Non-Uniform SERS Substrates to Three-Dimensional
SERS Platforms: Optimizing Raman Spectroscopy

for Advanced Applications

Dissertation
der Mathematisch-Naturwissenschaftlichen Fakultat
der Eberhard Karls Universitat Tibingen
zur Erlangung des Grades eines
Doktors der Naturwissenschaften

(Dr. rer. nat.)

vorgelegt von
M.Sc. Ashutosh Mukherjee

aus Nashik/Indien

Tubingen
2024






Gedruckt mit Genehmigung der Mathematisch-Naturwissenschaftlichen Fakultat der

Eberhard Karls Universitat Tubingen.

Tag der mundlichen Qualifikation: 03.02.2025
Dekan: Prof. Dr. Thilo Stehle
1. Berichterstatter: Prof. Dr. Marc Brecht

2. Berichterstatter: Prof. Dr. Andreas Schnepf






| would like to acknowledge the funding partner, the German Federal Ministry of Ed-
ucation and Research (Bundesministerium fiir Bildung und Forschung - BMBF),

for their financial support within the framework of IngenieurNachwuchs 2016,

Bundesministerium
fir Bildung
und Forschung

With specific reference to the "CompeTERS" project and grant number 13FH5961X6.






Bibliographical Description

Raman spectroscopy is a valuable technique for analyzing materials and their
properties. However, due to the small scattering cross-section of many analytes, only
weak signals with low signal-to-noise ratios (SNRs) are obtained. Researchers have
explored various methodologies to overcome these limitations and enhance the power
of this technique. Plasmonics, particularly Surface-Enhanced Raman Spectroscopy
(SERS), has garnered global attention as a means to overcome weak Raman intensity.
However, SERS has limitations and constraints, such as complex sample preparation
and high costs, that must be overcome for broader applicability.

This dissertation demonstrates that gradient two-dimensional (2D) SERS sub-
strates with multiple resonances improve the analysis of numerous samples. Such
substrates enable fast screening of various molecules. With conventional 2D sub-
strates, the signal from molecules is only enhanced when they are very close (a few
nanometers) to the substrate surface. To overcome this limitation, innovative, stable,
and three-dimensional (3D) SERS substrates based on spherical silica microspheres
(SMPs) are developed as carriers for metal nanoparticles (NPs). These novel sub-
strates offer the advantage of allowing analyses in all spatial directions, showing mul-
tiple resonances, being cost-effectively synthesized, and being used in various solu-

tions. They address some of the limitations of conventional SERS substrates.

Furthermore, this doctoral thesis deals with advanced data analysis in SERS
and Raman spectroscopy, which can lead to difficulties interpreting the data. Advanced
data analysis is applied to identify subtle spectral differences and improve data inter-
pretation. However, optimizing and maintaining spectrometers' performance and cali-
bration stability over time is essential for reliable data interpretation. For this purpose,
a quality factor is introduced, which represents the fit between theoretically calculated
and experimentally measured spectral resolution (SR). This is applied to a commercial
spectrometer used in the dissertation.

In summary, this work addresses central challenges and weaknesses in Raman

spectroscopy, improving its applicability and addressing the associated challenges.






Zusammenfassung

Raman-Spektroskopie ist eine vielversprechende Methode zur Analyse verchie-
dener Materialien und deren Eigenschaften. Aufgrund des kleinen Streuquerschnitts
vieler Analyten werden jedoch nur schwache Signal mit niedrigen Signal zu Rauschen
Verhaltnis beobachtet. Ein Ansatz diese Herausforderung zu Gberwinden ist die Plas-
monik, insbesondere die oberflachenverstarkte Raman-Spektroskopie (SERS). Fur
den breiten Einsatz mussen allerdings Limitierungen, wie aufwendige Probenvorberei-

tung und hohe Kosten, in Kauf genommen werden.

Diese Dissertation zeigt, dass Gradienten-zwei-dimensionale (2D) SERS-Sub-
strate mit mehreren Resonanzen die Analyse zahlreicher Proben verbessert und dass
solche Substrate ein schnelles Screening verschiedener Molekule ermoglichen. Bei
herkdmmlichen 2D-Substraten wird das Signal von Molekulen nur verstarkt, wenn sich
diese sehr Nahe (wenige Nanometer) Uber der Substratoberflache befinden. Um dies
zu Uberwinden, werden innovative, stabile dreidimensionale (3D) SERS-Substrate auf
Basis kugelformiger Silicamikrospharen (SMPs) als Trager fur Metallnanopartikel (NP)
entwickelt. Diese neuartigen Substrate bieten den Vorteil, dass Sie Analysen in allen
Raumrichtungen ermdglichen, mehrere Resonanzen zeigen, kostengunstig syntheti-
siert werden kdnnen und in verschiedenen Lésungen verwendet werden kdnnen. Sie

adressieren somit einige der Einschrankungen herkdbmmlicher SERS-Substrate.

Daruber hinaus beschaftigt sich diese Doktorarbeit mit der erweiterten Daten-
analyse in SERS- und Raman Spektroskopie, welche zu Schwierigkeiten bei der Inter-
pretation der Daten fuhren kdnnen. Um subtile spektrale Unterschiede zu identifizieren
und damit die Interpretation der Daten zu verbessern wird fortgeschrittene (multivari-
ate) Datenanalyse angewendet. Die Optimierung und Aufrechterhaltung der Leis-
tungsfahigkeit sowie der Kalibrierungsstabilitat von Spektrometern im Laufe der Zeit
ist jedoch entscheidend fur eine zuverlassige Dateninterpretation. Dafur wird ein Qua-
litatsfaktor eingefuhrt, der die Anpassung zwischen theoretisch berechneter und expe-
rimentell gemessener spektraler Auflosung reprasentiert. Dieser wird auf ein, im Rah-

men der Dissertation verwendetes, kommerzielles Spektrometer angewendet.

Zusammenfassend befasst sich diese Arbeit mit zentralen Herausforderungen
in der Raman-Spektroskopie und verbessert letztendlich deren Anwendbarkeit und
Praktikabilitat.
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Introduction

Raman spectroscopy is a highly valuable analytical technique with multiple ap-
plications across various scientific domains. It uses inelastic light scattering to provide
information about a sample's chemical composition without damaging it.[1] It is unique
because it generates data without sample preparation or labeling. This is particularly
beneficial for samples whose original composition may be altered during prepara-
tion.[2-5] This quantitative technique correlates the intensity of the signal directly with
the concentration of the material and is versatile enough to evaluate solids,[6, 7] lig-
uids,[8—10] and gases,[10, 11] making it an essential analytical tool for researchers in

diverse study domains.

However, Raman spectroscopy has some limitations that need to be consid-
ered. Analytes with a small cross-section can be challenging to obtain inelastic light
scattering, making the technique less effective. Additionally, it can be challenging to
detect and analyze samples with low analyte concentrations due to the technique's
reduced sensitivity and low SNR. The spatial resolution in Raman spectroscopy is also
limited by Abbe's diffraction limit, which is approximately half the wavelength of the

incident light.

A growing demand for enhanced sensitivity and resolution in Raman spectros-
copy prompts the development of various methodologies.[11-16] One approach is
plasmonics, which is responsible for advancing the sensitivity of Raman signal detec-
tion.[16—18] Plasmonics are the electron oscillations in metal nanostructures due to
electromagnetic (EM) wave excitation. On plasmonic active NPs, strong electric fields
are produced by localized surface plasmons (LSPs), which are the primary cause of
this signal enhancement. Based on plasmonics, SERS increases the Raman signal
strength by 105-10'° times, making it possible to surpass the detection limit.[19-21]
SERS can detect concentrations as low as a single molecule, overcoming a significant

drawback of Raman spectroscopy.[22—-26]

Sample preparation represents a considerable worry and effort for a successful
SERS acquisition. A specific arrangement of plasmonic metal NPs, known as a SERS
sample or SERS substrate, is required to achieve maximum enhancement of the Ra-

man signal. Several SERS substrates are available in the market, including surface-
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roughened films,[27, 28] colloidal NPs,[29, 30] metal/metal island films,[31-34] and
uniform SERS substrates.[35-37]

However, SERS has some drawbacks, including substrate reproducibility, sur-
face fouling, background interference signals, restricted analyte selectivity, small de-
tection volume, and cost-effectiveness. Addressing these issues is essential to improv-
ing SERS's applicability and making it more widely usable in different sample types

like solids, liquids, and gases.

Adaptable, reproducible, cost-effective substrates must be designed and devel-
oped to improve SERS's applicability. This thesis addresses the challenges faced in
improving SERS application and eventually demonstrates the fabrication of suitable
SERS substrates to overcome them. Furthermore, the research explores methods to

enhance spectrometer performance and advanced data interpretation techniques.




1. Theoretical and Scientific Principles

This chapter explores the theoretical and scientific principles that form the basis of
research in this thesis. These principles offer a robust framework for comprehending
and analyzing the experimental results. They help clarify the core ideas behind the

study and contribute to the broader knowledge in the field.

1.1. Applications of Raman Spectroscopy

Raman spectroscopy has significantly contributed to various fields, revolution-
izing scientific research and industry applications. This analytical technique, based on
the inelastic scattering of photons, has profoundly impacted the world in several ways.
The goal of this section and the following list is to examine the diverse uses of Raman

spectroscopy in different scientific fields:
1. Materials Science:

Raman spectroscopy has revolutionized materials science by providing valuable in-
sights into the composition,[38—40] structure,[41, 42] characterization of polymers,[43—
46] nanomaterials,[47—49] semiconductors,[50-53] catalysts,[54—-56] composite mate-
rials,[57-59] identification of phases,[60-62] monitoring of crystallographic
changes,[63-66] detection of impurities,[67—70] and defect analysis.[71-73] It also al-
lows for the investigation of stress/strain effects,[74, 75] and the determination of vi-

brational modes and phonon dispersion.[76—78]
2. Biology and Biomedical Research:

Due to its non-destructive nature and ability to provide label-free molecular information,
it is widely employed for studying cells, tissues, biomolecules, and biofluids.[79-83]
Raman spectroscopy enables the identification and characterization of biomolecules
such as proteins,[74, 84, 85] nucleic acids,[75, 86, 87] lipids,[88—90] and carbohy-
drates.[91, 92] It facilitates the detection of disease biomarkers, analysis of cellular
processes, and monitoring drug interactions with cells and tissues.[93, 94] It also plays
a crucial role in cancer research, aiding in identifying tumor margins, understanding

cellular transformations, and assessing drug efficacy.[95-97]
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3. Chemistry:

Raman spectroscopy plays a vital role in chemical analysis and identification. It is used
for the qualitative and quantitative analysis of chemical compounds, even in complex
mixtures.[98, 99] Raman spectroscopy monitors chemical reactions in real-time, mo-

lecular dynamics,[100—104] and intermolecular interactions.[105, 106]
4. Pharmaceutical Analysis:

Raman spectroscopy has found extensive applications in the pharmaceutical industry.
It is used for drug discovery,[107-110] formulation analysis,[111] and quality con-
trol.[112—114] Raman spectroscopy enables the identification and quantification of ac-
tive pharmaceutical ingredients and excipients,[115, 116] analysis of polymor-
phism,[117] investigation of drug-polymer interactions,[118—120] and monitoring of
drug release profiles.[121, 122] It offers rapid and non-destructive analysis, making it

an attractive pharmaceutical research and development tool.
5. Environmental Analysis:

Raman spectroscopy plays a crucial role in environmental monitoring and analysis. It
allows identifying and quantifying pollutants,[123—-126] analysis of aerosols and partic-
ulate matter.[127—129] Raman spectroscopy can detect and analyze complex mixtures
of organic and inorganic compounds, providing insights into environmental contamina-
tion, chemical transformations, and pollutant sources. It is also employed for the anal-
ysis of minerals,[130-132] rocks,[133—-135] and geological samples,[136, 137] aiding

in the understanding of Earth's processes.
6. Geology and Planetary Science:

Raman spectroscopy plays a crucial role in geology and planetary science by providing
valuable insights into the composition and mineralogy of geological samples. It is em-
ployed in the analysis of meteorites,[138—140] lunar samples,[141, 142] and other ex-
traterrestrial materials,[143, 144] providing insights into the geological processes and
conditions on other planets and moons. In planetary science, Raman spectroscopy
has been employed in space missions to analyze the composition of extraterrestrial
surfaces, such as Mars and the Moon, contributing to understanding planetary geology
and the potential presence of critical minerals essential for assessing habitability.[145—
151]
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7. Forensic Science:

Raman spectroscopy finds applications in forensic science for analyzing and identify-
ing trace evidence,[152-154] illicit drugs,[155, 156] and counterfeit detection,[157,
158] moreover, legally questioned documents. It helps characterize fibers, paints, inks,
and other materials encountered in forensic investigations.[159-162] Raman spectros-
copy's ability to provide rapid and non-destructive analysis assists in examining crime
scene samples, identifying unknown substances, and differentiating genuine and coun-

terfeit products.
8. Art and Cultural Heritage:

Raman spectroscopy's non-destructive nature makes it particularly valuable for ana-
lyzing precious and fragile artworks. It has become essential in studying and preserv-
ing art and cultural heritage artifacts.[163, 164] It aids in the identification of pig-
ments,[165-167] dyes,[168, 169] binders and varnishes,[170] and other materials used
in the artwork. Raman spectroscopy enables the characterization of layers.[166] It also
identifies degradation products and assesses the effects of environmental factors on

cultural artifacts.
9. Nanotechnology:

Nanotechnology extensively uses Raman spectroscopy to characterize and analyze
nanomaterials and nanostructures. It enables the investigation of size-dependent prop-
erties,[171-173] SERS,[174-176] and plasmonic effects in NPs.[177, 178] Raman
spectroscopy is used to study nanomaterials such as carbon nanotubes,[179, 180] 2D
materials,[181-183] OD materials,[184, 185] nanowires.[186—188] It provides valuable

information on their structural properties, chemical composition, and functionalization.
10.Food and Agriculture:

Raman spectroscopy is used in the food and agriculture industries for quality control,
authentication, and analysis of food products.[189-191] It can detect pollutants, con-
taminants, and the presence of allergens in food.[192—194] It also aids in studying the

molecular changes occurring during food processing, ripening, and storage.

These applications showcase the versatility of Raman spectroscopy, making it
a valuable tool for researchers and professionals across diverse scientific and indus-

trial disciplines. Despite its numerous applications, Raman spectroscopy still faces
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challenges regarding sensitivity, SR, and sample requirements, which are discussed
in later sections. Continued advancements in instrumentation and techniques further

enhance its capabilities and broaden its potential applications in the future.

1.2. Basic Principles of Raman Spectroscopy

Raman spectroscopy, named after its discoverer, C.V. Raman, was first ob-
served in 1928. Raman spectroscopy is a type of vibrational spectroscopy used to
investigate a system's vibrational, rotational, low- and high-frequency modes. It is
based on monochromatic light's inelastic also called Raman scattering, typically scat-
tered by a laser in the visible, near-infrared, or near-ultraviolet ranges. When laser light
interacts with molecular vibrations, phonons, or other system excitations, the energy
of the laser photons is shifted up or down. The energy shift reveals information about
the system's vibrational modes. There are two ways to explain Raman spectroscopy:

quantum theory and classical theory.

1.2.1. Quantum Theory

The quantum theory of Raman spectroscopy provides a profound understanding of the
underlying principles governing the interaction of light with matter. At its core, Raman
spectroscopy relies on the scattering of photons when they interact with various mate-
rials, including crystalline and amorphous solids, liquids, and gases. Consider photons
with energy hw; is incident on a material, and the molecules are excited from the
ground to a virtual energy state (green arrow, as shown in Figure 1.1). The molecule
can relax elastically, known as Rayleigh scattering (Figure 1.1(a)), and inelastically,
known as Raman scattering. Raman scattering results in photons being scattered by
the molecules with different energies than the incident photons, either h(w; — w,)
(Stokes scattering, red arrow as shown in Figure 1.1(b)) or h(w; + w,) (anti-Stokes
scattering, blue arrow as shown in Figure 1.1(c)). Here, w,, corresponds to a molecule's

vibrational frequency or a crystal's phonon frequency.
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This energy shift (h(w; + w,)) is the basis of Raman spectroscopy; the amount of en-
ergy transferred from the incident photons to the molecules is determined by the tran-
sition probability, a function of the energy difference between the molecule's initial and
final states. Thus, the frequency of the scattered photons is determined by the energy

difference between the molecule's initial and final states, also called the Raman shift.

AE =0 AE< O AE > 0

Virtual States

-y —g — _——y —g - S

ha; h(w; — wy)
hmi h(,t)i
hw; h(w; + w,)
‘: ry SU+ Wy
Ground States : h(w; — wy) i h(w; + wy)
2 ¥ ) So
(a) Rayleigh (b) Stokes Raman (c) Anti-Stokes Raman

Figure 1.1: The energy diagram for (a) Rayleigh, (b) Stokes Raman, and (c) anti-Stokes
Raman scattering processes. The energy disparity between the incident
and dispersed light is shown by the symbol AE. The incident photon's en-
ergy is indicated by the green arrow heading upward. In contrast, the down-

ward arrow indicates a photon's energy gain or loss.

Quantum mechanics, as described in the quantum theory of Raman spectroscopy,
provides a more comprehensive and precise explanation of the observed spectral
shifts and intensities. While the classical theory of Raman spectroscopy offers a valu-
able qualitative framework for understanding the phenomenon, it does not delve into

the quantum mechanical details of the scattering process.

However, classical theory is still a valuable tool for understanding the basics of Raman
spectroscopy. It provides straightforward concepts that help explain the basic working

principle of Raman spectroscopy, which will be discussed in the next section.
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1.2.2. Classical Theory

Central to the classical theory of Raman spectroscopy is the concept of polarizability.
Polarizability is a measure of how easily the electron cloud of an atom or molecule can
be distorted in response to an external electric field.

In Raman spectroscopy, the vibrational modes of molecules, which involve the periodic
motion of atoms within the molecule, give rise to changes in polarizability and are re-
sponsible for Raman scattering. The incident photons can either lose energy (Stokes
scattering) or gain energy (anti-Stokes scattering) during the scattering process. The
energy difference is related to the vibrational energy levels of the molecule, resulting
in the Raman shift.

The origin of the scattering radiation is an induced electric dipole (p) in a material. The

classical theory of Raman scattering can be described as follows:

B = uE, Eqn. 1
Where p is an induced electric dipole vector induced by an external electric field F{—

electric field vector characterized by its vector amplitude E, of the incident radiation

and oscillation frequency w;.

The proportionality factor between the external field and the induced dipole moment in
Eqgn. 1 is the molecular polarizability p. The real part of the electric field is expressed

as,

E,(t) = E, - cos(w;t) Eqgn. 2
The polarizability (n) of a molecule changes with its vibrational motion. To mathemati-
cally describe this effect, the polarizability is expressed as a Taylor series expansion

centered around the equilibrium nuclear geometry denoted by v.

N

ou 1/ 9%n , s
(%)vo v+§<6v6v’>v , vy 0w
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u(v)—u0+<%>o U+§<avav,>0 e+ -




Basic Principles of Raman Spectroscopy

Where v is the vibrational normal coordinate of the molecule, y, is the polarizability at

equilibrium and (%) is the first derivative of the polarizability for v at equilibrium.
0

For simplicity, only the first-order term in the expansion is considered by assuming

small displacements,

ou Eqgn. 4

t) = — -v(t
u(®) = o+ (3;) v
Consequently, vibrations with a specific vibrational frequency denoted as w, can be
stimulated along sinusoidal wave function for a simple harmonic oscillator as,

v(t) = v, - cos(w,t) Eqgn. 5
Where v, is the amplitude of the vibrational motion, and w,, is the molecular vibration

frequency.

