of MBN on the AuNS inateof enhanced electromagnetic effects.
AuUNS synthesized using HEPES at R 100 produced the highest signal intensities. The AUNS
showed a %RSD of 8% in signal intensity over 78 days at 4 °C and the ability to detect a
variety of analytes in under 5 minuteghrough chemisorption and physisorption

mechanisms. The addition of NaCl to the AuNS increases the SERS intensity by a factor of

about 10 through the formation of nanoaggregates. A SERS assay was developed for the

detection and quantitation of MTZ. TheagsU OET xAA A T EIEO 1T £ AAOAAOD

recovery of nearly 100% when MTZ was spiked in urine. The merging of-solution
substrates and handheld Raman spectrometers open new avenues for rapid and

reproducible on-site SERS analysis.
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Chapter 3. Plasmonic Cellulose Nanofibers as
Water -Dispersible Surface -Enhanced Raman

Scattering Substrates

*Reprinted and/or adapted with permission from Rusin, C. J.; El Bakkari, M.; Du, R.; Boluk, Y.; McDermott, M.
T., Plasmonic Cellulose Nanofibers as Wat&ispersible SurfaceEnhanced Raman Scattering Substrate&CS
Appl. Nano Mater2020, 3 (7), 6584-6597. Copyright 2020 American Chemical Society.

3.1. Introduction

The progression of substrate development continues to evolve surfa@mhanced Raman
scattering (SERS) into a more effective chemical sensing and sensitive analytical
measurement techniquel2 SERS measurement platforms are generally categorized into
solid-based and solutionbased substrates. Highly reproducible nanostructured rigid
substrates are effective for chemical sensing, however, these substrates can be associated
with high costs, and can require specialized equipment and expertise in natithographic
fabrication methods3-4 The in-situ synthesis and deposition of nanoparticles on light

weight and flexible supports, such as cellulose and polymer, are economical alternatives for
SERS measuremengs® For example, Kim et al. have developed Iewaost and high
performance cellulosebased plasmormc hanocompositest” There are, havever, some
intrinsic challenges pertaining to solidbased substrates, and these include spob-spot
irreproducibility and slow -mass transport of the nanoparticle and/or analyte to the

surface. Crawford et al. have shown that SERS measurement reprodudiypils impacted by
the laser spot size, and that smaller spot sizes can lead to greater measurement

imprecision.8

94


https://pubs.acs.org/doi/10.1021/acsanm.0c01045
https://pubs.acs.org/doi/10.1021/acsanm.0c01045
https://pubs.acs.org/doi/10.1021/acsanm.0c01045

Colloidal nanopatrticles of different shapes and sizes, such as spheres, nanorods,
dog-bone shapes ad nanostars, have been used as solutidmased SERS substratés® The
synthesis of colloids is relatively straightforward and can be scaled up economicaflyLong
adsorption periods and tedious wahing/drying steps associated with solidbased
substrates are not necessary for irsolution SERS. Dynamic solution mixing decreases the
necessary adsorption time of the analyte to the nanoparticle surface and solution
homogeneity can provide the potentiafor reproducible analysis. However, individual
colloidal nanopatrticles do not provide strong SERS signals in solution, and assembly into
dimers and larger clusters is generally required to generate SERS fgyots 20 Controlling
nanoparticle aggregation and the stability of aggregated nanoparticles in solution is
challenging?! Methods involving various aggregating agents and DNA hybridization have
been reported?.11-12 Moreover, buffer and polymer solutions have been used to maintain
the gability of aggregated nanopatrticles in solutiort3-14.22 Another approach for in
solution SERS is to deposit metallic nanoparticles onto larger dispersible support
structures. For example, a high density of silver nanoparticles were grown onto
poly(styrene-co-acrylic acid) nanospheres and supported with polyvinylpyrrolidone for in
solution measurements of melaminé&3 In another example, silver nanopatrticles were
grown onto cellulose nanocrystals (CNC) for vsolution measurements of riboflavinz4
Silver nanoparticles have also been grown onto silic@NC nanocomposites for irsolution
measurements of malachite gree@ These latter two reports demonstrate the potential of
metal nanoparticle/CNC hybrid materials for insolution SERS. The work presented here
describes the optimization of a substrate based on high aspect ratio cellulose