Substituting in polarizability expression that is Eqn. 5 in Eqn. 4,

au Eqn. 6
u() = o + (5) - vy cos(@y) I
V/o
The time-dependent induced dipole moment p(t) from Eqn. 1 is given by
p(t) = u(t) - Ei(t) Eqn. 7
Substituting, u(t) from Eqn. 6 and E, (¢) from Eqgn. 2 in Eqn. 7,
au Eqn. 8
p(t) = [Mo + (—) "V, cos(w,,t)] E, - cos(w;t)
av/,
Expanding Eqn. 8 gives,
au Eqn. 9
p(t) = Yo - Ey - cos(w;t) + <%> v, Ey - cos(w,t) - cos(w;t)
0
Applying trigonometric identity cos(4)cos (B) to second summand in Eqn. 9,
Eqn. 10

cos(A) cos(B) =%[COS(A + B) + cos (A — B)]

Therefore, Eqn. 9 can be rewritten using Egn. 10 as,

1
p(t) = yo - Ey - cos(w;t) + =

ou 1 (@) Egn. 11
2 v

<%)vo ‘v, " Ep - cos(w; + w,)t +§ F

v, - Ey - cos(w; — wy)t
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This equation (Egn. 11) forms the fundamental principle of Raman scattering when
viewed as a notable instance of general light scattering. In this context, the time-vary-
ing induced dipole moment, serving as a secondary radiation source, comprises three

separate components.

In the final form, the first summand of Eqn. 11 corresponds to Rayleigh scattering,
oscillating at the same frequency as the incident radiation. The second is anti-Stokes
Raman scattering, representing a source of blue-shifted radiation to laser frequency.
The third one is Stokes-Raman scattering, as the induced dipole moment oscillates at

a frequency lower than the laser frequency.

1.2.3. Classical Selection Rule

The classical theory of Raman spectroscopy provides an understanding of the princi-
ples governing Raman scattering selection rules. These rules determine the molecular
vibrational modes that exhibit Raman activity by relying on symmetry principles and
variations in the polarizability tensor components associated with distinct vibrational
modes.[195]

Inelastic scattered light arises from a situation where there is a non-zero derivative of
electronic polarizability concerning the equilibrium geometry along the vt* normal co-

ordinate, represented as,

d
<_u) £ 0 Eqgn. 12
ov/y,

The present relationship establishes a selection rule for Raman scattering, which is
fundamental in distinguishing between molecules active in Raman scattering and those

active in infrared (IR), that is,

<6u) Eqn. 13
_ =0
ov/y,

To initiate the discussion, the focus is on the vibrational behavior of the symmetric
stretching of a diatomic molecule, as shown in Figure 1.2(a). This particular molecule
lacks a permanent dipole moment when in its equilibrium geometry. Even when sub-
jected to minor variations, the derivative of the dipole moment remains zero. This ren-

ders the vibration IR inactive but Raman active, as Figure 1.2(a) depicts.
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(a) (b) (c) (d)

on) ou
(av> =0 (%) =0
Vo ,

au au
<%> *0 <%> *0
Vo Vo 0
Raman active Raman active Raman inactive Raman inactive
op\ op\ Jap ap
(61}) =0 <6v> a (617 #0 w) *°
Vo Vo Vo Vo

IR inactive IR inactive IR active IR active

Figure 1.2: Schematics (not to scale) of the derivates of polarizability (black) and dipole
moment (orange) are depicted for normal modes of (a) two atomic mole-
cules, (b), (c), and (d) for three nuclear molecules. [Figure adapted and
modified from T. Dieing, O. Hollricher, J. Toporski, Confocal Raman Micros-
copy (Springer, Heidelberg, London, 2011)].[196]

Studying linear triatomic molecules can become intricate, particularly in molecular di-
pole moment and polarizability. To simplify the analysis, consider these molecules as
the sum of bond dipole moments and bond polarizability in a first-order approximation.
Figure 1.2(b) demonstrates that the dipole moment remains constant during symmetric
stretching vibration due to opposite, identical bonds. This leads to the molecule being

IR inactive and Raman active.

However, the situation changes when asymmetric stretching and bending are consid-
ered, as depicted in Figure 1.2(c) and Figure 1.2(d). In these cases, the dipole moment
changes sign as the system moves through the equilibrium configuration, rendering
both vibrations IR active. While non-zero changes in polarizability occur along these

modes, they are symmetric when the reaction coordinate sign is inverted.[196]

Hence, for small displacements, the changes in polarizability are harmonic and can be

assumed, making both stretching and bending vibrations Raman inactive.
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1.3. Instrumentation for Raman spectroscopy

Understanding the instrumentation of Raman spectroscopy is crucial for exper-
imental design, instrument optimization, data interpretation, troubleshooting, method
development, and collaboration. Several factors must be considered to ensure optimal
results when setting up a Raman spectroscopy experiment. These include laser power
and wavelength selection, SR, SNR, and integration time. The choice of these param-
eters depends on the sample's nature, the desired sensitivity level, and the spectral

features of interest.

Knowledge of the instrumentation improves the quality of measurements and ad-
vances understanding of Raman spectroscopy. In the subsequent section, an exten-
sive exploration of the instrumentation employed in Raman spectroscopy is presented.
With a focus on the working principle of a Raman spectrometer and confocal Raman

microscopy (CRM)/spectroscopy, hyperspectral Raman imaging is discussed.

1.3.1. Working principle of Raman setup

The Raman signal is often weak; therefore, optimizing the Raman spectrometer
to achieve the best results is essential. An optimized Raman setup is necessary for
improved sensitivity, SR, accurate analysis, reduced interference and artifacts, repro-
ducibility, comparability, and expanded application capabilities. This allows research-
ers to get reliable results, explore various scientific applications, and gain insights into
molecular structures and chemical compositions. This section explores the working
principle of a Raman setup designed to illuminate, collect, and detect Raman-scattered
light. Figure 1.3 illustrates the schematics of the working principle of the Raman setup.

The Raman setup is divided into different compartments: the excitation, microscope,

and spectrometer, as shown in Figure 1.3.
(a) Excitation

Figure 1.3(a) shows schematics of an excitation compartment that consists of a laser

as an illumination source and a laser-line filter that allows only a narrow band of

-12 -



Instrumentation for Raman spectroscopy

wavelength to pass through it. This laser line filter also suppresses sidebands that

might overlap with and interfere with Raman lines, ensuring accurate detection.

i y
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Figure 1.3: Depicts schematics (not to scale) outlining the operational concept of a
standard Raman spectrometer, (a) the excitation compartment comprising
a laser source and a laser-line filter, selectively permitting a particular wave-
length to pass (b) presents the microscope compartment, featuring an
edge/notch filter, an objective lens, and a sample holder/sample stage and,
(c) illustrates the spectrometer compartment, tracing the optical path of the
Scattered Raman signal from the pinhole, through the grating, and to the
CCD detector.

The Raman signal's intensity is directly proportional to the laser frequency, which is
related to w;. Consequently, shorter laser wavelengths result in a stronger Raman
signal than longer ones. Moreover, the use of shorter excitation wavelengths enhances

the spatial resolution by Abbe's diffraction limit given by,

A Eqn. 14
Ax = 0.61 ﬂ
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Where Ax represents the shortest distinguishable distance between two points, 1 is the
laser's wavelength, and N.A. is the numerical aperture of the objective used. Spatial
resolution is distinguishing two separated point-like objects from a single object. The
point spread function (PSF) measures an optical system's resolving power, mainly de-
termined by the objective lens. The narrower the PSF, the better the resolution. In
practical Raman spectroscopy applications, it is crucial to use a laser with specific
properties that can provide optimal results. The laser should have a Gaussian beam
shape, a narrow spectral bandwidth of less than 1 cm™, and a stable frequency of less
than 0.01 cm™ variation. Additionally, it is essential to ensure that the laser has stable
intensity, and the excitation power should be carefully selected to avoid thermal de-

composition caused by absorption.

After the laser is emitted from its source, it passes through a laser line filter, which can
be placed in the excitation compartment. A laser line filter is an optically engineered,
dielectric, thin-film interference device with a carefully designed multilayer coating on
a transparent substrate. The filter efficiently suppresses transmission across other
spectral regions through selective interference, allowing only the targeted laser emis-

sion to pass with minimal dispersion and negligible spectral distortion.
(b) Microscope

This section, as shown in Figure 1.3(b), consists of optical elements that efficiently
coupling the laser to the microscope, such as a dichroic mirror or beam-splitter, an
objective that focuses the light onto a particular spot on the sample, and a sample

stage to position the sample. The components are further discussed below.
e Microscope coupling

The critical coupling of the excitation(Figure 1.3(a)) compartment with the microscope
(Figure 1.3(b)) is a cornerstone in advanced microscopy applications. Figure 1.3(b)
demonstrates the laser beam's precise coupling to the microscope through a dichroic
mirror or beam splitter. A crucial feature of this mirror or splitter is its reflective capabil-
ity, which is finely tuned to maximize the excitation laser wavelength while ensuring

high transmission for Raman scattered light.
e Objective lens

The microscope objective lens, a crucial optical component, is essential to micro-

scopes. It focuses light on the specimen and collects the detected signal. Designed to
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provide high-resolution and magnified images of microscopic objects, the quality and
N.A. of the objective lens determine the microscope's resolving power (given by the
Abbes diffraction limit as shown in equation Eqn. 14) and the ability to distinguish fine
details within the specimen.

e Interaction with the Sample

The interaction of laser light with a sample results in various processes, including trans-
mission, absorption, scattering, and reflection. In Raman spectroscopy, most of the
incident light undergoes elastic scattering, known as Rayleigh scattering. However,
only a tiny fraction of the light interacts with the molecules in the sample and undergoes
inelastic scattering or Raman scattering. The objective lens then collects the Raman

and Rayleigh scattered light for detection.

To effectively suppress the Rayleigh scattering and enhance the detection of Raman
scattering, detection filters such as notch filters or edge filters are employed, as shown
in Figure 1.3(c). Edge filters, also known as long-pass or short-pass filters, use spe-
cialized coatings or interference effects to transmit light above or below a cutoff wave-
length while blocking the other side. In contrast, notch filters selectively suppress spe-
cific laser lines by creating destructive interference with specialized coatings or struc-
tures, drastically reducing transmission in the stopband. These filters can reduce the
laser line intensity by up to six orders of magnitude.

(c) Spectrometer

The optical coupling between the microscope (Figure 1.3(b)) and spectrometer (Figure
1.3(c)) compartments is again critical since it has to serve several functions. The scat-
tered light from the microscope must be coupled into the entrance slit of the spectrom-
eter. This is achieved by implementing a focusing lens that focuses the collimated Ra-
man scattered light from the microscope into the entrance slit, as shown in Figure
1.3(c). The light must be efficiently coupled into the entrance slit; a higher divergence
than the acceptance angle of the entrance slit results in massive losses, and a smaller
divergence results in a reduced resolution because the grating will be only partially
iluminated. Efficient coupling can be achieved by selecting a pinhole or slit size that
matches the diameter of the PSF on the image side of the objective lens. The correct

pinhole size in spectroscopy depends on the trade-off between SR and SNR, with
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smaller pinholes offering higher SR but potentially lower signal intensity and larger

pinholes allowing more signal intensity but lower SR.[196]

Figure 1.3(c) shows the grating is another crucial spectrometer component. It dis-
perses the signal onto the charge-coupled device (CCD) detector by directing each
wavelength at distinct angles. The number of grooves or lines per millimeter deter-
mines the dispersion characteristics. The higher the number of lines, the higher the
SR, and vice versa. Gratings are typically “blazed” to optimize the efficiency for a par-
ticular wavelength. The gratings are angled to reach 80% of the efficiency for the first

diffraction order.

The CCD is a fundamental component in the Raman spectrometer; the working princi-
ple involves the conversion of incoming photons into electrical charge, which is then
digitized to produce Raman spectra. The CCD consists of a grid of pixels, each capable
of storing an electrical charge proportional to the number of photons it receives. As
photons impact the CCD's surface, they generate electron-hole pairs within the silicon
lattice of the pixels. The electrons are collected in potential wells beneath each pixel,
creating an electrical charge proportional to the incident light intensity at that wave-
length. After a predetermined integration time, the CCD undergoes readout, during
which the accumulated charge in each pixel is sequentially measured and converted

into digital values. These values are then used to construct the Raman spectrum.[196]

The significance of CCDs in Raman spectroscopy lies in their high sensitivity, enabling
the detection of weak Raman scattered photons. This sensitivity is crucial for studying
low-concentration analytes or samples with low cross-sections. It also contributes to
the SR, allowing for the precise identification and characterization of molecular vibra-
tions in materials. CCDs are indispensable for real-time, high-quality Raman measure-
ments, facilitating applications in numerous fields of science. Optimizing an instrument
is crucial for achieving consistent, reproducible, and optimal results, and this perfor-

mance should be upheld over an extended period.

Further details on this topic are outlined in Chapter 4, which describes this method in

detail.”

' Explained in Chapter 4
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1.3.2. Raman Imaging

Raman imaging is an advanced analytical microscopy technique that visualizes
the distribution of molecular components in a sample. It combines Raman spectros-
copy and microscopy to create a single instrument. Adding a Raman setup to a micro-
scope allows for chemical analysis. It is called Raman imaging, which is when spectral
data is combined with spatial information across two or three dimensions. One effective
method is systematically moving a sample underneath a laser-focused measuring
area. This results in collecting spectral data across the sample surface, effectively cre-

ating a Raman data cube.
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Figure 1.4: (a) Schematics (not to scale) showing the orthographic view of a Raman
data cube (also known as a data hypercube) of a 3D dataset, (b) Sche-
matics (not to scale) showing a side view of the Raman data cube with
several pixels marked. (c) Schematics (not to scale) the same Raman data
cube as in (b) with a specific pixel highlighted. (d)Example of a Raman

spectrum of silicon (Si) from the pixel marked in (c).
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A Raman data cube, a data hypercube, is a 3D dataset. In this dataset, the X and Y
axes represent the spatial coordinates of the sample, while the Z axis contains the
spectral information (wavelength or Raman shift), as shown in Figure 1.4(a). When a
sample is scanned, several pixels are acquired along a defined spatial grid. Each "pi-
xel" in the XY plane corresponds to a specific spatial location on the sample, as depic-
ted in Figure 1.4(b). For example, the highlighted pixel in Figure 1.4(c) contains che-
mical information combining all the wavelengths at that specific spatial position. This
setup allows for the visualization of chemical composition across the sample's surface
and provides insight into its chemical structure at each point; an example is shown in

Figure 1.4(d), resulting in a volumetric dataset.

For instance, Figure 1.5 shows schematics of an excitation laser focused through an
objective lens onto a lithographically designed silica (SiOz2)-silicon (Si) sample. This
sample possesses a well-defined structure and exhibits straightforward Raman char-
acteristic peaks, making it an ideal specimen for a comprehensive understanding of
Raman imaging. It is highlighted by marked spots and arrows (illustrated in red). Each
marked spot represents a ‘pixel,’” the spectral acquisition at each point as the sample
stage moves. The laser precisely targets pre-defined sample locations while incremen-

tally scanning the entire region of interest, creating a 3D Raman hypercube.

Figure 1.5(b) is an optical image of a SiO2-Si sample, as shown in Figure 1.5(a) sche-
matic. The image focuses on a specific area of interest where multiple pixels are ar-
ranged across a grid measuring 10 x 10 um. This process generates a 3D Raman hy-
percube, each pixel representing the chemical composition at that position across all
Raman shifts or wavelengths. A Raman spectrum acquired from a pixel covering the
complete wavelength range from the hypercube is displayed in Figure 1.5(c). It shows
a typical spectrum of a longitudinal optical (LO) phonon Si peak (with varying intensi-
ties) at 520.5 cm™'. If a specific wavelength (Raman shift) or a range of wavelengths
(Raman shifts) is chosen from the spectrum as indicated in Figure 1.5(c) (light green
box), an intensity distribution map can be derived from that particular wavelength or
wavelength range. Such an intensity distribution map is presented in Figure 1.5(d).
Since the wavelength range is marked for the LO Si phonon peak at 520.5 cm™, the
image obtained in Figure 1.5(d) is an intensity distribution image of Si present across
the measured sample grid. In other words, it allows the visualization of chemical distri-

bution with their intensity variations to be visually represented using grayscale or false

-18 -



Instrumentation for Raman spectroscopy

colors, as shown in Figure 1.5(d). This means that areas with higher Si intensity are

visually represented with a false color indicating "high”.
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Figure 1.5: (a) Schematic (not to scale) representation of Raman imaging conducted
on a lithographically designed sample with alternating silica (SiOz) and sil-
icon (Si) pitches. Highlighted by red indicators denoting the areas where
Raman acquisition occurs as the sample stage moves beneath the laser
beam focused through an objective lens. (b) Optical depiction of the SiO»-
Si sample, as indicated in (a), outlining the region subjected to Raman im-
aging, as demonstrated in (c), (c) Raman image of the SiO»-Si sample as
marked in (b) at the silicon peak (520.5 cm™), with (d) corresponding spec-

tra of SiO2 and Si derived from the specified regions in (c).

Meanwhile, regions with lower Si intensity are rendered with a false color denoting

"low." Figure 1.5(d) depicts regions containing SiO2 exhibiting a stronger Si signal. In

contrast, areas devoid of SiO2 display a lower Si intensity. This is also confirmed by

their corresponding Raman spectra at their respective pixels from different regions in

Figure 1.5(c). The diffraction of light ultimately limits the spatial resolution of the image,

as stated in Eqn. 14. This visualization depicts the chemical distribution within the
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sample with its intensity variations. Various parameters, including intensities of multiple

peaks, peak shifts, ratios, and widths, generate Raman images.?

Acquiring an image necessitates capturing numerous pixels, potentially extending the
overall measurement time, especially when dealing with spectra in thousands or mil-
lions. Sensitivity plays a pivotal role in expediting the acquisition of Raman images,
allowing for shorter spectrum acquisition times. Therefore, optimizing the selection of
the target sample, laser power, and optical efficiency is crucial for more rapid imaging
acquisition. Additionally, carefully processing such massive data sets is a challenge,

and advanced processing techniques should be used for such data sets.3

1.3.3. Confocal Raman Microscopy (CRM)

Confocal microscopy is an advanced optical imaging technique that enhances
the ability to visualize specimens with exceptional clarity and resolution. Unlike tradi-
tional wide-field microscopy, which collects light from all sample depths and can result
in blurred images due to out-of-focus light, confocal microscopy uses a spatial pinhole
to focus on a single, defined plane within the specimen. This technique allows for pre-
cise imaging of thin optical sections by aligning the illumination and detection path-
ways, ensuring that only light from the focal plane reaches the detector. As a result,
confocal microscopy produces high-resolution, high-contrast images with minimal
background noise, making it ideal for detailed examination of fine structures and dy-

namic processes.

Figure 1.6 illustrates the optical path of a confocal microscope, emphasizing the con-
focal principle. A laser beam is directed through an objective lens and focused onto a
specific point within the sample. The emitted or reflected light from this focal point is
then collected by the same objective lens and passes through a pinhole. This pinhole
selectively permits only in-focus light from the targeted focal plane to reach the detec-
tor, effectively blocking out-of-focus light from areas above or below the focal plane.