nanomaterials and highlights the value of this substrate for ksolution SERS.
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Cellulose nanofibers (CNF) are a class of cellulose nanomaterials well known for
their high aspectratio with a length of >1 um and width of 26100 nm26-27 Surface
modification with 2,2,6,6tetramethylpyperidine -1-oxyl (TEMPO) oxidization produces
CNF rich in surface carboxylate groups and this provides excellent colloidal stability in
water.28-29 Cellulose nanomaterials have previously been used for the synthesis of metal
nanoparticles where the oxygen containing moieties of cellake act as nucleation and
stabilization sites for nanoparticle growth3° For example, CNF has been used as a capping
agent in the synthesis of various nanoparticle shapé$:32 These nanocomposites are
almost exclusively deposited onto a solid substrate to form a thin film on glass or flexible
substrate 53134 The benefit of using CNF as a support is the opportugito produce
multiple nanopatrticles in close proximity to each other producing hot spots for SERS
analysis. However, application of these materials suffers from an intrinsic soHdased SERS
substrate limitation; spot-to-spot irreproducibility. Moreover, the analysis is generally time
consuming because of the twalimensional diffusion-limited adsorption of the analyte to
the metal nanoparticle. A water dispersible substrate can improve on these limitations by
offering higher reproducibility because of soluton homogeneity and faster analysis time
due to three-dimensional diffusion of the analyte to the nanoparticle. There is one example
of liquid phase SERS measurements using metal decorated CNF that employs a drop on a
glass slide32 However, this method falls short of ideal SERS solution measurements. To the
best of our knowledge, metal decorated CNF has not been explored as a watispersible
SERS substrate.

Herein, we developed a watedispersible SERS substrate featuring Ag nanopatrticles

(Ag NP) on CNF. The synthesis of Ag NPs on CNF is accomplished using ascorbi¢/e)
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as a reducing agent. We demonstrate that CNF plays an important role in the synthesis of
plasmonic cellulose nanofibers (A¢gCNF) by acting as a support for Ag NPs and a dispersing
agent for AGCNF. The nanoparticles are anchored in close proximityd well dispersed in
solution, and this results in large and reproducible SERS enhancement. Furthermore,
analysis using aqueous A€NF provides rapid detection of analytes (~2 minutes) due to
faster mass transport of the analyte to the nanoparticle surfadge comparison to planar
SERS substrates. AGNF is optimized in terms of its SERS intensity using
mercaptobenzonitrile (MBN) as a Raman active molecule. Reagent mixing, temperature and
CNF concentration are a controlling factor in the size of Ag NPs. Tienofibers form nano
sized bundles upon centrifugation but redisperse in water and remain colloidally stable.

We show rapid analysis of analytes using both chemisorption and physisorption that could

be used to detect pesticides and fungicides.

3.2. Experimenta |

3.2.1. Materials

Commercial Bleached Cherirhermo Mechanical Pulp (BCTMP, 60% water content) from a
local company was used to synthesize CNF. Hydrochloric acid (HCI, 37.5%), laboratory
grade 2,2,6,6tetramethylpiperidinyl -1-oxyl radical (TEMPO), sodium hypoclalrite solution
(NaOCl, 13%), sodium bromide (NaBr, 99.0%), sodium chloride (NaCl, 99%), malachite
green oxalate salt technical grade (MG) and rhodamine 6G (R6G, 95%) were purchased
from SigmaAldrich Canada. Silver nitrate (AgN§) and sodium hydroxide (Na®) were
purchased from FisherScientific Canada. dascorbic acid (AA) was purchased from

Anachemia and 4mercaptobenzonitrile (MBN) was purchased from CombBlocks.
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Commercial citrate capped NanoXact silver nanoparticles (Ag NP, 40 nm, 0.02 mg/mL)

were purchased from nanoComposix. The 40fhesh carbon transmission electron

microscopy (TEM) grids were purchased from Electron Microscopy Sciences and clear shell

OEAIT O jp 1, xAOA DPOOAEAOGAA EOTI 6728 S$AEITEU
from a MilliQUV Plus purification system and all reagents were used without further

purification.
3.2.2. Preparation of TEMPO -Oxidized Cellulose Nanofibers

TEMPQoxidation of CNF followed a similar method with slight modification$8-2° An
agueous solution of BCTMP (7 wio) was mixed with TEMPO (0.1 mmol/gpf BCTMP) and
NaBr (1 mmol/g of BCTMP) at room temperature and stirred at 500 rpm. NaOCI (10
mmol/g of BCTMP) was added dropwise to the solution and maintained at a pH of 10.5
using HCI or NaOH. The reaction was complete when no pH variation was observiuke
resulting CNF was washed three times via Buchner funnel filtration followed by
disintegration using a Vitamix® Professional Series 300 blender (10 minutes; setting #10).

The CNF was then stored at 4 °C for further use.
3.2.3. Determination of Carboxyl Content of TEMPO-Oxidized Cellulose

Nanofibers

The carboxyl content of the CNF was determined via a conductometric titration with slight

modifications using a conductivity meter (Meter Star, A21238-29 A CNF slurry was made by
stirring freeze-dried CNF (0.2 g) with DI water (55 mL) and NaCl (5 mL, 10 mM). The initial
pH of the slurry was adjusted to 2.5 using HCI (1 M) and was titrated to a pH of 11 using

NaOH(0.05 M). The carboxyl content was determined using EquationB:
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FEET i DTFJJ-: (Equation 3-1)
where Cis the concentration of NaOH (mol/L)V1 and V2 is the volume of NaOH (mL) at the
inflection points determined graphically andmcnris the mass of CNF (g). Titration was

performed in triplicates.

3.2.4. Synthesis of Metal Decorated Cellulose Nanofibers

Figure 3-1 illustrates the experimental procedure for thesynthesis of AGCNF.Aqueous
solution of CNF was heated to 70 °C and Agi(.2 mM) was added to the solution and
mixed for 5 minutes at 400 rpm. AA was then added to the solution and mixed for another
5 minutes. The sample was then cooled to room tempexae and aged for 0, 24, 48 and 72
hours in the dark. After aging, the sample was centrifuged at 14000 rpm for 10 minutes and
re-dispersed to the same volume. The substrate was visually dispersed using a water bath
sonicator. The substrate synthesis was dpnized in terms of its SERS enhancement, and
the concentration of CNF and AA were monitored at 0.01, 0.02, 0.04, 0.1 and 0.2 % and

0.002, 0.02, 0.2 and 2 mM, respectively.
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Figure 3-1. Synthesis of cellulo se nanofibers decorated with silver nanoparticles.

3.2.5. Characterization

Scanning electron microscopy (SEM) images were taken using a Hitackd&®0 field
emission scanning electron microscope. Samples (10 pL) were dra@asted on a TEM grid,
and after 2 minutes excess solution was wicked away and dried overnight. All samples
xAOA EIi ACAA AO om EA6 AT A ¢m t!'8 )I ACAO xAOA
and analyzed with ImageJ software. The particle size distribution was created with an
open-source program and represented as an averagshifted histogram (ASH)35

Atomic force microscopy (AFM) images were taken usingligital Instruments
Nanoscope Il Multimode microscopelmages and data were acquired using Nanoscope in
tapping mode at a scan size of 2.5 pand scan rate of 1.969 Hz. CNF (1x¥0%) solution
was drop-casted on a silicon substrate and left to dry overnight. Image processing and
height profiling were completed using Gwyddion software. The height was determined

from 20 single stranded fiber locations.
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Zeta potential was measured using a Malvern Zetasizer NaZ&. Samples (1 mL)
were analyzed in 2.5 mL BRAN® polystyrene disposable cuvettes using a zeta dip ite
Each sample was measured in triplicates consisting of 12 sutins and with an equilibrium
time of 120 seconds and a temperature of 25 °C. The pH measurements were estimated
using Hydrion pH paper (:12).

Fourier transform infrared (FTIR) analysis wascompleted using a Nicolet 8700
continuum FTIR microscope. Samples were flattened on a silicon wafer and analyzed using
a solid state FTIR microscope transmittance from 4000 to 650 ckat 128 sample scans
and a resolution of 4.000.

UV-Vis spectroscopy wasompleted using a PerkinElmer Lambda 35 with a slit of 1
nm and a scan rate of 960 nm/min from 306000 nm. All samples were cooled to room
temperature after synthesis and 1 mL of sample was analyzed in 2.5 mL BRA®D
polystyrene disposable cuvettes.