This configuration enhances the microscope's optical sectioning capabilities, allowing

2 Further explained in section 1.4
3 Detailed explanation in 1.4.2
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for high-resolution and high-contrast images by minimizing background noise and im-

proving depth resolution.
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Figure 1.6: Schematics (not to scale) for principle setup of a confocal microscope
[Adapted and modified from Figure adapted and modified from T. Dieing,
O. Hollricher, J. Toporski, Confocal Raman Microscopy (Springer, Heidel-
berg, London, 2011)].[196]

Confocal volume is crucial in defining the specific region within the sample from which
light is collected to form an image. This volume is typically shaped like an ellipsoid or
toroid around the focal point of the objective lens, determined by the intersection of the
focal planes of the illuminating laser and the detection pinhole. The confocal volume
creates a well-defined 3D space where excitation and detection of light occur. Several
factors influence the size and shape of the confocal volume, including the N.A. of the
objective lens, the wavelength of the excitation light (1), and the size of the confocal

aperture.

Confocal microscopy is used in varied fields of science, including, in cell biology, pre-
cise confocal volume adjustment with a high N.A. lens and a small pinhole allows for
the detailed imaging of fluorescently labeled proteins, such as GFP-tagged mole-

cules.[197-200] Similarly, confocal microscopy in neuroscience enables the study of
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calcium signals within dendritic spines, facilitating the analysis of synaptic activ-
ity.[201-205] In cell membrane research, confocal microscopy aids in imaging lipid
molecules at specific depths, which is crucial for studying membrane dynamics.[206—
209] In molecular biology, fluorescence in situ hybridization (FISH) benefits from con-
focal microscopy to enhance the detection of specific messenger ribonucleic acid
(mRNA) molecules.[210, 211] In pharmacology, confocal microscopy allows for de-

tailed analysis of receptor-ligand interactions.[212—-214]

Conversely, confocal imaging, the combination of confocal microscopy and Raman
imaging, is a powerful technique used in microscopy to obtain high-resolution and high-
contrast images of samples by selectively imaging specific planes within the specimen,
as shown in the example in Figure 1.7, and one that sets CRM apart in the field of

microscopy.

Figure 1.7: (a) Schematics (not to scale) illustrating a spherical silica particle with a
diameter of 2.5 um, functionalized with mercapto groups, positioned in a
3D space. It is segmented at 500 nm intervals, outlining the individual sec-
tions for confocal Raman imaging, as depicted in (b) and (b) Confocal Ra-
man images captured from each of the sections indicated in (a) at the Ra-

man shift of 2566 cm~', demonstrating the capabilities of 3D imaging.

Figure 1.7(a) provides a practical application of CRM in studying spherical particles.
The schematic representations of a spherical mercapto-functionalized silica particle,
segmented into six distinct planes, each separated by 500 nm, demonstrate the use of
CRM for 3D imaging purposes. In Figure 1.7(b), corresponding Raman images cap-
tured at various depths, ranging from 2.5 uym to 0 um, are displayed using CRM, with
a focus on the intensity of the sulphur-hydron (SH) band of the mercapto group at

2566 cm™'. Figure 1.7(b) illustrates that each section possesses a unique geometry
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and shape attributable to the particle's spherical geometry. The particle's size varies at
each section due to its spherical structure. As demonstrated in this study, CRM over-
comes a fundamental limitation of conventional microscopy. It allows for sectioning and
imaging at different depths without interference from neighboring sections, a feat im-
possible with conventional microscopy due to the detection of out-of-focus light and
light from neighboring sections. This empirical evidence confirms the feasibility of com-

prehensive 3D imaging and underscores the superiority of CRM in this context.

Objective,
Ax Axconfocal Az Athmfocal
N.A.

10x, 0.3air 1.10 um 0.70 ym 11.8 um 8.2 um

20x, 0.4air 0.81 um 0.53 ym 6.6 um 4.6 um
50x, 0.7 air 0.40 ym 0.30 ym 2.1 ym 1.5 um
100x, 0.9 air 0.36 um 0.23 ym 1.3 um 0.9 um
100x, 1.25 oll 0.25 uym 0.17 ym 1.0 yum 0.7 um

Table 1: The data are based on Eqn. 14, Eqn. 15, Eqn. 16, and Eqn. 17 using wave-

length 632 nm and n = 1 for air objectives and n =1.5 for oil objectives.

The spot size in CRM is defined by Abbe’s diffraction limit shown in Eqgn. 14, also
denoted as the Airy disk radius or r,;,. Eqn. 14 represents spatial resolutions for a

wide-field microscope (non-confocal system). For a confocal system, the pinhole/slit

radius is smaller than r,;,,,, and hence the spatial resolution is given by,

A Eqn. 15
Ax =04 -——
confocal N.A.

For depth resolution, the refractive index (n) between the lens and the specimen has
to be considered apart from the N.A. and A. The depth resolution (Az) for a wide field

microscope (non-confocal system) is given by,

A Eqn. 16
(N.A.)?

For a confocal system, the pinhole allows light only from the focal plane to pass to the

Az =2n-

detector; thus, the depth resolution (Az) is given by,

Eqn. 17

AZconfocal =14n- (NT)Z
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Table 1 compares wide-field microscope and confocal microscope resolutions (spa-

tial/depth) for commonly used objectives in this work.

As mentioned earlier, in CRM, the pinhole (or aperture) plays a crucial role in improving
spatial resolution and enhancing the quality of Raman spectra by suppressing back-
ground fluorescence. Figure 1.7 demonstrates how different pinhole widths affect Ra-
man spectra. Figure 1.7(a)/(b) displays a Raman spectrum of diamond, which has a
peak at 1334.4 cm™" obtained using various pinhole widths: 100 ym, 50 ym, 25 um,
and 10 ym. When viewing the non-normalized graph in Figure 1.7(a), a larger pinhole
allows more light to enter the spectrometer, which increases signal intensity. This

comes at the cost of a reduced SNR and broader peaks.

20} (a) 2 10 (b)
- —— 100 pm —
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) —— 25pum k= —— 50 um
P —— 10 ym B 05 — 25pum
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Figure 1.8: (a) Raman spectra of diamond obtained using various pinhole widths of
100 um, 50 um, 25 um, and 10 um, and (b) Raman spectra (normalized for
intensity) of diamond acquired with different pinhole widths of 100 um,

50 um, 25 um, and 10 um.

Conversely, Figure 1.7(b) presents the normalized Raman spectra, showing that
smaller pinholes, due to less light divergence, provide better SR with a narrower full
width at half maximum (FWHM). This reduction in light divergence enhances the clarity
and sharpness of the spectral peaks, which is crucial for distinguishing closely spaced
Raman signals. Therefore, optimal pinhole alignment is essential for achieving high
spatial and depth resolution in confocal microscopy. It ensures that only in-focus light
from a precise volume is collected, minimizing background noise and enhancing the

detection of fine structural details.*

4 Elaborated in Chapter 4
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1.4. Data Processing and Analysis

Confocal Raman imaging produces multidimensional datasets, encompassing
aspects like spatial coordinates in 3D. To effectively visualize and interpret this multi-
faceted data, dimensionality must often be reduced. For instance, when examining a
single Raman image captured within a plane, the dataset can be simplified to two spa-
tial dimensions: Raman shift and intensity. Image data analysis typically employs two
primary approaches: univariate and multivariate data analysis (MVA). The univariate
analysis (UVA) focuses on individual variables or factors independently. In contrast,
MVA considers multiple variables, exploring their interrelationships, interactions, and

dependencies. This section delves into understanding and describing UVA and MVA.

1.4.1. Univariate Data Analysis (UVA)

In UVA, each spectrum determines one value corresponding to each pixel in the image
or images. UVA's primary objective is to describe and summarise the characteristics
and distribution of the chosen variable. Filters or fitting procedures can determine the

value of these pixels.

e Filters

UVA filters evaluate specific parts of the spectrum, such as integrated intensity, peak
positions, widths, and intensity ratios. Each filter serves a particular purpose in char-

acterizing and understanding the properties of the materials under investigation.®

Figure 1.9 and Figure 1.10 illustrate the filters used, with a graphene flake as the
sample. This graphene flake, synthesized using chemical vapor deposition (CVD) with
C'3 and C" carbon isotopes, exhibits two G peaks: G' for C'3 and G* for C'. The G
peak is a unique graphene feature from C-C vibrations, as shown in Figure 1.9(a).
Additionally, graphene's characteristic 2d peak, a double resonance peak, is depicted
in the exact figure as '2d'. While another 2d peak exists for a different carbon isotope,

it is omitted here for simplicity. It is essential to clarify that this example aims to

5 Examples are shown in Chapter 7, 8, 9, and 10
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demonstrate the applied filters and data processing without delving into detailed ex-

planations of peak origins. The commonly used UVA filters are :
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Figure 1.9: (a) Confocal Raman spectrum of graphene flake synthesized using CVD
using two carbon isotopes C'3 and C'5, (b) Confocal 2D Raman image
showing the integrated peak intensity of G’-peak (at 1525 cm™") for the
graphene flake, (c) Confocal 2D Raman image showing the integrated
peak intensity of G*-peak (at 1683 cm™') for the graphene flake, and (d)
Confocal 2D Raman image showing the integrated peak intensity of 2d-

peak (at 2580 cm™') for the graphene flake.

1. Integrated intensity filter:®

An integrated intensity filter, a precise tool, measures the total area of a spectral peak
as marked for each graphene peak G’, G*, and 2d peaks. It calculates the sum of all

intensity values within a specified spectral region. Integrated intensity filters, with their

6 Examples are shown in Chapters 7, 8, 9, and 10
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high level of precision, help quantify the amount of a particular chemical species or
compound in a sample. By applying an integrated intensity filter, one can derive corre-
sponding images for these specific peaks, as illustrated in Figure 1.9(b) for G', Figure
1.9(c) for G*, and Figure 1.9(d) for 2d. These images reveal the chemical distribution
of distinct peaks with their intensity variations in different regions of the same graphene
flake.
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Figure 1.10: All figures are on the same graphene flake and spectra as shown in Figure
1.9, (a) Confocal Raman spectrum of graphene flake synthesized using
CVD using two carbon isotopes C'3 and C'®, (b) Confocal 2D Raman im-
age showing the peak position of the 2d peak at 25680 cm™', (c) Confocal
2D Raman image showing the peak width of the 2d peak at 25680 cm~" and

(d) Confocal 2D Raman image showing the intensity ratio of G’ to 2d.

2. Peak position filter:

Peak position filters are essential for identifying and characterizing chemical com-

pounds based on their characteristic Raman shifts. It also signifies the stress/strain
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within a material due to neighboring molecules or doping by identifying the peak posi-
tion shifts.[215-218] The outcome of the peak position filter is obtained by fitting the
peak under investigation, as shown in Figure 1.10(a)-Fit 2d-red curve. After fitting the
curve, the resultantimage is shown in Figure 1.10(b), suggesting that the peak position

is uniform throughout the image except for minute shifts on the substrate.
3. Peak width filter:

A peak width filter characterizes the width of a spectral peak, often expressed as
FWHM. FWHM measures the width of the peak at its half-maximum intensity point.
Peak width filters play a pivotal role in assessing a material's degree of crystallinity and
structural alignment, for example.[219] Materials subjected to stress or strain may ex-
hibit non-uniform peak broadening. For instance, the fitted 2d peak and its correspond-
ing image in Figure 1.10(c) are shown when examining the same graphene flake. The
results indicate that the peaks are broader at the flake's edges. This phenomenon
could be attributed to defects present at the edges, potentially experiencing stress from
the underlying substrate or contamination from impurities in the environment, leading

to the observed peak broadening.
4. Intensity ratio filter:”

An intensity ratio filter compares the relative intensities of two or more peaks within a
spectrum. It calculates the ratio of peak heights or areas to assess the composition or
changes in a sample. Intensity ratio filters are valuable for qualitative analysis and
identifying specific chemical interactions or changes in a sample.[220, 221] For in-
stance, in the graphene flake illustrated in Figure 1.10(d), the intensity ratio of G' to 2d
is most pronounced at the substrate due to varying noise. The substrate has no peak

but only noise, giving the variation pixels on the substrate, as shown in Figure 1.10(d).

o Fitting filters
Different filters, such as Gaussian, Lorentzian, and pseudo-Voigt functions, are com-
monly used in mathematical models. Gaussian functions analyze inhomogeneous
broadening of peaks, while Lorentzian functions are for homogeneous broadening. The

pseudo-Voigt® function combines Gaussian and Lorentzian functions to approximate

7 Example shown in Figure 1.11
8 Example shown in Figure 1.10(a)
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the Raman peak line shape, which is typically Voigt-shaped. These filters are applied
to experimental spectra to extract essential data such as peak position, width, intensity,

and area.

1.4.2. Multivariate Data Analysis (MVA)

UVA might not suffice for intricate datasets. For example, the dataset in Figure 1.11
features a spherical silica particle functionalized with mercapto groups and secondary
particles adhering to its surface. These modified silica particles are created by combin-
ing water and aqueous ammonium hydroxide (NH4OH) in specific proportions and stir-
ring continuously. Next, a syringe pump adds a mixture of tetraethoxysilane (TEOS)

and mercapto-trimethoxysilane (MerTMS) in controlled ratios.

The composition and quantity of this mixture help control the particles' shape, size, and
structure. After adding the silane mixture, the solution is stirred at room temperature
for several hours. The solvent is then removed by washing with water and ethanol, and
the spherical modified particles are dried in an oven. The resulting particles are non-
porous, approximately 3 um, and have mercapto functionalization. However, if the stir-
ring time is prolonged, secondary particles may grow on the primary particles.[222,
223] These secondary particles may have the same functionalization as the primary
particle or a different functionalization from one of the solution's components. Figure

1.11 shows such particles.

Figure 1.11(a)-shows the most prominent mercapto peak, SH peak intensity at
2566 cm™'. A typical mercapto spectrum is shown in Figure 1.11(b). The SH peak's
chemical distribution across the particle, as demonstrated in Figure 1.11(a), reveals

uniform SH group distribution.

However, additional peaks resembling TEOS peaks were detected (at 167 cm™,
814 cm™, 1007 cm™', and 1263 cm™") as shown in Figure 1.11(c) marked as mercapto-
modified TEOS or mTEOS. Itis purposely named mercapto-modified TEOS or mTEOS
because the prominent peaks of mercapto are still visible, for example, SH peak at
2566 cm™" and CH2 stretch peak at 2912 cm™. The possible explanation for the detec-
tion of TEOS is reaction by-products due to TEOS being used as a surfactant during

particle synthesis. mTEOS peak is shown in Figure 1.11(c) and its corresponding
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spectral image at CH: (ring) peak intensity at 1263 cm™" is shown in Figure 1.11(e). It
can be seen that the TEOS is mainly deposited on the secondary particles and only a
few traces of it on the primary sphere. Understanding the spatial relationship between

TEOS and mercapto distribution is essential, where UVA may prove less effective.
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Figure 1.11: (a)Confocal 2D Raman image of mercapto functionalized spherical silica

particle showing mercapto characteristic peak SH (at 2566 cm™), (b)

Characteristic Raman spectrum of mercapto, (c) Characteristic mercapto
Raman spectra modified with TEOS (d) spectrum of the glass substrate,

(e) Confocal 2D Raman image of mercapto functionalized spherical silica

particle showing another mercapto characteristic peak CH> ring (at

2912 cm™), and (f) Confocal 2D Raman image of mercapto functionalized

spherical silica particle showing intensity ratio of SH and mTEQOS.

Figure 1.11(f) shows a preliminary example of this understanding as the ratio of SH

and mTEOS. MVA becomes crucial for complex datasets, simplifying high-dimensional

data while retaining critical information.
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MVA encompasses data collection, pre-processing, dimension reduction (principal
component analysis (PCA)), statistical modeling, interpretation, visualization, decision-
making, and validation. Techniques in MVA include PCA,[224] factor analysis, cluster
analysis, multiple regression, discriminant analysis (DA), and vertex component anal-
ysis (VCA). Given the scope of the research, this thesis primarily focuses on explaining

PCA principles.
e Fundamentals of PCA

Section 1.3.2 explained Raman imaging and the generation of a large hypercube with
thousands of spectra.® This leads to the production of a massive amount of data. For
example, consider the confocal 2D image of the mercapto-functionalized silica spheres
shown in Figure 1.11. This image has a pixel resolution of 100 x 100 pixels, generating
a 3D Raman datacube or hypercube containing 10,000 pixels. Consequently, there are

10,000 spectra in the hypercube, making it a vast dataset to analyze.

In Raman spectroscopy, each recorded spectrum can be represented as a single point
within a high-dimensional space, where the number of dimensions corresponds to the
number of CCD detector pixels (for example, 1600 pixels in this case). Each pixel along
the detector represents an intensity value for a particular Raman shift, forming a vector
that defines the spectrum in this high-dimensional space. When the spectrum contains
a single Raman peak, it occupies a relatively small region of this space. However,
when multiple Raman peaks are present, the complexity of the spectrum increases,

and it spreads across more dimensions within the space.

PCA is a mathematical tool used to identify the fundamental directions in this high-
dimensional space that capture the most significant variations in the data. These di-
rections, referred to as principal components (PCs), describe the variance within the
spectra and are orthogonal to one another.’® The first few components typically ac-
count for the most essential features in the spectra, such as prominent Raman peaks,
by ranking these components by the amount of variance they explain. Subsequent
components describe progressively smaller variations, with the final components rep-
resenting noise in the data. Thus, PCA effectively reduces the dimensionality of Raman
spectral data while retaining the essential chemical information, allowing for more effi-

cient data interpretation and noise reduction. This is particularly useful when analyzing

9 Explained in 1.3.2
0Explained with examples in Chapter 5
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complex mixtures, where the goal is to identify pure spectral components and minimize

the influence of noise and less significant variations. It should be noted that PCA can

only work if the data set is not dominated by noise. Otherwise, even the PCs with the

highest Eigenvalues only describe the noise.[196]

(a) Mercapto (b) mTEOS

(c) Glass substrate (d) Combined

Figure 1.12: A recreated image of the data set shown in Figure 1.11 after performing

PCA and reducing it to three main components explains 95% of the data
set: (a) the Mercapto component, (b) the Mercapto component modified

with TEOS, and (c) the Glass substrate component.

Following the PCA, one can extract a variety of results, such as:

1.

Reduced data set: This study's PCA method represents 10,000 spectra. Itis well-
established that a relatively small number of PCs is sufficient to describe the com-
plete dataset. In this case, only three PCs are required to capture 95% of the
dataset's information. This implies that the dataset's dimensionality is reduced
from 1600 to just three dimensions. This reduced dataset, comprised of only a few

pixels, is then extracted for further analysis.
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2. Images of PCs: Each of the spectra included in the analysis can be represented
as a weighted combination of spectral components. Focusing on just one compo-
nent would yield a single value for each image pixel, allowing the generation of a
Raman image depicting the chemical distribution of that specific component within
the dataset (if it is not correlated). The dataset presented in Figure 1.11 is reduced
to only three components. When assigned a false color to each component and
reconstructed the Raman image using these false colors. An illustration of this
process is shown in Figure 1.12. Figure 1.12(a) represents the mercapto compo-
nent, (b) shows the mTEOS component, and (c) depicts the glass substrate com-

ponent.™

These separate component distributions enable the representation of the chemical dis-
tribution of each component within the image. It is also feasible to merge these false
colors into a single image that accurately illustrates the relative abundance of a specific
component compared to the others, as demonstrated in Figure 1.12(d). Figure 1.12(d)
shows that the mercapto component is predominantly distributed throughout the mi-
crosphere, especially in the primary sphere. Some peaks of mTEOS are concentrated
on the secondary particles. At the same time, the glass substrate dominates only on

the substrate without the microspheres.

Performing such measurements on a confocal Raman microscope allows for section-
ing, as demonstrated in Figure 1.7. Applying PCA to each section enables the creation
of a 3D image that highlights the dominant components in a 3D volume, as depicted in
Figure 1.13.

Figure 1.13(a) provides a practical application of CRM in studying spherical particles.
The schematic representations of a spherical mercapto-functionalized silica particle,
segmented into six distinct planes, each separated by 500 nm, demonstrate the use of
CRM for 3D imaging purposes. Figure 1.13(b) reveals that at a depth of 1 um, the
secondary particle is minuscule and goes undetected, as does TEOS at 0 ym, which
has entirely disappeared at 0 um depth. At a depth of 0 um, only the mercapto com-

ponent dominates.

1 Examples are shown in Chapters 5,7 and 8

-33-



Key Factors of Raman Spectroscopy

Figure 1.13: Confocal Raman images of the sectioning as demonstrated in Figure 1.7
to visualize each CRM section as a combined component of the silica

particle in 3D space.

Combining CRM and PCA offers enhanced capabilities for visualizing dominant com-
ponents' distribution in a 3D representation. This combination is precious for future
scientific research, particularly in medicine and biology, as it provides new data analy-
sis and interpretation perspectives. It emphasizes the need to move beyond UVA in

research endeavors.

1.5. Key Factors of Raman Spectroscopy

Raman spectroscopy is a powerful analytical technique that offers numerous ad-
vantages for investigating molecular structures and chemical compositions. However,
it has limitations, particularly concerning the challenge of weak signals. This sub-sec-

tion explores Raman spectroscopy's key advantages, disadvantages, and limitations.

1.5.1. Advantages of Raman Spectroscopy

Chemical Specificity: It can differentiate between chemical compounds, including iso-

mers and polymorphs, without complex sample preparation or labeling.

Non-Destructive: It allows for the analysis of samples without altering their integrity.
This is particularly valuable when working with precious or irreplaceable materials.
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Minimal Sample Requirements: Only a tiny sample makes it suitable for analyzing
limited or precious materials. This is crucial in art conservation, forensics, and phar-

maceutical research.

Versatility: application to various sample types, including solids, liquids, gases, and

biological tissues.

1.5.2. Limitations of Raman Spectroscopy

Solution Sensitivity: In a solution, several challenges persist, including intensity fluc-
tuations, aggregation, background interference, low SNR, molecular adsorption com-
petition, signal averaging complexity, and reproducibility issues.[225] Techniques like
SERS with careful sample preparation for SERS substrates are required to address

this limitation.

Fluorescence Background: Fluorescence from the sample can overshadow Raman
signals, making obtaining accurate results in the presence of fluorescence is challeng-
ing. Typical Raman scattering cross sections are usually more than ten orders of mag-
nitude weaker than the fluorescent process:1073' cm?/molecule < Raman cross sec-
tion(ogs) < 1072° cm?/molecule depending on whether the scattering is non-resonant or

resonant.

SNR: Achieving a favorable SNR is crucial; noise can easily obscure weak signals,

limiting the ability to detect and quantify analytes accurately.

1.5.3. Disadvantages of Raman Spectroscopy

Two main disadvantages of Raman spectroscopy are,

Raman spectroscopy struggles with weak signals from molecules with low Raman
scattering efficiency, especially when analyzing trace amounts or dilute solutions. Ex-
tended acquisition times and advanced signal processing are advised to enhance the
SNR. However, fluorescence interference complicates weak signal detection and

quantification.
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Additionally, Raman spectroscopy faces spatial resolution limitations due to the dif-
fraction limit of light, which constrains the minimum spot size for sample focus. This
limits its suitability for applications demanding ultra-high spatial resolution, such as

specific nanomaterial characterization and sub-cellular imaging tasks.

Specific techniques exist to address the challenge of weak signals and the desire for
high spatial resolution. Achieving this requires meticulous sample preparation or en-

hancing instrumentation capabilities.

1.6. Methods to Overcome Disadvantages

The primary drawback of this method is the limited strength of the Raman signal
despite its potential to provide valuable and essential information about the material
and its properties. Weak signals can lead to unreliable results, necessitating the de-
velopment of techniques for enhancing these weak Raman signals. This need arises
because Raman spectroscopy alone may prove insufficient for low-concentration ana-
lytes, solutions, or biological samples. Such intricate samples demand more advanced
Raman spectroscopy methodologies for comprehensive and critical analysis. Over
time, numerous approaches have been developed and discovered to address the issue
of weak signals, with plasmonic activities garnering significant attention since the
1970s due to their intriguing optical properties, which ultimately serve to amplify the

Raman signal. Here are some of the most commonly employed methodologies:
SERS:

When molecules are close to metal NPs, the EM field around the NPs enhances their
Raman scattering. This method can provide signal enhancements of several orders of
magnitude, making it highly effective for detecting even trace amounts of analytes.'?

Coherent Anti-Stokes Raman Scattering (CARS):

CARS is a nonlinear Raman spectroscopy technique that generates a strong anti-

Stokes signal, significantly enhancing the Raman signal intensity. It relies on the

12 Explained in section 1.7

-36 -



Methods to Overcome Disadvantages

interaction of three laser beams, including a pump and a Stokes beam, to create a

coherent vibrational response in the sample.[226—-229]
Tip-enhanced Raman spectroscopy (TERS):

TERS combines Raman spectroscopy with AFM/STM/tuning fork to achieve nanoscale
spatial resolution. A metal-coated AFM tip focuses the laser on a tiny sample area,
allowing Raman measurements with sub-nanometer spatial resolution. TERS is partic-

ularly valuable for studying nanomaterials and surface structures.[230-232]
Super-Resolution Raman Imaging:

Super-resolution techniques, such as stimulated emission depletion (STED) and struc-
tured illumination microscopy (SIM), can enhance spatial resolution in Raman imag-
ing.[233-237] These methods use advanced optical setups to achieve spatial resolu-
tions well beyond the diffraction limit of light, enabling the visualization of fine details

within a sample.
Resonance Raman (RR) Spectroscopy:

Resonance Raman spectroscopy takes advantage of the natural resonance of specific
molecules with the laser excitation wavelength. It involves tuning the excitation wave-
length of the incident light to coincide with an electronic transition of the target mole-
cule. The Raman scattering efficiency is significantly increased by resonantly exciting
the molecule, leading to more pronounced and easily detectable spectral features. This
technique is particularly valuable for studying complex molecular systems, such as
biological molecules and transition metal complexes, where traditional Raman spec-
troscopy might have limited sensitivity.[238—241] However, it is essential to note fluo-
rescence's drawbacks. Fluorescence poses a challenge for Resonance Raman tech-

niques, especially when employing visible-range sources.
Deconvolution and Advanced Data Processing:

Advanced data processing techniques like MVA can efficiently filter the noise and ex-

tract essential data, such as complex spectral data and improved data resolution.'3

13 Explained in section 1.4

-37-



Principles of SERS

1.7. Principles of SERS

The Raman scattering discussed in section 1.2 is a spontaneous scattering
event representing a linear process. The total power of the inelastically scattered beam
increases linearly with the intensity of the incoming excitation beam. In the following
section, the Stokes process is explained, where the power of the scattered beam can

be expressed as follows:

Py(wy) = Nogsl(w;) Eqn. 18
Here, N represents the number of Stokes-active scatters within the excitation spot, oxs

denotes the Raman scattering cross section, and I(w;) is the intensity of the excitation

beam.

SERS refers to the enhancement of this process, achieved by situating the Raman-
active molecules close to a metallic nanostructure. This nanostructure can take the
form of metal colloids, designed NP assemblies, or the topography of a metal rough-
ened surface. The enhancement of P;(w,,) (scattered power) is attributed to two main
factors. Firstly, oy is altered due to a change in the molecule's environment. This al-
teration to a5z > ogs, is referred to as the chemical or EM contribution to the Raman

enhancement.

1.7.1. Electromagnetic (EM) enhancement

The interaction of metals with EM fields can be explained using the framework based

on Maxwell’s equations. The starting point of Maxwell’s equations of macroscopic elec-

tromagnetism is in the following form:

V-D = py Eqn. 19 V-B=0 Eqgn. 20
_ 0B Eqn. 21 _ 0D Eqgn. 22
VXE=—— V-H =¥

These equations link the four macroscopic fields E (electric field), H (magnetic field),
B (magnetic induction of flux density), and D (dielectric displacement) with p, and J;

as external charge and current densities respectively.

The constitutive relations for linear, isotropic, and nonmagnetic media are defined by,
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D = g,eE Eqn. 23
B =€,€E Eqn. 24
where ¢, and €, are electric permittivity and magnetic permeability of vacuum, ¢ is
dielectric function of medium (complex number € = ¢; + i&;) and € is relative permea-
bility. For non-magnetic materials (€= 1), isotropic and without external stimulation
(o = Jf = 0) Maxwell’'s equation for genralized wave equation yields,
e, aalez) _ vz Eqn. 25
Solving this wave equation depends on D and E, that is, the material’s behavior with
the frequency of dielectric function e(w), which, in the case of metals, is influenced by
both conduction electrons and bound electrons contributing due to interband excita-
tions. The contribution of electrons to the e(w) can be obtained using the Drude model

as
w? Egn. 26
s(w) = l—wp d

2
a

The parameter w,, = n.e?/eym, is called plasma frequency, n, is density of free elec-
trons, m, is free electron mass and w, here is the angular frequency. For w, < w,, the
dielectric constant is negative, yielding a complex refractive index, and limiting EM
wave penetration to a finite depth. Conversely, for w, > w,, the dielectric constant is
positive, resulting in an accurate refractive index; here, metals behave like dielectric
material. Now, returning to Eqn. 25, two cases can be distinguished depending on the
polarization of E concerning wave vector K. For transverse waves (not relevant for this
work) and for longitudinal waves which denote e(w) = 0 signifying longitudinal oscilla-
tions can only occur this frequency. In a material medium, longitudinal solutions of

Maxwell equations are called Plasmons, quantized wave-like excitations in a plasma.
1.7.1.1. Light Scattering by a Sphere
Consider the most convenient geometry for analytical treatment: a uniform, isotropic

sphere with a radius of 'c' positioned at the origin within a uniform, static electric field,
depicted in Figure 1.14 as,
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E=E,2 Eqn. 27
The surrounding medium is isotropic and non-absorbing, with a dielectric constant ¢,,,,

and the electric field lines are aligned parallel to the z-direction. The dielectric response

of the sphere is characterized by the dielectric function e(w).

p

NY

&(w)

€m

Figure 1.14: Schematics (not to scale) of a homogeneous sphere placed into an elec-
trostatic field. [Figure adapted and modified from Stefan A. Maier, Plas-
monics: Fundamentals and Applications (Springer New York, NY)].[242]

The applied electric field induces a dipole moment within the sphere, and its magnitude
is directly proportional to |E,|, The polarizability u, defined as,
P = €&mbsEo Eqn. 28

Upon consideration, the following expression is derived:

3 £78m Eqn. 29
et2ey,

W = 4mc

This equation is the central result in this section. It depicts the polarizability of a small
sphere with a sub-wavelength diameter under the electrostatic approximation.[243] It
becomes evident that the polarizability experiences a resonant enhancement when the
condition e+2¢,, is a minimum or in the case of a slowly varying Im[e], particularly

around resonance, this simplifies to

Rele(s)] = —2¢&, Eqn. 30
This relationship is referred to as the Frohlich condition, and the corresponding mode
in an oscillating field is denoted as the dipole surface plasmon for the metallic NP.
Significant enhancement is observed when ¢ = —2. This enhancement results from the

denominator in Eqn. 27 approaching zero, thus inducing a resonance phenomenon,
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scientifically termed LSPR. LSPs are non-propagating excitations involving the con-
duction electrons within metallic nanostructures coupled to the EM field. The materials
with values approaching ¢ = —2, would provide maximum enhancement. Gold (Au),
silver (Ag), copper, and even aluminum fulfill those conditions in the visible spectral
range.[242]

This equation (Eqn. 30) highlights the pronounced dependency of the resonance fre-
quency on the dielectric environment: the resonance shifts towards longer wavelengths
(a red shift) as ¢, increases. The resonance shift for materials like Au and Ag NPs
places it within the visible region of the EM spectrum, with applications in the expand-
ing field of SERS. The concept of dipole particle plasmon resonance applies to smaller
particles (<100 nm) under visible or near-infrared radiation. At the same time, a more
comprehensive electrodynamic methodology, called Mie theory, is necessary for larger
particles.

1.7.1.2. Field Enhancement in SERS

A significantly important factor contributing to the overall enhancement of P, is the in-
creased EM field resulting from the excitation of LSPs and the convergence of electric
field lines, often referred to as the 'lightning rod effect' at the metal interface.[13, 242,
244-246] This results in an enhancement of both the incoming and scattered light

fields, as depicted by the equation:

Eloc(w) Eqgn. 31
Eq

Here, E;,. represents the local field amplitude at the Raman-active site, and L(w) is

L(w) =

called the EM enhancement factor (EF). The total power of the Stokes beam in the
context of SERS conditions is defined as:
Py(wy) = NogsL(w;)?L(ws)*1(w;) Eqn. 32
As the frequency difference Awyp, is,
Awp = w; — w, Eqgn. 33

between the incoming and scattered photons is generally much smaller than the line
width of the LSP mode,
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L(w;) = L(wy,) Eqn. 34
leading to equation Eqn. 31 to be rewritten for the Stokes beam in SERS as follows,

Eloc (w) * Eqn' 35

L(w) = E,

Thus, the significant conclusion is that the EM contribution to the total SERS enhance-
ment is directly proportional to the fourth power of the electric field.[13, 242, 247, 248]

The fundamental basis of the EM enhancement encompasses two primary contribu-
tions: enhancement due to the resonant excitation of LSPs in metallic nanostructures
and the lightning rod effect, as mentioned earlier.[13, 244, 246] LSP resonance or
LSPR exhibits strong frequency dependence among these two factors. In contrast, the
lightning rod effect arises from the purely geometrical phenomenon of electric field

crowding near the sharp edges of metallic features. Thus, it can expressed as:

L(w) = Lgp(w)Lig Eqn. 36
The functional form of Lgp, essentially resembles the polarizability of metallic nanostruc-

tures with specific geometrical shapes. For spherical NPs of sub-wavelength diameter,

it is expressed as:

g(w)—1 Eqn. 37

Similarly, the appropriate form of polarizability must be employed for ellipsoids, nano-
rods, and other nanostructures with distinct shapes. LSP describes the field enhance-
ment averaged over the particle's surface.[242]

1.7.2. Chemical Enhancement

The EM enhancement mechanism alone cannot explain many phenomena observed
in SERS systems. Evidence indicates that the chemical interaction is a prerequisite for
SERS enhancement, although insufficient. This complicates the differentiation of the
two enhancement mechanisms in natural surfaces, leading to ongoing disagreement
in the literature.[249]

Chemical enhancement results from alterations in the Raman polarizability upon the

adsorption of a molecule onto the metal surface.[250] These mechanisms can be
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summarized in three cases: first, the metal disrupts the material's electronic structure,
altering Raman polarizability through physisorption; second, molecules form covalent
bonds with the metal, modifying energy states, potentially resonating with incident laser
light; and third, photo-driven charge transfer occurs when metal states provide inter-
mediate energy levels for material transitions (Figure 1.15), leading to resonance en-
hancement when laser energy aligns with the energy difference between the Fermi

level of the metal (Er) and the material's energy level (Em).[251]

/

>
> Fermilevel
m —
5 (E)
hwi
\ Em
Metal Material

Figure 1.15: lllustration of charge transfer mechanism in SERS

The charge transfer mechanism has been extensively studied, as resonance condi-
tions can be experimentally tuned by creating a potential step on the metal surface and

adjusting an external voltage.

Plasmon resonance imaging, as an advanced technique, relies on the interaction be-
tween surface plasmon resonances and incident light to visualize plasmons. When
NPs are placed near target molecules, their resonance frequency undergoes a detect-
able shift, offering high sensitivity and specificity for identification and visualization.
Among various methods, dark-field optical microscopy'# is commonly employed, using
a far-field approach to collect only the scattered light from NPs with the assistance of

a dark-field condenser.

4 Example shown in Chapter 9
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1.8.

Applications of SERS

SERS is a powerful analytical technique that has found various applications across

various scientific fields and industries due to its remarkable sensitivity and specificity.

Here are some notable applications of SERS:

1.

Chemical Analysis: SERS is extensively used for chemical analysis, allowing
for the identification and quantification of molecules even at deficient concen-
trations. It has applications in environmental monitoring, forensic science, and
pharmaceutical research.[252-255]

Biosensing: SERS is invaluable in biosensing. It can detect and characterize
biological molecules, such as deoxyribonucleic acid (DNA), proteins, and path-
ogens, with high sensitivity. This makes it useful in medical diagnostics, disease
detection, and drug development.[256—-260]

Food Safety: SERS can rapidly and sensitively detect contaminants and pollu-
tants in food products. It helps ensure food safety by identifying harmful sub-
stances at trace levels.[261-265]

Materials Science: In materials science, SERS is used to study the properties
of nanomaterials and NPs. It aids in the characterization of material surfaces
and interfaces, contributing to the development of advanced materials,[266—
268]

Pharmaceuticals: SERS is crucial in pharmaceutical research. It analyzes drug
formulations and delivery systems and detects counterfeit drugs. It also plays a
role in quality control and drug development.[269-271]

Environmental Monitoring: SERS is used in environmental studies to detect
and quantify pollutants, heavy metals, and other contaminants in soil, water,
and air. It helps monitor ecological quality and compliance with regula-
tions.[272-277]

Cancer Research: SERS can detect cancer biomarkers and study cellular pro-
cesses at the molecular level. It has the potential to improve early cancer diag-
nosis and treatment monitoring.[278-281]

Nanotechnology: SERS is instrumental in nanotechnology research, enabling
the precise characterization of NPs and nanostructures. It aids in the develop-
ment of nanomaterials for various applications.[282—284]
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9. Art and Cultural Heritage Conservation: SERS has been employed to ana-
lyze pigments, dyes, and materials in artworks and historical artifacts. It assists
in preservation efforts by providing insights into their composition and degrada-
tion.[285—-288]

10.Security and Forensics: SERS is utilized in security applications, including
detecting explosives and illicit drugs. It also plays a role in forensic science by
identifying trace evidence at crime scenes.[289-292]

11.Gas Sensing: SERS-based gas sensors are being developed to detect highly
sensitive gases like hydrogen, methane, and carbon dioxide. These sensors
have applications in industrial and environmental monitoring.[293—296]

12.Energy Materials: SERS helps characterize materials used in energy storage
and conversion devices, such as batteries, fuel cells, and solar cells. It contrib-

utes to the improvement of energy-efficient technologies.[297-299]

These diverse applications showcase the versatility and potential of SERS as a valua-
ble analytical tool in various scientific, industrial, and research endeavors. Its ability to
provide detailed molecular information at the nanoscale drives innovation and ad-

vances knowledge in numerous fields.

1.9. Key Factors of SERS

The advantages of SERS are evident in its remarkable sensitivity; however, like
any analytical technique, SERS comes with challenges and limitations. Understanding
the advantages and disadvantages of SERS is crucial for researchers and practitioners
aiming to leverage its capabilities effectively in diverse fields ranging from chemistry

and biology to environmental monitoring and material science.

1.9.1. Advantages of SERS

The advantages of SERS are as follows:

1. Enhanced Sensitivity: SERS substrates significantly amplify Raman signals,
making them highly sensitive to trace amounts of analytes. This sensitivity is

invaluable for detecting molecules at low concentrations.
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1.9.2.

Chemical Specificity: SERS provides specific chemical information, allowing
for the differentiation of molecules based on their Raman spectra. This specific-
ity is crucial for accurate identification and characterization.