X-ray photoelectron spectroscopy (XPS) analysis was performed on a Kratos AXIS
popuv OPAAOOIT I AOGAO xEOE A 1T11TTAEOTT AQEA 11 +
(200 pL) were drop-casted on a copper substrate and left overnight to dry. Survey and high
resolution spectra of carbon, oxygen and silver were obtained for CNF and-&i§F.The
instrument was run using a hybrid lens mode and iris slot with a magnification of 1e+37.
For the survey scans, a dwell time of 0.1 seconds, a 400 meV step and a 160 eV analyzer
pass energy was used. The acquisition time was a total of 600 seconds for a total of two
sweeps. For the higkresolution spectra, a dwell time of 0.2 seconds, a 100 meV step and a
20 eV analyzer pass energy was used. The acquisition time was a total of 282 451

seconds for a total of 10 and 16 sweeps for CNF and-BYlF, respectively. The charge
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neutralizer was on during acquisition of survey and higkresolution spectra.All data
processing was completed using CasaXPS software. The library used for analysis
CasaXPS_KratosAxksl.lib and the survey and higkresolution scans were adjusted by
setting the C 1s peak to 285.0 eV binding energy. All peaks were fitted with a Gaussian
Lorentzian line shape and a Shirley background.

X-ray diffraction (XRD) analyss was completed using a Bruker D8 Discover with an
) A3 #0 +, O1 OOAA AT A 6AT OAA uvnn ¢$ AAOAAODI O8
from 4 frames (120 seconds per frame), a scan range o5 ° and a step size of 0.2 The
Ag-CNF spectrumwas scaleA U A AAAOIT O T £/ x 181t AAOGAA 11 OEA
CNF spectrum.

3.2.6. Raman Analysis

Raman experiments were completed using a Renishaw inVia Raman Microscope. The laser
source is a RL633 50 mW HeNe laser. The microscope configuration was modifieth a
liquid cell adapter and an =30 mm objective. Clear shell vials (1 mL) were used as the
sampling container with a sampling volume of 1 mL. All samples were analyzed using the
following spectral acquisition settings (unless stated otherwise): 632.8m laser, 100%
power (4-5 mW), 5 seconds and 20 accumulations. Laser power was measured after each
experiment and spectra were normalized in terms of power and time. The data was
acquired using Wire 3.4 software and analyzed using opesource Spectragryph eftware.36
Analyte adsorption time for Raman experiments was 2 minutes.

A B&W Tek NanoRam handheld Raman spectrometer (785 nm, 300 mW) was used
to obtain a SERS spectrum of malachite green. Before analysis, the device was standardized

using a polygyrene standard. A measurement was taken in a 1 dram vial and the handheld
102



was equipped with a liquid cell adapter. Malachite green had an adsorption time of 2

minutes before analysis.

3.3. Results and Discussion

3.3.1. Characterization of TEMPO -Oxidized Cellulose Nanofibers

High aspect ratio CNF that are colloidally stable in agueous solutions serve as a Ag NP
support for solution-based SERS&pplications. The size and morphology of the CNF fibers
produced via TEMP@oxidation were evaluated in images such as those shawn Figure 3
2. Analysis of SEM images (Figure2A) reveals fibers that are 300 to 2000 nm in length.
Crosssectional analysis of intermittentcontact AFM images (Figure 2B) reveals a fiber
width of 8 £ 2 nm. CNF sizes reported in the literature havedgh aspect ratios and widths

as small as 3 nn3§7-38
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Figure 3-2. Characterization of TEMPO-oxidized cellulose nanofi bers. (A) SEM and (B) AFM image of
cellulose nanofibers. (C) FTIR spectrum of freezdried cellulose nanofibers at pH ~78.

TEMPQoxidation of CNF is known to selectively convert the primary surface
hydroxyl groups to carboxylic acid/carboxylate groups?8 This surface chemistry and

interfacial charge of the resulting CNF was characterized by IR analysis, titration and zeta

104



potential. Figure 3-2C contains the FTIR spectrum of the oxidized fibers. Assignment of the
majority of the bands observed is found in Tabl&-1. The primary feature in Figure 32C is
the sharp peak at 1608 cnt that is assigned to the CO@ntisymmetric stretch.37.39-40 The
measured pH of the stoclCNF solution (~1 %) following TEMPO oxidation is ~78 and

thus we expect the majority of the carboxylic acid groups to be deprotonated. The band at
3334 cnr! corresponds to the @H stretching of secondary alcohols on the CNF that are not
expected to reactwith TEMPO. The zeta potential of a diluted solution of the CNF (0.02 %)
is-51.3 £ 0.6 mV. This value is consistent with a higtiensity of surface carboxylate groups

and is characteristic of colloidal stability.

Table 3-1. FTIR Spectroscopy Band Assignments for TEMPO-Oxidized Cellulose Nanofibers.