Label-Free Detection: SERS is a label-free technique, eliminating the need for
chemical labels or tags. This simplifies sample preparation and reduces the risk

of interference.

. Multiplexing Capability: SERS substrates can detect multiple analytes simul-

taneously, enabling the study of complex mixtures and high-throughput analy-
sis.

Versatility: SERS substrates can be customized and applied to various sample
types, including solids, liquids, and gases. They have broad applications in

chemistry, biology, materials science, and environmental monitoring.

Disadvantages of SERS

The disadvantages of SERS are as follows:

1.

Intimate Contact Requirement: SERS necessitates intimate contact between
the enhancing surface and the analyte, making it challenging to analyze sam-
ples that do not readily adhere to or interact with the substrate. This limits its
applicability to certain sample types.

Substrate Degradation: SERS substrates can degrade with time, decreasing
signal intensity and reliability. This degradation affects the long-term stability
and reproducibility of SERS measurements.

Limited Selectivity: SERS substrates may have limited selectivity for a specific
analyte. This means they may not effectively differentiate between different mol-
ecules, potentially leading to interference or cross-reactivity issues.

Limited Reusability: SERS substrates typically have limited reusability. After
multiple uses, their enhancing capabilities may diminish, requiring frequent re-
placement. This can increase the overall cost of SERS analysis.
Homogeneity and Reproducibility Issues: Achieving homogeneity and repro-
ducibility of the SERS signal within a substrate can be challenging. Variations

in the distribution of enhancing sites and analyte coverage can result in

- 46 -



Key Factors of SERS

inconsistent and non-reproducible measurements, affecting the reliability of
SERS data.

1.9.3. Challenges of SERS and SERS Substrates

SERS has both advantages and drawbacks that depend on the quality of the SERS
substrate, which is essential for achieving reliable outcomes. The design of the sub-
strate impacts reproducibility and cost, requiring a balance between complexity and
simplicity. Traditional 2D SERS substrates have limitations in detecting molecules a
few hundred nanometers above the surface, restricting their use in complex environ-
ments like solutions or biological samples. Therefore, enhancing substrate engineering

and expanding applicability is a key challenge for researchers in the field.

1.9.4. Methods to Improve SERS Applicability

Improving the quality of SERS substrates is vital to make SERS more applicable in
different research and industrial settings. This can be achieved through various strat-
egies such as precise manufacturing techniques, creating substrates with multiple
functions, tuning the plasmon resonances, > improving stability, making 3D and flexible
substrates,'® using scalable production methods, integrating with microfluidics, ena-
bling real-time monitoring, customizing for specific applications, and ensuring strict
quality control. Together, these approaches aim to enhance SERS substrates' perfor-
mance, accessibility, and reliability, thus expanding the applicability of SERS in differ-

ent research and industrial contexts.

15 Further explained in Chapter 6
16 Further explained in Chapters 9 and 10
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2. Objectives

The primary aim of this study is to improve the practicality of instrumentation in
Raman spectroscopy. Additionally, it aims to enhance the practicality and effectiveness
of chemical imaging by incorporating advanced data processing techniques, while also

improving the applicability of SERS.

Raman spectroscopy/imaging and SERS analysis accuracy relies on robust
data acquisition. Accurate spectrometer calibration and continuous optimization for
lens-based Raman spectrometers are necessary to ensure robust data acquisition.
This thesis addresses a method achieved by carefully monitoring the difference be-
tween theoretically obtained and experimentally measured SR, which is critical to
maintaining and optimizing the spectrometer over a more extended period. Further-
more, it addresses improving the practicality of Raman imaging by combining it with
advanced processing techniques such as MVA, which are employed to detect subtle
spectral differences in large data sets. Thus enhancing the sensitivity, specificity, prac-
ticality, and applicability of the analysis.

On the other hand, to improve the applicability of SERS, commercially available
SERS substrates still face several limitations. These include short shelf life, high cost,
challenges in process optimization, substrate variability, reproducibility issues, and a
limited range of applicable analytes. To address some of these limitations, gradient
SERS substrates have been developed, consisting of plasmonic metal NPs arranged
in gradients of different sizes to produce multiple resonances. These substrates are
cost-effective, reproducible, and easy to fabricate, making them ideal for rapid and
effective analyte screening. However, limitations such as using a variety of analytes,

sample compatibility, scalability, and substrate consistency persist.

To overcome the limitations of 2D SERS substrates, a sensitive 3D substrate has
been developed to detect molecules in all directions, regardless of their location. This
3D substrate expands the range of analyte applications and enables the detection of
samples containing low quantities of analytes in cells, tissues, or fluids. Furthermore,
these 3D substrates have been tested in static and dynamic scenarios in low-concen-

tration fluids to assess their SERS properties and stability in complex environments.
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3. Summary

This thesis explores the capabilities of Raman spectroscopy and develops and
investigates novel SERS substrates. It aims to enhance the theoretical understanding
of Raman spectrometers and utilize advances in data processing technology for large
data sets used in Raman imaging. The thesis also presents a synthesis of 3D SERS
substrates and compares different preparation methods for 3D SERS substrates, in-
cluding finding the suitable base material. Additionally, it produces 2D gradient SERS

substrates for rapid multi-analyte screening.

Chapter 1 provides a clear explanation of the theoretical and scientific principles
behind Raman spectroscopy. It covers the classical and quantum theories of Raman
scattering and explains the optical components of a CRM. It delves into the spectrom-
eter and optical path details, enabling a better understanding of the system's function-
ing. Additionally, it discusses Raman spectroscopy's benefits, limitations, and draw-
backs and provides fundamental information on overcoming its limitations. The chapter
explains data analysis and its sophisticated analysis tools. Furthermore, it describes
the basic concepts behind SERS and the contributing mechanisms. It covers the EM
and chemical enhancement mechanisms and the benefits, drawbacks, restrictions,
and requirements for sample preparations. Chapter 2 provides an overview of the ob-
jectives and goals of this thesis, while Chapter 3 summarizes the explanation of key

results and discussions in this thesis.

Chapter 4 explores the optimization of a lens-based spectrometer used in com-
mercial applications. It highlights the importance of SR and quality factor (Q) in deter-
mining the performance of a spectrometer. It establishes protocols to determine SR
and Q to ensure the accuracy and reliability of experimental results. The study quanti-
fies the optimal match between the experimentally measured SR and the theoretically
calculated SR of a spectrometer setup as the Q factor. The importance of these find-
ings is illustrated through two distinct cases. In the first case, the study used a neon
lamp as the emission source to reveal that the best achievable SR is obtained with the
highest available grating and the smallest pinhole width. This yielded SR values below
1 cm™. In the second case, the study employed a diamond sample and studied three
excitation wavelengths. The results showed that the highest SR is achieved at 633 nm

with a pinhole width of 10 ym, resulting in an SR of 2 cm™, which is in close agreement
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with the natural linewidth of the diamond (1.2 cm™). In this case, the Q values ex-
ceeded those from the neon lamp experiment, emphasizing the significance of natural
linewidth in spectrometer performance assessment. By maintaining a high Q factor
over time, the SR of the spectrometer can be sustained, resulting in reliable data ac-

quisition over an extended period.

Chapter 5 explores the optimization of Raman experiments and the use of ad-
vanced data analysis tools such as PCA and DA to investigate materials with subtle
spectral variations. The research focuses on human tissue samples, specifically sali-
vary gland tumors (SGT) such as warthin tumors, pleomorphic adenomas, and non-
tumor SGTs. Although visual differences between tissue types were limited in the Ra-
man spectroscopy data obtained, PCA revealed significant differences, highlighting the
crucial role of sophisticated data analysis tools in interpreting vital samples effectively.
This demonstrates the potential of combining Raman imaging with MVA as a valuable

tool in medical diagnostics.

Chapter 6 presents a method for fabricating non-uniform SERS substrates using
annealed thin Au films. These substrates offer multiple resonances within a single sam-
ple, are chemically stable, and exhibit consistent geometry and plasmonic properties.
Scanning electron microscopy (SEM) revealed different particle-like and island-like
morphologies with varying gap sizes at different lateral positions of the substrates. The
extinction spectrum helps to characterize the morphology of the Au film, with sharp
spectra indicating NPs and broad spectra indicating connected islands. The substrates
demonstrated a wide range of resonances from 560 nm to 680 nm. Notably, the SERS
enhancement was observed at different lateral positions, which correlated with the sur-
face morphology for the analytes 1,2-bis(4-pyridyl) ethylene (BPE) and methylene blue
(MB). Non-uniform SERS substrates like these provide a practical solution for rapid
analyte screening, with reproducible characteristics and ease of fabrication. These
substrates offer tunable resonances and surface morphologies, making them valuable
tools for optimizing SERS efficiency and finding optimal surface structures. They
demonstrate the substrates' versatility in providing cost-effective, reproducible, and
fast analyte screening.

Chapter 7 focuses on the search for suitable base particles for 3D SERS sub-
strates. Among the different particles explored, the core-shell silica particles stood out
due to their drug-carrying capabilities. An exciting variation of this type of particle was
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fabricated as a core-shell with a lobe, offering a larger surface area. It was found to be
highly effective as a micro-drug carrier that can carry multiple drugs simultaneously.
The synthesis, characterization, and potential applications for revolutionizing drug de-
livery systems were thoroughly examined.

Chapter 8 focuses on a type of particle with distinct surface properties. The
study investigates polystyrene particles, including variations with different proportions
of porogen, which result in diverse morphologies. Advanced analytical techniques were
used to analyze the chemical composition of these particles and track their develop-
ment during each synthesis step. A marker-free approach utilizing 3D-CRM was used
to characterize the chemical composition of these spherical polymer particles. This
method eliminated the need for additional labeling, making it a streamlined and non-

invasive procedure.

Chapter 9 presents a method for fabricating and using 3D SERS substrates.
The ideal base particles were found to be spherical-shaped silica particles with mer-
capto groups on their surface. These allowed for the successful trapping of Au and Ag
NPs. Confocal Raman imaging showed uniform mercapto group distribution, with sta-
bility up to 220°C. Two deposition methods (Tollens' reagent and sputtering) yielded
Ag and Au NPs. The resulting substrates exhibited inter- and intra-particle heteroge-
neity and enhanced Raman signals for MB up to 25-fold. The optical properties of such
3D SERS substrates revealed multiple resonances in the visible range. The spherical
3D-SERS substrates offer versatility in sample orientation and application, particularly
in biological and medical contexts. They provide improved depth resolution in SERS,
overcoming the limitations of 2D surfaces. Investigating 3D SERS substrates has re-
sulted in a significant breakthrough in SERS. These innovative substrates offer unique

advantages, particularly their ability to operate effectively in diverse 3D environments.

Chapter 10 delves deeper into the potential of 3D SERS substrates by testing
them in solutions with low-concentration analytes. Two different types of solvents were
used to demonstrate the potential of these substrates in both static and dynamic sce-
narios. In the static scenario, SMPs were immobilized in solutions using glycerin, al-
lowing SERS imaging within the solution and mimicking situations where SMPs are
trapped in cellular compartments or tissue structures. 3D SERS substrates exhibited

excellent enhancement capabilities for multiple analytes in this context, with both
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glycerin and the model analyte MB displaying significant SERS enhancements, with

EFs reaching impressive levels of up to 15 for glycerin and approx. 370 for MB.

In the dynamic scenario, the mobility of SMPs functionalized with Ag NPs in a solution
of MB in water was explored. The SMPs were free to move and randomly floating,
allowing time-dependent experiments where the SERS signal of MB was detected as
an SMP passed through the laser focus. Observations revealed that single and clus-
tered SMPs could pass through the laser focus, providing consistent and significant
SERS enhancements with EFs reaching up to 200. This dynamic approach to 3D

SERS holds immense promise for real-time, in-situ analysis of complex samples.

These findings have significant implications for varied fields of science, including bio-

medicine, environmental science, and analytical chemistry.
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Abstract

A lens-based Raman spectrometer is characterized by studying the optical elements in the optical path and we study the
measure of aberration—diffraction effects. This is achieved by measuring the spectral resolution (SR) thus encompassing
almost all optical elements of a spectrometer that are mostly responsible for such effects. An equation for SR is used to
determine the quality factor Q which measures aberration/diffraction effects occurring in a spectrometer. Ve show how
the quality factor changes with different spectrometer parameters such as grating groove density, the wavelength of
excitation, pinhole width, charge-coupled device (CCD) pixel density, etc. This work provides an insight into the quality
of a spectrometer and helps to monitor the performance of the spectrometer over a certain period. Commercially
available spectrometers or home-built spectrometers are prone to misalignment in optical elements and can benefit
from this work that allows maintaining the overall quality of the setup. Performing such experiments over a period
helps to minimize the aberration/diffraction effects occurring as a result of time and maintaining the quality of

measurements.
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Introduction

Raman spectroscopy is one of the most powerful tech-
niques in identifying chemical compositions of a sample
through designated peak positions also known as the chem-
ical signature/fingerprint of a material.' Apart from material
identification, typical Raman spectra contain rich informa-
tion about specific properties such as crystallinity, doping,
stresses, etc. For example, the width of a peak may indicate
the crystallinity of a material,>? intensity and intensity ratios
determine the concentration (per unit area exposed to the
laser) and relative quantities of materials presen‘c,4 a peak
shift from its signature position may determine whether the
material is stressed/strained,”” doped,'®™"? or in an excited
state, e.g, at elevated temperature.'>™'® However, not
always are these cases prevalent and often there are peak
shifts or broadened peaks irrespective of their origin, and
generally such details are ignored as long as they do not fit
the aim of the experiment. If the shift of the peak of interest
is within the permissible limits of the spectral resolution

(SR), then it is critical to commemorate the origin of the
shift to the factors concerning the strain, doping, crystallin-
ity, temperatures, etc. Therefore, it is of utmost importance
to study the spectrometer properties before concluding
any critical analysis of any material under investigation.

A good spectrometer design (SD) for Raman instru-
ments in general, and Raman microscopes in particular,
can solve the problem and the SD is one of the most
important factors in assessing the quality of a spectrometer
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or measurement. The basis of good SD in a Raman instru-
ment (or spectrometer) lies in the effectiveness of the
optical elements in the optical path to form an image of
the entrance slit at the exit plane with the wavelengths
involved in the excitation source. This can be seen in its
optimum signal-to-noise ratio and in the spectral resolution
of the measured Raman spectra, in the depth resolution of
the microscope, etc. The elements on which the aforesaid
qualities of spectrometer depend are the excitation source,
objective  (magnification/numerical  aperture), grating
groove density, slit width/pinhole size, focal length, system
magnification, pixels of the charge-coupled device (CCD),
and other aberration/diffraction effects occurring due to
optical elements in the setup like lenses and mirrors. For
a good spectrometer, an optimum combination of all the
aforementioned factors and their interaction must be con-
sidered and optimized.

However, the challenge to deal and consecutively com-
pensate for aberrations/diffractions is persistent. In some of
the commercial Raman microscopes, the optical path usu-
ally is handled with mechanical interfaces such as beam
steering motors, motors for grating rotation, lens adjust-
ments, slit opening, beam splitters, mirrors, etc. Such inter-
faces undergo creep or hysteresis, and over a certain
period the motors are not in the same position as they
should have been during the manufacturing and calibration
of the machine.

This leads to discrepancies in the experimental data,
which must be tracked and investigated to maintain the
optimal quality of the spectrometer. These discrepancies
can be eliminated if the optical path is thoroughly calibrated
each time, which can be a challenge for commercial spec-
trometers. An optical beam is very sensitive to any changes
of optical elements in the beam path. These changes can
lead to spherical, chromatic aberrations, diffractions, beam
deflections, reflections, etc. Therefore, the elimination of
such effects is an important challenge in optical spectros-
copy. A typical SD used in a Raman instrument is an
uncrossed Czerny—Turner configuration, consisting of two
concave mirrors and one planar diffraction grating and has
proved to be the most suitable configuration for Raman
spectrometer.”’2I

It is important to study the Raman spectrometer with-
out manipulating the elements in the optical path. To study
every element in the optical path is time consuming
and is a challenge by itself. In this work, we describe
how the quality of a spectrometer can be studied in detail
in a commercial Raman microscope comprising all elem-
ents in an optical path. This work has been inspired by
the previous work of Liu and Berg®' where they analyzed
an uncrossed Czerny—Turner spectrometer by measuring
its SR. Further, they determined the aberration/diffraction
correction factor for their setup.?' Conducting the
described procedure over a certain period will help to
maintain the quality of a setup and, in case of problems,
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to be able to identify their origin and solve them
accordingly.

Mathematical Background

Studying the SR of the spectrometer will include a major
portion of the elements in a Raman instrument such as the
grating groove density, focal length, lenses/mirrors, CCD
pixels, and pixel size.

Spectral Resolution

To determine the SR with the available options, Liu and
Berg®' combined all the factors that influence SR into one
expression, the derivation of this equation is explained in
detail in previous studies.’®?' The advantage of this equa-
tion is that it shows the dependence of SR under different
optical configurations. The factors affecting SR can be sum-
marized in Eq. I:

A(‘0[0‘)1_3 R, G’ f2a A, bimg]

b,
2 Dimg
= (o, — 0R)" - —=
(o — ®g) C 0
COs4 arcsin G —1—0(
2 (o — ) - cos(3) 2

in which Ao is SR, @ is the absolute wavelength of the
excitation source, mg is the Raman wavenumber shift of the
desired peak under investigation, G is the grating groove
density per um, the groove’s distance can be calculated as
d=1/G (um), f, is the focal length of the system (distance
from a second Czerny—Turner lens to the CCD), o is the
angle between the incident and diffracted beam on the
grating, also known as “include angle”. The calculation for
this angle is shown in detail in the Supplemental Material,
bimg is the full width half-maximum (FWHM) of the
entrance slit or pinole. FWHM of the entrance pinhole/
slit is limited by aberration/diffraction effects. To take this
into account, an empirical relationship?' between bimg and
the entrance pinhole/slit width b, is given by Eq. 2:

bimg =M. (bent)2+(blintit)2 (2)

where M is the system magnification and by, is the smallest
value possible of FWHM of the pinhole/slit width.
When M= I, bj,,;; is given by

o Q
bhm:t - ((’)L — (DR) (3)

Here, Q, the so-called quality factor is approximated as a
constant for a spectrometer with a specific design.?' It is
calculated by best fitting the experimental results to the
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theoretically derived values using Eq. |. The resulting curve
for SR as a function of pinhole/slit width is a hyperbolic
curve which will be discussed later in the results section.

Liu and Berg®' used an uncrossed Czerny—Turner mono-
chromator (Renishaw) where they compared spectral reso-
lutions of two different lasers and different gratings and
measured the correction factor of their setup.”' They
have attributed “quality factor Q” as diffraction and aberra-
tion correction factor (DACF) or A. In this paper, we deal
in detail with the quality factor Q and with the parameters
that influence Q. It is important to study how it variates if
different parameters in Eq. | change, e.g., the excitation
wavelength, the grating, etc.

Materials and Methods

A single crystalline diamond was used as a sample with a
characteristic Raman peak at 13324cm™' and a true
Raman FWHM of 1.2cm™'.>2 For atomic emission spectra,
a calibration neon lamp from Kaiser Electronics was used.
A commercial Raman microscope from WITec (Alpha300
RAandS) was used and a detailed optical path is sketched in
Fig. |. Raman spectra were obtained using an air objective
(Carl Zeiss; EC Epiplan-Neofluar DIC M27, 100x,
NA =0.90). This system is equipped with a lens-based
UHTS 300 spectrometer connected using a multimode
optical fiber and thermoelectric cooled CCD and electron
multiplying CCD (EMCCD, Andor DU970N-BV). The CCD
and EMCCD is a back-illuminated CCD with 1600 x 200
pixels and each pixel is 16 um x 16 um. The used multi-
mode fibers had different diameters that transported the
scattered signal to the spectrometer. Thus, the diameter of
these fibers determines the size of the pinhole. They were
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10 um, 25 pm, 50 pm, and 100 um all with a NA =0.12. For
excitation, a diode laser (532nm) with a nominal output
power of 40mW, a helium—neon laser (633 nm) with an
output power of 25mW, and a helium—cadmium laser
(442nm) with an output power of 25mW were used.
Data processing was done using Control Project Plus 5.0
software provided by WITec and all experiments were car-
ried out at ambient conditions.

Results and Discussion

Equation | shows that SR (A®) depends on factors that
can be classified into three types: (i) instrument-specific,
(i) experiment-specific, and (iii) sample-specific parameters.
The instrument-specific parameters are those parameters
that are fixed during manufacturing like system magnifica-
tion, incident/diffraction angle, aberration/diffraction
effects, focal length, and CCD pixels. For a commercially
available Raman microscope, instrument-specific param-
eters cannot easily be changed since the complete optical
path is calibrated and fixed precisely. Experiment-specific
parameters are specific to a certain experiment/measure-
ment that can sometimes be changed depending upon the
available options. These include the grating groove density
(G), excitation source wavelength (®.), pinhole/slit widths.
Sample-specific parameters are those parameters that com-
pletely depend on the sample under an investigation like the
Raman peak positions of the sample (wg). Out of all these
experiment-specific parameters, only pinhole widths can be
changed to reliably determine the SR.

We first studied the case where mg =0, by using atomic
emission lines consisting of a single wavelength that is mea-
sured as a function of pinhole width. This reveals the true

Grating
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Focal length 2

Optical fiber
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Figure 1. Schematic of the optical path of WITec alpha 300RAandS. Left: Beam path of the confocal Raman microscope. Right: Beam

path inside the spectrometer.
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potential and the limit of determining the SR. For this
reason, these lamps that are emitting a single frequency
are generally used for calibration of the setups.>** Here,
a neon lamp is used. The lamp is placed directly under the
100x (NA=0.9) objective so that the light follows the
optical path like from any other sample. For the experi-
ment, the emission line at 640.2nm with a natural line
width of 0.0001 nm was chosen and the results are
shown in Fig. 2.2%%

Figures 2a and 2c show the emission line of the neon
lamp at 640.2 nm depending on available pinhole widths for
both the gratings. At smaller pinhole widths (10 um, 25 pm)
the emission line is sharper compared to the emission lines
at larger widths (50 um, 100 pm). This can be explained by
the fact that with larger pinhole diameters the point source
becomes broader resulting in a broadened line width. It can
be observed that there is a gradual shift observed in the
emission line position starting from pinhole width 100 um
to 10 pum. Although the line under investigation has a very
narrow linewidth, it is significantly broadened when mea-
sured with 100 pm pinhole width (broad top-hat function).
The emission lines positions observed in the Figs. 2a and 2c
range from 640.17 nm to 640.2 nm. If calculated, the Raman
shift would be A®, ~ 2-3cm™', all other measurements
with smaller pinhole widths lie in this range. This small value
does not affect our calculated results later on and hence
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can be neglected. Each of the spectra in both Figs. 2a and 2¢
looks edged and does not have a typical Lorentzian line
shape. This is because of the CCD pixel widths in which
the density of CCD pixels is not enough to give a perfect
line shape to the spectra. Figures 2b and 2d show the
experimentally measured FWHM plotted along with the
theoretically calculated SR wusing Eq. |. Substituting
o, =6402nm and wg=0 in Eq. |, yields for the
18001/mm grating, a fitting value of Q that is I0+£5 and
for the 600I1/mm grating, the value of Q that fits best is
50 £ 5. These values of Q give the best fit with experimen-
tally measured results.

For both gratings, experimentally measured data fit
very well to the theoretically calculated values and
deviates only for the smallest pinhole widths (10 pm).
This disagreement is because of two reasons: first, at smal-
ler pinhole widths the effects of aberration/diffraction
become more prominent, and second, the width of the
CCD pixels yielding an artificial broadening. For samples
containing almost single frequencies (in this case a neon
lamp), the constituent dispersion does not cause as many
aberration/diffraction effects. Thus, this disagreement can
arise due to the width of the CCD pixels and this agrees

with previously published literature for smaller slit
widths.!
(b)
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Figure 2. (a) Neon lamp spectra at 640.2 nm measured with different pinhole widths and a grating of 600 lines/mm, (b) experimentally
measured and theoretically calculated FWHM plotted as a function of pinhole width and a grating of 600 lines/mm using Eq. I, (c) neon
lamp spectra measured with different pinhole widths and a grating of 1800 lines/mm, and (d) experimentally measured and theoretically
calculated FWHM plotted as a function of pinhole width and a grating of 1800 lines/mm using Eq. |.



Mukherjee et al.

To interpret these results, it is important to better
understand Q. If the value of Q is changed then the agree-
ments between the experimentally measured values and
theoretically calculated values also change. An example of
this is shown in Fig. 3.

Figure 3 shows the various values of Q ranging from 10
to 100 fitted to the experimentally measured data shown in
Fig. 2b. It can be seen that for Q =50, it gives the best
theoretical fit for the experimentally measured data using
Eq. I. It can be observed that at higher values of Q the SR
gets worse, and the effect of the pinhole size becomes
smaller. Therefore, the quality factor Q can be directly
related and defined by aberrations—diffraction effects occur-
ring in the setup due to misalignment in the optical path.
The higher the Q value, the higher the aberration/diffrac-
tions leading to a lower SR and vice versa. However, SR also
depends on the excitation wavelength, thus a larger wave-
length chosen would give a better SR. Such a relation is
plotted in the Fig. S2a, (Supplemental Material) for both
the gratings and is also known from the literature.?'

Now, in the case of mg #0, by using a Raman scatterer
(diamond, in this case) for three different lasers, values of
o, (442 nm, 532 nm, 633 nm) are investigated. Diamond has
a peak position at 1332.4cm™' corresponding to the triply
degenerated vibration of the two Bravais lattices of
the carbon atoms and with a natural bandwidth of
I.2em ™" 22?72 The neon lamp used before has a natural
line width that is much narrower than the natural linewidth
of diamond and this difference must be considered. An
analysis of the Raman spectrum of diamond with the
same methodology is shown in Fig. 4.

Figures 4a and 4c show the spectra of a diamond mea-
sured at different pinhole widths for both the gratings and
three excitation sources. The spectra do not have a typical
Voigt line shape due to the limitation in the CCD pixel
width as discussed earlier. However, it can be seen that

Neon lamp
~ 9 G =600 I/mm|
g 90
hir —— 80
2 66— 70
< 60
x |
...... —— 40
v 3. -
--+--Experimental —— 20
1 L 1 1 J— 10
0 20 40 60 80 100 120

Pinhole width (um)

Figure 3. Different values of Q simulated to the experimentally
measured results from Fig. 2.
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the SR improves with larger wavelengths. It can also be
observed that with different wavelengths of excitation,
the peak position of the diamond (at 1332.4cm™') also
shifts. However, this peak position shift does not affect
our results later and hence can be ignored but must be
considered where wavenumber accuracy plays a role.
Figure 4b shows the results of the experiment with a
600 I/mm grating for three different values of ®;. The nat-
ural linewidth of a diamond is 1.2cm™' and is within the
CCD resolution, so it is much larger than the natural line-
width of the neon lamp.

As a consequence, there is almost no deviation between
the experimental value and the theoretical fit as can be seen
in Figs. 4b and 4d for a pinhole width of 10 um. The Q value
for the 633 nm excitation source (red curve) obtained is
100+ 10, for 532nm (green curve) and 442nm (blue
curve) are 80+ 10. Figure 4d shows the results of the
experiment with an 1800 |/mm grating, for three different
values of ;. It is found that the experimentally measured
values agree with the theoretically calculated values, and Q
is 110+ 10 for all three excitation sources.

According to Eq. I, SR is inversely proportional to o,
and o, these are the two main reasons why the numeric
value of SR varies here. The experiments are shown in
Figs. 2 and 4 differ only in ®, and wg. The experiments
shown in Fig. 2 have only an excitation emission line
o, =640.2nm and ®gr=0. The natural linewidth is
narrow and, hence, the SR is low. This results in the Q
value of 10+5 (for 6001/mm grating) and 50+5
(for 18001/mm grating). The diamond experiments as
shown in Fig. 4 have three different excitation sources
©,=442nm, 532nm, and 633nm, and ©r=1332cm".
Here, the natural linewidth of the sample depends also
on mR resulting in broader line. This results in SR being
higher than for neon emission lines and hence the value
of Q is higher.

The value of Q depends on ®; and mg and will change if
any one of them varies. For example, if oy is further
increased to 3000 cm ™', this would result in a lower natural
line width of the peak resulting in a different value of SR
and, hence, a different value of Q. Such a dependence of SR
as a function of wg is shown in the Fig. S2b (Supplemental
Material) for three excitation wavelengths and two gratings.

The value of Q can be manipulated to find the best fit
between experimental and theoretical results. In Fig. 4b, it
can be observed the SR are approximately similar with a
grating 600 I/mm at smaller pinhole widths (10 um/25 um),
for excitation sources 532 nm (green curve) and 633 nm
(red curve). The deviation occurs only from a pinhole
width of 50 um. This is because with ®, values being so
close to each other (532nm and 633 nm) the SR cannot
be properly differentiated due to the lack of CCD pixel
resolution for this grating. With [8001/mm grating as
shown in Fig. 4c, it is worthwhile to note that at 10 um
pinhole width using a 633 nm excitation source the SR
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Figure 4. (a) Diamond spectra measured with 600 lines/mm grating with three excitation wavelengths, (b) measured FWHM of
diamond spectra at 1332.4cm™' for 600 lines/mm measured with pinhole widths 10 im, 25 um, 50 um, and 100 pum and different
excitation wavelengths 442 nm (blue symbols), 532 nm (green symbols), and 633 nm (red symbols compared to theoretical calculations
as per Eq. I; black dashed lines), (c) diamond spectra measured with 1800 lines/mm grating with three excitation wavelengths, and
(d) measured FWHM of diamond spectra at 1332.4cm™"' for 1800 lines/mm measured with pinhole widths 10 um, 25 pum, 50 um, and
100 um and different excitation wavelengths 442 nm (blue symbols), 532 nm (green symbols), and 633 nm (red symbols) compared to

theoretical calculations per Eq. | (black dashed lines).

obtained is approximately 2 cm~'. This FWHM of the mea-
sured peak is very close to the true bandwidth of the dia-
mond that is |.2cm™'. For a real-life sample if the
combination of larger ®; and smaller pinhole width, the
SR can be close to the natural bandwidth of the sample.
Overall, the experiments shown prove that the quality of
the spectrometer used is good.

Our results differ slightly from the previously published
literature by Liu and Berg.?' We believe the principal reason
for this is the different designs of the spectrometer. They
characterized the SR of an uncrossed Czerny—Turner spec-
trometer (designed by Renishaw) and obtained a correction
factor A (in their paper) to be 100. In their work A remains
the same for the diamond sample as well as for a mercury
lamp and does not change with a change in grating or exci-
tation source. Nevertheless, the SR of the mercury lamp
was comparable to the SR of our diamond sample at the
532 nm excitation source.

Spectral resolution as per Eq. | should also depend on
the pixel density of the CCD camera and this can also
change with the readout mode of the CCD camera.
Experiments were performed keeping this in mind and
changing the binning of the CCD camera resulting in no
change in the SR. This is because the multimode fiber and

its core diameter act as the entrance aperture of the spec-
trometer, eliminating the necessity of an additional slit
system at the exit of the spectrograph. An additional slit
system would cause the dispersed light to fall only on cer-
tain defined pixels of the CCD which might affect SR. In our
case, the dispersed light covers the entire CCD chip thus
the effect of SR only depends on the core diameter size of
the multimode fiber.

Conclusion

The spectral resolution (SR) of a lens-based Raman spec-
trometer (WlTec alpha300 RAandS) is influenced by instru-
ment-specific, experiment-specific, and sample-specific
parameters. To determine the SR, two cases were con-
sidered from Eq. I, first ®,#0: ®wg=0, and second
o, #0: wg #0. For the first case (o, #0; ®g=0), a neon
lamp was used, and the SR of an emission line at
®; = 640.2 nm was characterized. The narrow natural line
width of an atomic emission line depicts the best possible
SR attainable by a spectrometer. It was found that with the
best possible SR was with 1800I/mm grating and 10 um
pinhole width the attainable SR can approach values near
or below | cm™". The Q value or the quality factor depends
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on the agreement between the experimentally obtained
and theoretically calculated results. The best-simulated
agreement between them gives the value of Q. It was
found out that for 600 l/mm grating, the Q value obtained
was 5045 and for 1800I/mm the Q value obtained
was [0+£5.

For the second case (w_ # 0: ®r # 0), a diamond
sample was used (g =1332.4cm™') and three excitation
wavelengths ®; (442 nm, 532 nm, and 633 nm). It was found
that the best obtained SR was for @, =633 nm and a pin-
hole width of 10 um resulting in a value of Awg=2cm™'.
This value of SR is very close to the natural FWHM of
diamond (Awg=1.2cm™"), and hence proves the quality
of the spectrometer. The Q value obtained for 600 I/mm
grating is 80+ 10 (for 442nm and 532nm) and 100+ 10
(for 633 nm). Whereas for 1800 I/mm, the Q value obtained
is 110+ 10 for all excitation wavelengths. In these experi-
ments the value of Q is higher than for neon lamp experi-
ments since the natural linewidth of a diamond is
considerably higher than the neon lamp emission line.

Determining the quality factor Q and the SR of a spec-
trometer is straightforward with standard samples as
shown here. It is therefore advisable to routinely perform
the described protocol to monitor the quality of the setup
and thus ensure the quality of the results in the long run.
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Abstract: Salivary gland tumors (SGTs) are a relevant, highly diverse subgroup of head and neck
tumors whose entity determination can be difficult. Confocal Raman imaging in combination with
multivariate data analysis may possibly support their correct classification. For the analysis of the
translational potential of Raman imaging in SGT determination, a multi-stage evaluation process
is necessary. By measuring a sample set of Warthin tumor, pleomorphic adenoma and non-tumor
salivary gland tissue, Raman data were obtained and a thorough Raman band analysis was performed.
This evaluation revealed highly overlapping Raman patterns with only minor spectral differences.
Consequently, a principal component analysis (PCA) was calculated and further combined with a
discriminant analysis (DA) to enable the best possible distinction. The PCA-DA model was character-
ized by accuracy, sensitivity, selectivity and precision values above 90% and validated by predicting
model-unknown Raman spectra, of which 93% were classified correctly. Thus, we state our PCA-DA
to be suitable for parotid tumor and non-salivary salivary gland tissue discrimination and prediction.
For evaluation of the translational potential, further validation steps are necessary.

Keywords: salivary gland tumor; confocal Raman imaging; principal component analysis; discrimi-
nant analysis; multivariate data analysis; molecular diagnostics

1. Introduction

Salivary gland tumors (SGTs) are a sub-group of head and neck tumors and account for
3% to 6% of all head and neck neoplasms [1,2]. Most SGTs are of benign nature, representing
approx. 80% of all incidences [3,4]. More than thirty different malignant and benign SGTs
are known according to the 2017 WHO classification, of which the two main benign tumors
are the cystadenolymphoma (Warthin tumor) and pleomorphic adenoma [5]. Due to the
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high variety in tumor entities, a reliable diagnosis only based on histo- or cytomorphological
criteria is difficult and sometimes impossible [6]. As a result, pre- and intraoperative malig-
nancy assessment based on fine-needle aspiration cytology, core needle biopsy and open
biopsy is sometimes unreliable [7-9]. However, reliable malignancy assignment is necessary
to avoid revision surgery [10]. The cytological methods frequently used preoperatively and
also intraoperative histopathological diagnostics highly depend on the experience of the
pathologist and may occasionally be subject to uncertainties, even in the case of experienced
diagnosticians [6].

In addition to standard cyto- and histopathologic approaches, spectroscopic methods
in combination with multivariate data analysis (MVA) are finding increasing acceptance
to support tumor diagnostic methodologies [11-17]. By applying different spectroscopy
principles, either chemical or morphological signatures are obtained, which reveal tissue-
related features and are thus highly tissue-specific. Due to improvements in spatial reso-
lution and scanning speed, spectroscopic imaging became increasingly popular for data
acquisition [18-20]. Consequently, large imaging data sets with a high spatial and spec-
tral resolution are obtained [21,22]. The linkage with MVA techniques, such as principal
component analysis (PCA), allows the extraction of the most relevant spectral charac-
teristics from the imaging data and to distinguish the samples based on the previously
extracted attributes [23,24]. A combination of PCA with discriminant analysis (DA) ad-
ditionally describes the distinction in a quantitative manner and enables a prediction of
non-included spectra or samples. Typical imaging methods applied for tumor diagnosis are
Fourier-transform infrared spectroscopy [25], fluorescence [26] and Raman imaging [27],
which are mainly associated with statistical tools, such as PCA, DA, support vector ma-
chine, the k-nearest neighbor algorithm or artificial neural network analysis [25,28-30].
The spectroscopy-based models are used for the identification or distinction of brain [31],
colon [32], breast [33] or head and neck tumors [34,35].

First spectroscopic attempts of parotid tumor identification were performed using
Raman spectroscopy coupled with support vector machine [36,37]. Further studies focused
on identifying differences in lipid composition and changes in secondary protein structure
between cancerous and non-cancerous salivary gland tissue using Raman imaging [38]. Our
group just recently published a study employing Raman spectroscopy and PCA analysis to
enable a differentiation between benign pleomorphic adenoma and low-malignant adenoid
cystic carcinomas [39]. Although primary efforts in differentiating SGTs were achieved, no
study on deploying spectral differences has been published yet to implement a Raman-MVA
model as diagnostic adjunct and review its functionality.

To evaluate the translational potential of Raman imaging (RI) for the overarching
objective to use RI for supporting SGT entity and malignancy determination, probably
a multi-stage data analysis process will be necessary. Due to the high number of tumor
entities of SGTs, a multi-stage process with identification of the spectra that were acquired
in the tumor tissue and exclusion of all spectra that were acquired in the non-tumor salivary
gland tissue could help to enhance the statistical accuracy. Therefore, our study deals with
the implementation of a PCA-DA model using Raman imaging data of normal salivary
gland tissue, Warthin tumor and pleomorphic adenoma to differentiate between the tissue
types and predict unknown parotid samples. Relevant tissue regions of unstained parotid
cross-sections are chosen based on a hematoxylin and eosin (HE) assessment and measured
using Raman imaging. The obtained imaging data are initially analyzed via a detailed
Raman band evaluation. Afterwards, a PCA is computed to achieve the best possible tissue
type separation due to tissue-specific information and combined with a DA to enable the
classification of model-unknown Raman spectra. By applying the final PCA-DA, new tissue
areas of interest are tested and classified in a proof-of-principle concept. The assignments are
validated by a corresponding HE diagnosis to confirm whether the PCA-DA predictions are
correct. Final model classification abilities are expressed by the overall accuracy, sensitivity,
specificity and precision. As a result of a successful PCA-DA implementation, its utilization
as diagnostic assistance in the clinical routine might be possible.
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2. Materials and Methods
2.1. Patient Selection and Parotid Tissue Sample Preparation

This study was approved by the institutional ethics committee on human research
of the Julius-Maximilians-University Wiirzburg (vote 224/18). All experiments were per-
formed according to the Declaration of Helsinki. All patients agreed to participate in this
study through informed consent.