Wavenumber (cm -1) IR band assignment 26.37,39-42
3334 OzH stretch
2904 Ch stretch
1608 COOantisymmetric stretch
1411 COOsymmetric stretch
1371 CzH bend
1311 CH wag
1160 Cz0zC glycosidic antisymmetric stretch
1110 CZO stretch
1058 CZO stretch
1039 CzO stretch
896 I -glycosidic linkage

The carboxyl content of the CNF was quantitated by conductometric titration.
Excess strong acid (HCI) was added to protonate all the carboxylate groups and then the
mixture was titrated with NaOH. An example titration curve is shown in Figure-3. After
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neutralization of excess HCI in the CNF slurry, the plateau region between the two
inflection points is used to quantify the amount of carboxylic acids groups present on the
CNF26.28-29 Using Equation 31, the CNF carboxyl content is calculated tcell.12 + 0.03
mmol/gram. Values of 0.6 to 1.7 mmol/gram have been reported for the carboxyl content
of TEMPO oxidized CNF and the material used here is in that rari§é3 The carboxyl
groups on the CNF surface provide calidal stability and potential nucleation sites for

metal nanoparticlesss. 44
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Figure 3-3. Conductometric titration of cellulose nanofiber carboxyl content.

3.3.2. Synthesis and Characterization of Plasmonic Cellulose

Nanofibers

It is known that CNF is capable of acting as a template for the synthesis of Ag R3.44
The synthesis ofAg NPs has been driven both thermally and chemically in the presence of

CNF30.44-48 Chemical synthesis has utilized external reducing agents, such as trisodium
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citrate, sodium borohydride and AA31-32.45.49 Qur synthesis follows a twaestep procedure

with AA as the reducing agent as shown as in Figurel3 Several parameters were

optimized in this synthesis including mking time, temperature, CNF concentration and AA

concentration. The effect of these parameters on the density and functionality of the Ag NPs

were tracked by visible extinction and Raman spectroscopies (Figures8and 35). The

optimized conditions for Agdeposition onto the CNF were: 5 minutes mixing times for both

steps, 70 °C, 0.2 mM AA and 0.02 % CNF.
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Figure 3-4. U\:Vis extinction optimization of Ag -CNF.UV-Visible extinction spectra of AGCNF synthested
at different (A) mixing times in step 1/step 2 (0.02% CNF; 0.2 mM AA; 0.2 mM AgBJQQB) temperatures
(0.02% CNF; 0.2 mM AA; 0.2 mM AgiG min/5 min mixing), (C) CNF concentration (0.2 mM AA; 0.2 mM
AgNQ; 70 °C; 5 min/5 min mixing) and (D) AA concetnation (0.02% CNF; 0.2 mM AgN§) 70 °C; 5 min/5 min

mixing).
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measured at 2230 cnt as a function of (A) CNF concentration (0.2 mM AA; 0.2 mM AgN@0 °C; 5 min/5

min mixing) and (B) AA concentration (0.02 % CNF; 0.2 mM AgitQ0 °C; 5 min/5 min mixing). Analysis

(SERS measurementsyas done in triplicates.

The synthesis of AgCNF wadracked with IR spectroscopy as shown as in Figure-3
6A. Shifts in the CO@ntisymmetric stretch (na,cos) and symmetric stretch (s,coe) are
observed after each step. Thea,coe and ns,coe are observed at 1608 and 1411 crivfor
unmodified CNF, respetively. After the addition of AgQNQ, the na,coe shifts to 1606 cm?,
the nscooe shifts to 1409 cm! and a band at 1730 cm emerges. We assign the band at 1730
cmrlto the carbonyl stretch (hc=g of protonated acid groups due to a decrease in pH upon

dilution of the CNF to 0.02% from the stock solution of ~1 % CNF (from pH ~8to ~5-6).
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It has been shown that the COG@ites on TEMPO oxidized CNF will preferentially bind Ag
over Na' through an ion-exchange process8? Thus, we interpret the slight shift inna.coe
from 1608 to 1606 cm? to be due to the ionexchange betwen Na and Ag at the COOon
CNF#4 Ag NPs are formed with the addition of AA, and #mns coe shifts to 1425 cm?! while
the na,coe becomes broadened due to a variety of environments consisting of Ag NPs and
Nationic interactions. Finally, the increase in intensity of thexc=oat 1730 cm?is due to a
further decrease in pH from ~56 to ~4-5 due to the addition of AA. The various chemical
steps consistent with the IR spectra are shown on the right of Figure @A.