Patients with a salivary gland tumor (parotid tumor) were preoperatively screened,
and respective tissue specimens were selected. Suitable tissue samples had to consist of
either Warthin tumor (1 = 5) or pleomorphic adenoma (1 = 4) and non-tumor salivary gland
tissue (n = 9) in order to be included in the final sample set. All tissues were identified by a
trained pathologist.

Tissue specimens were initially cut into smaller tissue pieces, which were arranged
to display tumor and non-tumor salivary gland tissue. Afterwards, the tissue pieces were
frozen in this arrangement and a series of 10 um thick consecutive cryosections was pre-
pared. Parotid cryosections were placed onto quartz objective slides (Suprasil® 1, Aachener
Quarzglas-Technologie Heinrich GmbH & Co. KG, Aachen, Germany) and subsequently
fixed with a 4% paraformaldehyde solution (ROTI®Histoﬁx 4%, Carl Roth, Karlsruhe,
Germany) for 30 min. Following cross-section fixation, three washing steps with phos-
phate buffered saline were performed, and the samples were dried overnight at ambient
temperature. These unstained sections were used for Raman imaging.

A detailed histopathological evaluation was applied based on corresponding 3 pm
thick HE-stained cross-sections. The HE staining was performed according to a standard-
ized protocol. HE cross-sections were analyzed and imaged using the BZ-9000 BIOREVO
System (Keyence, Neu-Isenburg, Germany). Whole slide images were scanned at 40 x
using a slide scanner, Panoramic SCAN II (3DHISTECH, Budapest, Hungary).

2.2. Confocal Raman Imaging

Raman data acquisition was performed with a confocal microscopic setup (Alpha
300 RA&S, WITec, Ulm, Germany) according to the summarized measurement and data
extraction workflow illustrated in Figure 1.

A confocal microscope system, equipped with a lens-based spectrometer (UHTS 300,
WITec, Ulm, Germany) and a CCD camera (DU970, Andor Technology, Belfast, UK), was
used for Raman imaging [40]. Excitation was performed with a 532 nm frequency-doubled
Nd:YAG laser transmitted via a single-mode fiber onto the tissue cross-sections. The inelas-
tically scattered light was collected with a 20x objective (EC Epiplan, 20x /0.4, Carl Zeiss
AG, Oberkochen, Germany) and transferred to the spectrometer and CCD camera (EMCCD,
16 Bit, 1600 x 200 pixel, 16 pum X 16 um, thermoelectrically cooled: —60 °C) via a 100 pm
core diameter multimode fiber. Each Raman image encompassed a size of 20 pm x 20 pm
and was acquired with a scan step size of 1 um and a scan speed of 30 s/line. Thus, 20 x 20
spectra within the image were recorded with an integration time of 1.5 s per spectrum,
resulting in a total number of 400 Raman spectra per tissue area. The Raman shift was
recorded from 50 cm ™! to 3670 cm ! with a 600 g/mm (blaze wavelength (BLZ) = 500 nm)
grating and centering the spectrometer at 2000 cm~!. The spectral resolution of the optical
system was 2 cm~! [41]. Overall, three tumorous areas (Warthin tumor or pleomorphic
adenoma) and three salivary gland areas per tissue sample and patient were selected for
Raman imaging. Following image acquisition, Raman spectra were subtracted from the
quartz background and treated with a baseline fluorescence correction (shape: 100) and a
cosmic ray correction (filter size: 2, dynamic factor: 8).

2.3. Data Pre-Treatment and Multivariate Data Analysis

MVA was performed with The Unscrambler X 10.5 (Camo Analytics AS, Oslo, Nor-
way). All model-included Raman mean spectra were preprocessed equally by applying
a standard normal variate transformation followed by a Savitzky—Golay smoothed 1st
order derivative (2nd polynomial order, symmetrical 41 points). The spectral area of
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Excitation pathway
_>

900-1750 cm~! was used for MVA calculations, while additional spectrum ranges (50 cm~!

0900 cm 1, 1750 cm ™! to 3670 cm 1) without relevant information were excluded for vari-
able reduction. The PCA was calculated with mean centering, a full cross-validation and
the singular value decomposition algorithm to distinguish between the different parotid
tissue types. Model outliers were identified in the influence plot hotelling’s T? versus
F-residuals (outlier limits 5% each) and excluded from the model if proven to be true.

Detection pathway

N

Intensity

w Raman shift (cm™)

Figure 1. Schematic acquisition workflow for Raman imaging of parotid tissue cross-sections and
data extraction. Raman images were recorded with the WITec Alpha 300 RA&S using a 532 nm
frequency-doubled Nd:YAG laser for excitation purposes (a). Initially, a suitable tissue region was
chosen in an overview brightfield image, which was in accordance with the corresponding HE
evaluation ((b), *** marks the sample). In this overview image, a 20 um x 20 pum tissue area of interest
((b,c), yellow box) was determined and Raman imaged in a stepwise manner. The obtained Raman
image (d) is composed of single Raman spectra (1-6) located at distinct x,y-positions. Raman spectra
were extracted individually for PCA-DA model formation (e).

PCA was combined with DA by using the Mahalanobis distance algorithm and PCA
score values. The number of deployed principal components (PCs) for the DA was similar
to the shown PCA model. In total, 5 PCs were applied for calculating the DA. The overall
accuracy, sensitivity, specificity and precision of the PCA-DA model were additionally
calculated based on the confusion matrix terminology [42,43].

3. Results
3.1. Raman Mean Spectra Analysis

To reveal significant spectral differences, Raman mean spectra for normal salivary
gland, Warthin tumor and pleomorphic adenoma tissues were compared and calculated by
averaging all respective Raman spectra to one overall mean spectrum including the corre-
sponding 95% confidence interval, illustrated in Figure 2. Potential differences between
the spectra can be a varying number of Raman bands, a changing relation between bands
or different intensities or variations in shape. From 500 em ™! t0 3500 cm ! (Figure 2a), no
clear spectral variations are distinguishable. Two major bands at 746 cm ! and 2927 cm ™!
correspond to a ring breathing of DNA /RNA bases and to CH/CHj vibrations of lipids
and proteins, respectively, and are identical in each spectrum. A detailed band analysis in
the range of 900-1700 cm ! was performed, and main spectral differences were highlighted
(Figure 2b, (1)—(14)). A superimposed illustration of this range is shown in Figure S1, Sup-
plementary information and a summary of all Raman signal assignments is presented in
Table 1.
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Figure 2. Overall Raman mean spectra with corresponding 95% confidence intervals (light colors)
of normal salivary gland tissue (green), Warthin tumor (blue) and pleomorphic adenoma (red),
illustrated in a Raman shift region of 500-3500 cm~! (a). Main spectral differences were noticed
between 900 and 1700 cm 1, which was analyzed in more detail (b). In this region, distinct Raman
band assignments were performed (1-14). The spectra are vertically displayed. Corresponding
molecular vibrations and causes are comprehensively listed in Table 1.

Table 1. Raman band assignments for non-tumor salivary gland tissue, Warthin tumor, pleomorphic
adenoma. Column 1 indicates the number assigned to the corresponding Raman band in the overall
mean spectra (Figure 2b). Column 2 reveals the distinct relative shift (ecm™1) of each Raman band
identified in the mean spectra. The molecular vibration (column 3) resulting from specific molecules
(column 4) within the tissues are listed. In column 5, all references of the Raman band assignments
are summarized.

Number  Raman Shift/cm~1 Assignment Cause Reference [44]
1) 915; 920 -; C-C stretch Ribose RNA; collagen [45,46]
2) 1043 ring stretching Collagen proline [46]
3) 1158; 1168 C-N stretching; v(C=C); v(C-C) Proteins/lipids [47,48]

. Antisymmetric phosphate vibrations; . . . .
(4) 1197; 1204 amide IIL, CH, wagging vibrations Glycine backbone or proline side chains [48,49]

. C-N stretching and N-H bending, . .
(5) 1222; 1228 thymine, adenine stretch Amide III, proteins, DNA/RNA [47,50]
(6) 1304 CH,/CHj3 deformation, twisting or bending Lipids, collagen [46,51]

CH,/CHj3 wagging, twisting .. . .

7) 1337 and/or bending mode Collagens, lipids, amide III (proteins) [45,48,52]
(8) 1360 - Tryptophan [44]
9) 1396 - -carotene [44]

. CH, deformation; CH, stretching/CH3 Lipids, proteins, triglycerides (fatty
(10) 1443; 1454 asymmetric deformation acids); elastin, collagen, phospholipids [51,55-55]
(11) 1517 C-C stretch mode [-Carotene accumulation [53]
(12) 1585 C=C olefinic stretch Proteins [54,56]
(13) 1628; 1640 Cx=C stretch; - Proteins; amide I (proteins) [44,57]
(14) 1654 C-C stretch, C=0 stretching mode Amide I (proteins), collagen, lipids [46,48,51]

At 915 cm ™!, one distinct weak Raman band (1) occurs for normal salivary gland
tissue, which is less pronounced or even absent for both parotid tumors (Figure 2b), and
can be assigned to vibrations of ribose RNA (Table 1). Instead, pleomorphic adenoma tissue
reveals a band at 920 cm ™! that can be ascribed to a C-C stretching of collagen proline,
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which is also visible in the Warthin tumor, but far less distinctive. A further spectral band at
1043 cm~! (2) is clearly illustrated for the salivary gland tissue, but missing for both tumors
that can also be assigned to collagen proline (Figure 2b, Table 1). Varying intensity relations
can be observed for two bands at 1158 cm ! and 1168 cm ™! (3). In case of salivary gland
tissue, the band at 1158 cm ! is more highlighted than the second band at 1168 cm !, which
is opposite for the Warthin tumor and pleomorphic adenoma tissues. Both Raman bands
can mainly be deduced from C-N and C-C stretching vibrations of proteins and C-C/C=C
lipid oscillations (Table 1). While salivary gland and pleomorphic adenoma tissues exhibit a
Raman band at 1197 cm ™! (4), the Warthin tumor exposes a slightly shifted band maximum
at 1204 cm~! (4, Figure 2b). The bands can either be allocated to antisymmetric phosphate
(1197 cm 1) or amide IIT and CH, wagging vibrations (1204 cm ™) of glycine backbone or
proline side chains (Table 1). Changes in band intensity, shape and position between the
tissue types are indicated for the 1222 cm~! band (5). It is most intense for salivary gland
tissue, but varies in intensity and shape for Warthin tumor tissue and is even slightly shifted
for pleomorphic adenoma tissue (1228 cm™ 1) (Figure 2b). The two signals (1222 em~ ! and
1228 cm ') are mainly assignable to amide III vibrations of proteins and thymine /adenine
stretching of DNA/RNA (Table 1). Between 1300 and 1400 cm~!, a series of distinct
Raman bands (6-9) occurs in all three Raman mean spectra with pronounced shoulders or
double maxima mainly for Warthin tumor tissue (6-8), but also for salivary gland (9) and
pleomorphic adenoma (8) tissues, respectively. Reasons for the occurrence of these Raman
bands are oscillations of lipids, collagens, proteins, tryptophan and (3-carotene within the
respective tissues (Table 1). Additional differences in intensity relations emerge between
two Raman band maxima at 1443 cm~! and 1454 cm ™! (10), which reveal a slightly more
emphasized first maximum at 1443 cm ™! in the salivary gland and Warthin tumor spectra
compared to the second band at 1454 cm~ . In contrast, pleomorphic adenoma tissue shows
equally dominant Raman bands for both (Figure 2b). The two bands are mainly caused by
the CH,/CHjs stretching of proteins, lipids, triglycerides and collagen (Table 1). A Raman
band at 1517 cm~! (11) is observed for salivary gland tissue with the highest intensity,
followed by Warthin tumor and pleomorphic adenoma tissues with a decreasing peak
appearance. This band is ascribable to the C-C stretching mode of 3-carotene (Table 1). The
Raman band at 1585 cm™! (12) solely exhibits an additional shoulder in the Warthin tumor
spectrum, which is missing in the salivary gland and pleomorphic adenoma spectra and
corresponds to a C=C olefinic stretching of proteins (Table 1). Signature differences between
the parotid tissues can further be attributed to Raman bands at 1628 cm1/1640 cm ™1 (13)
and 1654 cm ™! (14), which mainly result from the C=C«, C-C and C=0 stretching modes
of proteins, collagen and lipids (Table 1). Aside from these few spectral differences (1)-(14),
the Raman patterns are highly similar and overlapping, with small signatures that can
hardly be assigned to distinct vibrational modes. Therefore, a PCA evaluation is inevitable
to extract minor pattern variations as a result of the high spectral similarity.

3.2. Raman Data Analysis via PCA-DA

Due to there being only minor Raman band differences in the overall mean spectra,
an improved discrimination of all three tissue types is needed. This was accomplished
by a PCA calculation. As a PCA allows the extraction of the most relevant and differing
chemical information of the Raman spectra, a precise distinction of the tissue types is
enabled. For this purpose, three tumorous areas (Warthin tumor or pleomorphic adenoma)
and three non-tumor salivary gland tissue areas were selected for Raman image acquisition,
which resulted in 6 x 400 Raman spectra (2400 spectra) for each patient. Consequently,
9 x 6 x 400 Raman spectra (21,600 spectra) were measured overall. Mean spectra were
formed by averaging 100 adjacent, processed spectra, which yielded four spectra per tissue
area. Therefore, a total number of 216 Raman mean spectra (48 pleomorphic adenoma,
60 Warthin tumor and 108 salivary gland tissue) were used to generate the PCA model.
The final PCA is illustrated in Figure 3. Different perspectives of the 3D PCA scores plot
are shown in Figure S2, Supplementary information. Since the most dominant changes
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Figure 3. PCA model for the differentiation of salivary gland, Warthin tumor and pleomorphic
adenoma. The 3D scores plot is illustrated in (a), displaying PC1 (40%), PC2 (18%) and PC5 (4%). A
successful separation of salivary gland (green circles), Warthin tumor (blue triangles) and pleomorphic
adenoma (red squares) clusters is achieved with only minor group overlaps in the center. The
corresponding loading plots are shown in (b), revealing the main influencing Raman shift of PC1,
PC2 and PC5 for the group segregation. To demonstrate the clear differentiation between parotid
tissue clusters by the PCA model, various perspectives on the 3D scores plot are shown in Figure
52. Additional 2D scores and respective loading plots of all model-included PCs are summarized in
Figure S3, Supplementary information.

The PCA model encompasses a total number of five PCs to distinguish between the
different parotid gland tumors and the parotid gland tissues and reaches a total explained
variance of 77%, considering PC1-PC5. The number of PCs was chosen based on the
explained variance and the interpretable information on loadings [58—60]. The aim was
to create a PCA-DA model with as few PCs as possible for a reliable prediction of the
parotid tissue types. Information about the relation of the calibration and validation PCA
is given in Figure S4, Supplementary information. Within the 3D scores plot (Figure 3a),
PC1, PC2 and PC5 are presented, explaining 40%, 18% and 4% of the explained variance,
respectively. The separation of the Warthin tumor cluster (blue triangles) has already
been realized by PC1 and PC2. Here, the Warthin cluster is arranged almost completely
below-average for PC1 and above-average for PC2. Additionally, PC1 and PC2 cause a
group splitting of the salivary gland (green circles) and pleomorphic adenoma (red squares)
cluster into mixed tissue type groups, respectively. Here, salivary gland and pleomorphic
adenoma are randomly organized into above and below the average of PC1 and PC2, with
no apparent cluster formation. This is more clearly shown in the 2D scores plot illustration
in Figure S2, Supplementary information. Therefore, PC5 is required to clearly demarcate
between salivary gland and pleomorphic adenoma spectra. Within the PC2/PC5 plane, the
salivary gland cluster is completely structured below-average, whereas the pleomorphic
adenoma group is organized above-average in terms of PC5 (Figure 3a). The Warthin
group, however, is arranged above-average for PC2 and almost completely below-average
for PC5 within this setting. As a result, a clear group separation between Warthin tumor,
pleomorphic adenoma and salivary gland spectra is achieved, with only minor cluster
overlaps at the center (Figure 3a). Although PC3 and PC4 explain 15% of the model
variance, this represented information does not contribute to the tissue type differentiation.
An overview of the complete PCA model including all PCs (PC1-PC5), as well as related
2D scores and loading plots, is represented in Figure S3, Supplementary information.
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In Figure 3b, the corresponding loading plots of PC1, PC2 and PC5 are illustrated. The
loadings plots display the highest spectral influence on the tissue type separation in the 3D
scores plot. Some of the main influencing maxima can even be referred to Raman bands
assigned in Figure 2. Negative maxima at 1164 cm~! (3, Figure 2, Table 1) and 1530 cm ™!
in the PC1 loadings have a major impact on the tissue separation (Figure 3b). Further
influencing maxima can be defined at 1596 em ! and 1643 em ™! (13, Figure 2, Table 1)
according to the PC1 loadings. The PC2 loadings plot shows the most dominating impact
between 1440 and 1680 cm ! with main positive maxima at 1440 cm ! (10, Figure 2, Table 1)
and 1643 cm ™! (13, Figure 2, Table 1) and negative maxima at 1467 cm~! and 1680 cm ™1
(Figure 3b). Within the PC5 loadings, a few pronounced positive maxima can be determined
at 1450 cm~! (10, Figure 2, Table 1) and 1546 cm ™! as well as negative ones at 1285 cm !
and 1384 cm~ 1.

Based on the formed PCA model, a DA was subsequently calculated by using the
PCA score values of PC1 to PC5 and the Mahalanobis distance algorithm. The PCA-DA’s
performance is evaluated using an internal validation process. For this purpose, each model-
included spectrum was allocated to one tissue cluster as if it was not contained in the model.
As a result, a confusion matrix is obtained (Table S1, Supplementary information), which
describes the accordance of the model’s assignments and the pathologist’s diagnosis and
is used to compute the model’s accuracy, sensitivity, specificity and precision (Table 2).
Salivary gland model spectra were most accurately assigned with 97% accuracy, whereas
Warthin tumor spectra resulted in 91% correctly matched spectra. Pleomorphic adenoma
is still allocated correctly with 89% accuracy. Due to the excellent group assignment of
the model spectra, high performance parameters of 94% accuracy, 94% sensitivity, 95%
specificity and 94% precision were accomplished (Table 2).

Table 2. Model performance parameters for the tissue entity distinction. All model-included Raman
mean spectra (column 2) were ascribed to one tissue group in order to validate the PCA-DA. The total
and relative (%) number of correctly assigned model spectra are listed in columns 3 and 4. Overall
accuracy, sensitivity, specificity and precision of the model are summarized in columns 5-8.