The mechanism described by the IR results above involves modification of the
surface charge of the material in each step. Asted above, the zeta potential of the diluted
CNF at a pH ~56 is-51.3 + 0.6 mV. Upon addition of AgN{@he zeta potential is-38 +1 mV
which is attributed to the complex coordination of Agto COOQresulting in the lowering of
the magnitude of the suface potential due to shielding. After reduction of the Ag cations,
the zeta potential of AGCNF is41.5 £0.5 mV at a pH of ~45. The change in zeta potential
upon Ag NP formation is due to AA adsorbing to the surface of the nanoparticles, providing
additional surface charge and colloidal stability!

The extinction spectrum for the material produced from optimal reaction conditions
is shown in Figure 36B. A band due to the localized surface plasmmf the AGCNF is
observed at 417 nm. Control experiments without CNF or AA produce solutions with
negligible extinction at 417 nm. The extinction spectrum of the AGNF is consistent with
the synthesis of discrete Ag NPs that are well dispersed on thbdrs and colloidally stable
in solution. The shape and size of the Ag NPs are revealed in the SEM images in parts C and

D of Figure 36. These images show the presence of Ag NPs with an average diameter of
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~45 nm anchored to the CNF. A more wdepth discussion of the size distribution of the Ag
NPs is below. There is no evidence of nanoparticles on the background grid and all particles
are attached to the fibers. There is a clear indication of CNF bundling as well as
nanoparticle dimers, trimers and largerclusters. These are potential hot spot locations that

can provide enhancement for SERS analysis.
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Figure 3-6. Characterization of Ag -CNF synthesis using IR, U\ Vis extinction and SEM imaging. (A)
Examination of silver/carboxylate complexation with IR spectroscopy. (B) UWisible extinction of AGCNF
and controls. (C) and (D) are SEM images of AANF.
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The elemental composition of CNF and AGNF is examined using XPS analysis.
Figure 3-7A is a XPSpectrum of the Ag 3d binding energyNo Ag is observed in CNF and
Ag-CNF shows the Ag 3d doublet at 368.5 and 374.5 eV. This peak separation of 6.0 eV is
characteristic of the spirorbit component of Ag metak? The total amount of Ag metal in
Ag-CNF is 1.7 %. Survey scans and higbsolution deconvolution data can be found in
Figures 38 and 39, and Tables 2, 3-3, and 34. Deconvolution assignments are based on

previously published works42.52-53
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Figure 3-7. XPS and XRD analysis of CNF and A@NF.(A) High resolution XPS and (B) XRD analysis of CNF
and AgCNF.
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Ag-CNFE

112



Table 3-2. Survey Scan Data of CNF With and Without Silver Nanoparticles.

Sample Peak Position FWHM Area At% R.S.F
C1ls 285.0 3.63 5575 56.7 0.278
O1s 531.0 2.92 10279 37.3 0.780
CNF
N 1s 398.2 2.45 159 0.9 0.477
Na 1s 1069.4 2.37 3019 51 1.690
C1ls 285.0 3.84 4661 60.6 0.278
O1s 531.8 3.02 7231 335 0.780
Ag-CNF N 1s 400.2 2.07 379 29 0.477
Na 1s 1071.0 3.27 594 1.3 1.690
Ag 3d 368.2 2.33 2790 1.7 5.99
Table 3-3. High Resolution Data of Cellulose Nanofibers With and Without Silver Nanoparticles.
Sample Peak Position FWHM Area
C1ls 286.5 1.34 3065
CNF O 1s 532.9 2.22 5418
Ag 3d - - -
C1ls 285.1 2.71 2500
Ag-CNF O 1s 532.7 2.35 4037
Ag 3d 368.5 0.97 1462
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Table 3-4. Data From the Component Fitting From the High Resolution Spectra of Cellulose Nanofibers
With and Without Silver Nanoparticles.

Sample Peak Name Position FWHM Area %Area
zCICczH 285.0 1.18 851 27.7
0 286.6 1.20 1569 51.2
Cls
OzCz0/IC=0 288.2 1.16 522 17.0
CNF 0zC=0 289.3 1.39 125 4.1
C=0 531.6 151 1887 34.7
O 1s
<0 533.0 1.38 3557 65.3
Ag 3d - - - - -
zC/CczH 285.0 1.28 1216 48.4
0 286.6 1.21 884 35.2
C1s
0zCz0/C=0 288.2 1.39 357 141
0zC=0 288.9 1.15 57 2.3
Ag-CNF
C=0 531.8 1.64 1904 47.2
O1s
0 533.0 1.48 2133 52.8
Ag 3d 5/2 368.5 1.02 843 58.9
Ag 3d
Ag 3d 3/2 374.5 1.01 588 41.1

The crystallinity of CNF and A¢CNF is examined using XRa@nalysis. Figure 37B

shows the diffraction spectrum of CNF and AGNF. The spectrum of the CNF contains two

broad band peaks at 16.34 ° and 22.74 ° which are due to the (110) and (200)

crystallographic planes, respectively, and are characteristic of celase Istructure.38.54 In

the spectrum of the AGCNF sample, the Ag metal lattice peaks are observed at 38.11 °,

44.24 °,64.45 °, 77.34 ° and 81.48 °, and are attributed to (111), (200), (220), (311) and

(222) lattice facets3! The d-spacing and crystallite size of the Ag NPs can be found in Table

3-5.
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Table 3-5. Determination of d -Spacing and Crystallite Size of Silver Nanopatrticles on Cellulose
Nanofibers From XRD Data.

Lattice facet G [ d-spacing (A) Crystallite size (nm)
111 38.11 2.36 12.5
200 44.24 2.05 7.1
220 64.45 1.44 9.3
311 77.34 1.23 8.8
222 81.48 1.18 11.5

The calculated dspacing values werecalculated using the Bragg equation as shown

as in Equation 32:55
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3.3.3. SERS Enhancement, Dispersibility and Reproducibility

The use of colloidal nanoparticles as a viable SERS substra®ften overlooked due to
difficulties in controlling the aggregation process. Table-® is a summary of colloidal

nanoparticles used for irsolution SERS measurements!®.22-25 These studies highlight a
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range of examples from controlling the aggregation process to developing dispersible

support structures for nanoparticles. As noted previouslycellulose nanomaterials are

often used as a template/support for nanoparticles® However, the majority of cellulose

based SERS substrates are used as a stlabed SERS substrateOur work highlights the

use of oxidized CNF as a watatispersible SERS substrate.

Table 3-6. Summary of Colloidal SERS Substrates for In-Solution Measurements and Applications

Type of nanomate rial Nanoparticle support Application Reference
Ag NP Citrate-capped Investigation of aggregation 9
control
Ag NP Citrate-capped Detection of toxic metals using 10
salen complexes
Ag and Au NP Citrate-capped Detection of amphetamine sifate 11
Ag NP Oligonucleotide- Controlled NP assembly using 12
functionalized NP in DNA hybridization
buffer conditions
Au nanostars "1 17T A80O AOAEA Detection of uranyl 13
Au nanostars 11T A8O AOAEA Detection of methimazole in 14
urine
Au dogboneshaped NP CTABcapped Detection of thiram 15
Au dogbone shaped NP CTABcapped Detection of dithiocarbamae 16
fungicides
Au nanorods CTABcapped Detection of dithiocarbamate 17
pesticides
[ -cyclodextrin modified Au Citrate-capped Detection of polycyclic aromatic 18
NP hydrocarbons
Starch-coated Ag NP Starch and citrate Detection of melamine and 19
malachite green
Polymer-mediated Au NP PVP Detection ofneurotransmitters 22
aggregates
Ag NP coated poly(styreneco-  Poly(styrene-co-acrylic  Detection of trace melamine 23
acrylic acid) nanospheres acid) nanospheres and
PVP
Ag NP/CNC CNC Detection of riboflavin 24
Ag NP/SIQ/CNC and Ag SiGand CNC Detection of malachite green 25
NP/CNC
Ag-CNF CNF Detection of malachite green This work

PVPz polyvinylpyrrolidone; CTAB z cetrimonium bromide.
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We are introducing the AGCNF material synthesized as described above as an in
solution SERS substrate. During our evaluation of this application we discovered two
important factors in the treatment of the material for observing strong SERS signals. MBN
adsorbed to the Ag NPs was used as a Raman probe. It was observed that centrifugation of
the material after synthesis and resuspension is crucial for the observation of intense SERS
bands. Fgure 3-10A show aqueous phase SERS spectra of MBN treatedONf samples
without centrifugation and after centrifugation. The band intensities for the resuspended
sample are ~30x more intense than for the samples that were not centrifuged. The bands
obsetOAA AOA AEAOAAOAOEOOEA | £ -1'Csthdichat ’686A # k .
cml, @H bend and @QC stretch at 1180 cn#,and the @S stretch and @C stretch at 1072
cm156-57 |t is clear from Figure 310A that centrifugation and resuspension of the AGNF
material provides a more active SERSubstrate for solution analysis.

Insights into the effect of centrifugation/resuspension on the structure of the Ag
CNF are provided in parts BD of Figure 310. Figure 310B are the extinction spectra and
Figures 310C and 310D are SEM images taken for each sample. The extiog spectrum
of the material without centrifugation is characteristic of welldispersed Ag NPs. As noted
above, the zeta potential of the A@€NF at this point is41.5 mV. Although both solutions,
i.e, with and without centrifugation/resuspension, appear clear and yellow in color as
shown in the inset of Figure 310B, the extinction spectrum of the centrifuged sample
contains a tail at higher wavelength that indicates some degree of aggregation. The zeta
potential of the material taken immediately after esuspension is30 + 3 mV (pH of ~56).

While this value is consistent with colloidal stability, it is clear from Figure 3L0B that Ag
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aggregates are present in the rasuspended material. We note that the solutions of the
centrifuged/re -suspended AgCNF emain visually similar for at least 24 hours.

Figure 3-10C is a SEM image for a sample without centrifugation. In this image, a
single nanofiber with a single nanoparticle is observed. While other images of the non
centrifuged samples show some fiber angarticle bunching (Figure 310C inset), it is not to
the extent observed after centrifugation. Considering Figure-20C and the SERS spectrum
in Figure 3-10A and the extinction spectrum in Figure 3L0B, we hypothesize that the Ag
CNF solution directly afer the synthesis consists of well dispersed individual fibers
containing one or a few Ag NPs. Figure BOD is a SEM image of AGNF after
centrifugation. The image shows a bundle of nanofibers with many nanopatrticles.
Centrifugation of the AGCNF solutionintroduces an intertwinement of the CNF that
gathers the Ag NPs in close proximity to one another. The groupings of Ag NPs contain
numerous regions of potential SERS hot spots. We attribute the large increase in the MBN
SERS signal observed in Figure BOA to clusters of the AGCNF material that remain

suspended in agueous solutions.
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Figure 3-10. Plasmonic cellulose nanofiber enhancement. (A) SERS spectrum of MBN demonstrating the
effect of centrifugation an the enhancement of plasmonic cellulose nanofibers. (B) WNisible extinction of Ag
CNF before and after centrifugation. SEM images of-&iNF (C) before centrifugation and (D) after
centrifugation.

The second factor observed to influence the solutichased SERS intensity is room
temperature aging of the sample after synthesis and before centrifugation/resuspension.
SERS spectra for aging periods of 0, 24, 48 and 72 hoars in Figure 3-11A. The sample is
centrifuged/re -suspended after the indicated agig period and then MBN is introduced for
SERS analysis. As the aging period increases, the signal intensity also increases. We do not
observe the same effect if the aging is carried out after centrifugation/resuspension (Figure

3-11B). While there are sligh deviations in intensity, particularly from 0 to 24 hours, this is
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attributed to the settling of AGCNF bundles after centrifugation. There are no significant
changes in the signal intensity with increased aging time. SEM imaging was used to
investigate the influence of aging on Ag NP size. ASH plots are used to examine the
nanoparticle size distribution at 0 and 72 hours (Figure 3L1). Over the aging period the
nanoparticle size remained constanthowever, the size distribution shifted to a narrower
profile. Moreover, the rug plot below the distribution indicates consumption of smaller Ag
NPs. This suggests a mixture of intraparticle and Ostwald ripenirt§>° Thus, we conclude
that the optimal substrate preparation should include a 72 hour aging period prior to
centrifugation. U\AVis extinction of AGCNF at 0 and 72 hours are shown in Figure B. In
terms of storage and handling of the matrial, the centrifuged pellet can be stored in a
refrigerator (4 °C) for over 10 days and resuspension carried out directly before usage

without loss of signal (Figure 313).
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Figure 3-11. SERS spectra of MBN at 5 uM demonstrating the effect of substrate aging on the
enhancement of plasmonic cellulose nanofibers. Aging of AGCNF (A) before and (B) after centrifugation
for 0 hours, 24 hours, 48 hours and 72 hours. Silver nanoparticle size distribution and SEMAgCNF at (ED)

0 hours and (EF) 72 hours.
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