Entity Total Cor.rectly Co.rrectly'J Acctlracy Sens(i)tivity Specjﬁcity Precjsion
Spectra Assigned Assigned/% 1% 1% 1% 1%
Salivary gland tissue 94 91 97
Pleomorphic adenoma 35 31 89 o4 4 9 o4
Warthin tumor 47 43 91

The PCA-DA was finally used to predict model-unknown Raman mean spectra of all
investigated parotid tissues in order to verify the model’s classification abilities. For this
purpose, histopathologically distinct regions of non-tumor salivary gland tissue (Figure 4,
1-5, light blue squares) and tumor tissue (Figure 4, 1-5, black squares) were previously
defined as suitable prediction regions on HE sections (Figure 4, 1). These HE regions
were afterwards identified on the consecutive, unstained cross-section used for Raman
imaging (Figure 4, 2; 1-5, light blue and black squares). After Raman image acquisition,
mean spectra of the tissues were again calculated by processing and averaging 100 adjacent
Raman spectra (Figure 4, 3 and 4). This second group of 15 Raman mean spectra (5 per entity;
1500 spectra) was predicted by the final PCA-DA model and evaluated whether they were
classified falsely (red cross) or correctly (green check mark) (Figure 4, 5). This corresponded
to an external model validation. The model prediction outcome was finally corroborated
by the initial HE diagnosis, which allowed a final assessment of the PCA-DA. Typical HE
sections of a pleomorphic adenoma (Figure 4f) and a Warthin tumor (Figure 4g) with a
magnification of 4x are shown in detail to compare the different morphological features.
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Figure 4. Schematic description of the external PCA-DA validation. At first, histopathologically
appropriate tissue regions were defined on the HE-stained cross-sections (1-5 tumor tissue, 1-5
salivary gland tissue in (a)). Afterwards, these regions were identified on the corresponding unstained
cross-sections used for Raman imaging (1-5 tumor tissue, 1-5 salivary gland tissue in (b)). Raman
images (c) and resulting Raman mean spectra (d) were acquired and calculated to be predicted by
the PCA-DA model. The tested Raman mean spectra are either correctly (v) or falsely (X) classified
by the model (e), which is evaluated by the initial HE diagnosis in step (a). Examples for the typical
histomorphology of (f) a pleomorphic adenoma and (g) a Warthin tumor with adjacent healthy
salivary gland tissue.

The classification results of unknown Raman mean spectra by the PCA-DA model are
summarized in Table 3. Almost all Raman mean spectra were assigned to the correct tissue
type, except for one pleomorphic adenoma spectrum, which was classified as salivary
gland tissue.

Table 3. Prediction outcome of model-unknown Raman mean spectra. Five Raman mean spectra
for salivary gland, Warthin tumor and pleomorphic adenoma (column 1 and 2) tissues were clas-
sified, respectively, by the PCA-DA model (column 3) and compared with the initial HE diagnosis
(column 4). Correctly predicted Raman mean spectra are indicated in green and bold, whereas wrong
classifications are depicted in red and regular font.

Entity Prediction Spectra Model Classified as HE Diagnosed as
1 Salivary gland tissue Salivary gland tissue
2 Salivary gland tissue Salivary gland tissue
Salivary 3 Salivary gland tissue Salivary gland tissue
gland tissue
4 Salivary gland tissue Salivary gland tissue
5 Salivary gland tissue Salivary gland tissue
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Table 3. Cont.

Entity Prediction Spectra Model Classified as HE Diagnosed as
1 Pleomorphic adenoma Pleomorphic adenoma
2 Pleomorphic adenoma Pleomorphic adenoma
Pleomorphic 3 Pleomorphic adenoma Salivary gland tissue
adenoma

4 Pleomorphic adenoma Pleomorphic adenoma
5 Pleomorphic adenoma Pleomorphic adenoma
1 Warthin tumor Warthin tumor
2 Warthin tumor Warthin tumor

Warthin tumor 3 Warthin tumor Warthin tumor
4 Warthin tumor Warthin tumor
5 Warthin tumor Warthin tumor

4. Discussion

Accurate classification of salivary gland tumors can be difficult but is clinically very
important. Therefore, new approaches that can support a correct diagnosis are of great
interest. Thus, we focused on Raman spectroscopic imaging combined with MVA to create
a valid and robust PCA-DA model for the differentiation of salivary gland, Warthin tumor
and pleomorphic adenoma tissues.

A comparison of Raman mean spectra in the range of 900-1700 cm~! enabled us
to reveal individual spectral patterns and thus spectral changes between the different
tissue types (Figure 2b, Table 1). Throughout the investigated Raman shift, most of the
identified Raman bands match between the tissue types with only a few distinct band
differences (1)-(14), (Figure 2b). Most of these differences allow the discrimination of non-
tumor salivary gland tissue from parotid gland tumors. This is expressed by several bands
or band relations, which are different for normal salivary gland tissue than for both tumors.
A distinctly appearing band (1) for the salivary gland tissue, which is less pronounced or
shifted within the tumor spectra, indicates variations in RNA. Comparably, band (5) also
implies changes in DNA /RNA between the tissue types. DNA/RNA differences can be
correlated to the abundance of DNA/RNA in tumors due to an intensified proliferation
and metabolic activity of cancer cells [61,62]. Aside from DNA/RNA related differences,
mainly protein and lipid associated vibrations (3)—(5) allow a demarcation of non-tumor
salivary gland tissue from Warthin tumor and pleomorphic adenoma (Figure 2b). This can
be attributed to a dysregulated synthesis of certain lipids and proteins, often enhanced
in tumors [63,64]. Additionally, characteristic tumor signal relations are observed at (3),
(10), (13) for Warthin tumor and pleomorphic adenoma that are also related to triglyceride,
lipid and protein variations and help to discriminate between tumor and non-tumor
tissue. These band relations additionally enable distinguishing between the tumor entities
themselves, as shown, e.g., for (13). This is assumed to result from the individual protein
or lipid expression levels of both tumors [65]. Furthermore, the triglyceride indication
can be ascribed to a high endogenous synthesis of fatty acids, which is estimated to be
linked to the high degree of tumor cell proliferation [66]. Further bands, e.g., (1; 920 cm’l),
(2), (10), (14), enable differentiating salivary gland tissue from parotid tumors (Figure 2b),
which are expected to correlate with collagen vibrations of the tumor’s extracellular matrix.
Collagen was proven to be increasingly accumulated and expressed in tumorous tissue
and thus contribute to tumor progression, invasion and metastasis [67,68]. As a result, the
abundance, type and composition of collagen might be different in the three tissue types,
which also allows the distinction of the parotid tumors.

Although spectral differences are already indicated by the band allocations, the small-
est changes that contribute to a clear parotid differentiation might not be assignable or
might even be missed. To identify these, a PCA analysis between 900 and 1750 cm ! was



Diagnostics 2024, 14, 92

11 of 16

performed (Figure 3). The final tissue type separation was achieved by PC1, PC2 and PC5
and can be deduced from the corresponding loading plots (Figure 3b). The main loading
maxima allow spectral regions or bands with the highest impact on the tissue demarcation
to be identified. As the Warthin tumor is almost fully separated by PC1 and PC2, the
main influences in both loadings are assumed to affect this segregation. Within the PC1
loadings, maxima at 1164 cm~! (3, Figure 2, Table 1), 1530 cm ™!, 1596 cm ! and 1643 cm™!
(13, Figure 2, Table 1) are identified to have a major impact on the Warthin cluster position.
The impact at 1164 cm ™! is associated with a tyrosine variation in the tissues that mainly
causes a separation of Warthin tumor tissue from pleomorphic adenoma. Tyrosine was
found to be accumulated as crystals in pleomorphic adenoma, assumed to result from a
disordered protein synthesis [69]. This seems not to be the case for other parotid tumors,
such as the Warthin tumor, which explains the discrimination of both tumor entities at
1164 cm~! (3, Figure 2, Table 1) and also the differentiation from salivary gland tissue.
Another PC1 loading maximum corresponds to 1530 cm~! which can be correlated to a
carotenoid vibration. Carotenoids were mainly shown to suppress tumor metastasis or
progression, but were also suggested to promote tumor invasion by actively interfering
into various signal pathways [70]. Variations in carotenoids in Warthin tumor tissue might
thus result in a differently up- or downregulated gene expression, which affects changes
in molecular mechanisms and tissue composition. As a consequence, the Warthin tumor
group is more distinguishable from salivary gland and pleomorphic adenoma tissues on
PC1. Furthermore, the influence of PC1 loadings at 1596 cm~ ! and 1643 cm™! (13, Figure 2,
Table 1) are mostly ascribable to amide III oscillations of proteins and lipids that were
previously discussed to be highly abundant in tumors as a result of protein and lipid
dysregulation [63,64]. Consequently, this contributes to a segregation of the tumors from
non-tumor salivary gland tissue. A high concentration of unsaturated triacylglycerol in
healthy salivary gland tissue and a high protein concentration in SGT tissue were observed
by Paluszkiewicz et al. [6].

PC2 is additionally needed to achieve a complete separation of the Warthin tumor
group. Here, the loading at 1440 cm~! (10, Figure 2, Table 1) enables a separation of
Warthin tumor and pleomorphic adenoma from salivary gland tissue and is tentatively
assigned to a cholesterol vibration. This can be explained by an increased cholesterol
concentration in tumors, especially in proliferating cancer cells [71], which was shown for
numerous cancers [71,72]. Particularly in Warthin tumors, the cystic structures contain cell
debris and cholesterol crystals, which further supports the cholesterol-based explanation.
Another explanation for the 1440 cm ™! band derives from a varying lipid composition or
concentration in Warthin tumor tissue, as it is a characteristic vibration for lipids [73,74].
This might be corroborated by the fact that further cholesterol bands, such as 701 cm ™!
and 1087 cm ™!, are less pronounced in the Raman spectra. Additional PC2 loadings at
1467 cm ™!, 1643 cm~ (13, Figure 2, Table 1) and 1680 cm ™! again indicate a high impact of
proteins and lipids on the separation of the Warthin tumor cluster, which implies a varying
protein and lipid composition for Warthin tumors.

PC5, however, was required to enable a complete distinction between pleomorphic
adenoma and normal salivary gland tissue. The most influencing PC5 loading maxima
are shown at 1285 cm !, 1384 cm ™!, 1450 cm ™! (10, Figure 2, Table 1) and 1546 cm L.
The PC5 loading at 1285 cm ™! points to the impact of collagen on the distinction between
pleomorphic adenoma and salivary gland tissue. This again confirms that tumors differ
from normal tissues by their collagen composition, type and abundance, as was already
discussed. Another influence is also assigned to cytosine, which is associated with tumori-
genesis due to cytosine methylation [75]. Compared to that, pronounced PC5 loadings at
1384 cm~! and 1450 cm ™~ (10, Figure 2, Table 1) result from CH,/CHj bending modes that
are at least partly malignant-specific. A further assignment of these loadings is possible due
to the CH, /CHj3 modes of biomolecules, including proteins and lipids. Both loading alloca-
tions can be interpreted as an increase in biomass, typically observed for tumors [76], and
are thus highly specific for pleomorphic adenoma. At a PC5 loading value of 1546 cm ™1,
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bound/free nicotinamide adenine dinucleotide hydride (NADH) and tryptophan are ex-
pected to additionally trigger the separation of pleomorphic adenoma from salivary gland
tissue. This is reasonable since tumors reveal an increased metabolism that correlates
with a higher NADH and tryptophan demand [62,77]. Furthermore, the ratio of bound to
free NADH differs between normal and tumorous tissue and thus contributes to a better
distinction between non-tumor salivary gland tissue and pleomorphic adenoma [78].

The final PCA-DA model was used to predict model-unknown Raman mean spectra of
the three tissue types and test its classification suitability. Model performance parameters
are all beyond 90% and thus demonstrate the model’s applicability for prediction purposes.
Except for one misclassification of pleomorphic adenoma, all Raman mean spectra were
predicted correctly according to the corresponding HE diagnosis (Table 3). A possible
reason for the failed prediction might be the high tissue heterogeneity of pleomorphic
adenoma, which could hamper its classification by the model. However, all other pleomor-
phic adenoma spectra were distinctly identified by the model and thus suggest that the
PCA-DA covers the variations in tissue heterogeneity. This indicates the high potential of
the PCA-DA model to be a supporting diagnostic tool. Our findings support, that Raman
spectroscopy (RS)-based imaging systems are able to separate non-tumor salivary gland
tissue and salivary gland tumor tissue based on spectroscopic information with a high
accuracy. However, further validation steps are necessary to evaluate whether RS-based
spectroscopy approaches are suitable for salivary gland tumor entity determination. In
the next step, the investigation of a data set with more different tumor entities is planned.
Although a good classification accuracy is achieved, the time-consuming Raman imag-
ing prevents the measurement of a large number of patient samples. Consequently, an
automatization is required to enable a high imaging throughput in the future.

5. Conclusions

This study focused on the identification and differentiation of non-tumor salivary
gland tissue, Warthin tumor and pleomorphic adenoma via Raman imaging combined
with MVA. Representative regions of all three tissue types were Raman-imaged in a point-
scanning manner with an adequate spatial and high spectral resolution. This allowed us
to conduct a thorough Raman band analysis in order to identify differences in the spectra
and understand the biological background. Spectral variations were mainly observed for
RNA /DNA-, lipid-, protein- and collagen-related bands or band relations that primarily
contribute to a discrimination of tumorous and non-tumorous tissues. Due to the high
spectral similarity between the tissues, a subsequent PCA calculation with the Raman data
was necessary to uncover the tissue-specific impact responsible for a distinct differentiation.
This revealed major influences of tyrosine, carotenoids, cholesterol, cytosine, NADH and
tryptophan, aside from proteins and lipids, that allowed for a clear parotid tissue separation
via PCA. These results emphasized the necessity of PCA to extract the hidden information,
not determinable to this extent by a Raman band analysis. By combining the PCA with
a subsequent DA, a reliable PCA-DA model was formed, which achieved an accuracy of
94%, sensitivity of 94%, specificity of 95% and precision of 94%. To verify the model’s
prediction capability, an external proof-of-principle validation of model-unknown Raman
mean spectra was performed. The results revealed an almost completely correct prediction
outcome, except for one false pleomorphic adenoma classification. Possible reasons for
that were ascribed to its pronounced heterogeneity. All prediction results were additionally
confirmed by corresponding HE diagnoses. Consequently, we consider our PCA-DA model
to be a useful supportive means in identifying salivary gland tumor tissue. However
further evaluation steps are necessary for a more in-depth assessment of the translational
potential. In detail, an evaluation of the PCA-DA model with a big dataset containing a
higher number of different salivary gland tumor entities is necessary.
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Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/diagnostics14010092 /s1, Figure S1: Superimposed Raman mean
spectra of normal salivary gland, Warthin tumor and pleomorphic adenoma within 900-1700 cmL;
Figure S2: Different perspectives of the 3D PCA scores plot for distinguishing salivary gland, Warthin
tumor and pleomorphic adenoma; Figure S3: 2D score plots and corresponding loading plots of the
PCA model; Figure S4: 2D score plots of the calibration and validation model and explained variance

/ residual variance of the PCA model; Table S1: Confusion matrix of the final PCA-DA model.
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Abstract: Surface-enhanced Raman spectroscopy (SERS) provides a strong enhancement to an inher-
ently weak Raman signal, which strongly depends on the material, design, and fabrication of the
substrate. Here, we present a facile method of fabricating a non-uniform SERS substrate based on an
annealed thin gold (Au) film that offers multiple resonances and gap sizes within the same sample. It
is not only chemically stable, but also shows reproducible trends in terms of geometry and plasmonic
response. Scanning electron microscopy (SEM) reveals particle-like and island-like morphology
with different gap sizes at different lateral positions of the substrate. Extinction spectra show that
the plasmonic resonance of the nanoparticles/metal islands can be continuously tuned across the
substrate. We observed that for the analytes 1,2-bis(4-pyridyl) ethylene (BPE) and methylene blue
(MB), the maximum SERS enhancement is achieved at different lateral positions, and the shape of the
extinction spectra allows for the correlation of SERS enhancement with surface morphology. Such
non-uniform SERS substrates with multiple nanoparticle sizes, shapes, and interparticle distances
can be used for fast screening of analytes due to the lateral variation of the resonances within the
same sample.

Keywords: surface-enhanced Raman spectroscopy (SERS); SERS substrates; multiple plasmonic
resonances; island film

1. Introduction

Since its discovery, Raman spectroscopy has attracted a lot of attention due to its
selective molecular identification [1,2]. A major limitation is the inherently small Ra-
man cross-section, which can be overcome with surface-enhanced Raman spectroscopy
(SERS) [3]. On average, the Raman signal can be enhanced by a factor of 10*~10°, and
sometimes even by a factor of 10® by exploiting surface enhancement effects [4-7]. However,
the challenge to achieve such high enhancements is strongly dependent on the design and
fabrication of the SERS substrates. In many cases, a SERS substrate consists of noble metal
nanoparticles (NPs), where the actual shape and distance of the NPs play a crucial role in
SERS enhancement. The gap between the NPs has an especially significant impact on the
SERS effect, since the electric field can be strongly enhanced in the gap due to confinement
by the NPs [8-12]. Hence, the ideal SERS substrate needs to offer high Raman enhance-
ment, which can be altered by manipulating the size, shape, and interparticle distance of
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noble metal NPs, and good stability (physically and chemically) to withstand any analyte.
Furthermore, the fabrication process should be reproducible, simple, and cost-effective.

There are plenty of SERS substrates available on the market, such as surface-roughened
films [13,14], colloidal NPs [15-17], metal /metal island films [18-21], etc. However, most of
these substrates lack a certain combination of the aforementioned properties. A preferable
substrate would be one that offers resonant excitation of plasmons in NPs and is stable,
reproducible in geometry and plasmonic response, easy to prepare, and cost-effective.
Plenty of SERS substrates have been fabricated with the aim of an optimal combination of
the above-mentioned properties.

Many investigated substrates rely on the uniformity of NP sizes and shapes [22-27].
This uniformity yields a uniform Raman enhancement profile, which allows reproducible
SERS results. However, for rapid and extensive screening to find the optimal combination
of properties for SERS, it is desirable to have a SERS substrate that offers multiple NP sizes,
shapes, and gaps leading to variable resonances.

Gradient assemblies of NPs with gradually changing sizes and densities have attracted
interest because of their varied applications [28-36]. These samples fulfill many of the crite-
ria mentioned above. Due to the gradual variation in the size of the NPs, their plasmonic
response varies. These assemblies allow manipulation and investigation of their material
properties at the micro and nano scales. Several techniques have have been employed
to fabricate gradient NP assemblies on various substrates [28,32,36-38]. However, the
definite distribution of sizes, shapes, and interparticle distances between NPs can hardly
be controlled, especially in micro and nanometer scale gradients.

In this work, we report a facile method of fabricating non-uniform SERS substrates that
not only have typical SERS substrate characteristics, but also inhomogeneity in NP sizes
and gaps. We show that such a substrate offers multiple plasmonic resonances and that the
SERS enhancement varies spatially for different analytes. Additionally, we show that the
local surface morphology can be estimated by optical methods. Furthermore, it is easy to
prepare, uncomplicated, and comparatively cost-effective. Such a substrate enables fast
screening of analytes and is stable, with reproducible trends in the results. This approach
shows high controllability for the fabrication of such SERS substrates at the micro and nano
scales and increases the potential of practical applications of non-uniform SERS substrates.

2. Results and Discussion

Several non-uniform samples were prepared as described in the Materials and Meth-
ods section; one of them has been illustrated in Figure 1. For ease of explanation, we
labeled the substrates as S1, S2, and S3. Figure 1a shows a schematic of such non-uniform
SERS substrates (S1, S2, S3), where the center of the evaporation source is marked as “C”.
Figure 1b shows SEM images of the points marked P1 to P9 in Figure 1a. The SEM image
at P1 shows that the substrate is covered by relatively spherical NPs. On the contrary, the
SEM image at P2 shows the formation of connected Au islands forming percolation paths,
which gradually increase in size until P5. This inhomogeneity occurs since points P2 to P5
are closer to the center, such that more metal is deposited in this region, and the thermal
annealing of the sample leads to the formation of connected Au islands [39].

Afterwards, SEM images at points P6 and P7 show a slow transition from a connected
island-like morphology towards particle-like features. Finally, points P8 and P9 of S3 are
further away from the center and are covered by relatively spherical particles. Figure 1c
shows the particle size distributions at points P1, P8, and P9, as determined with the image
processing software Image]. At P1, the average particle size (radius) is 15 &+ 10 nm, and
moving across the island film to P8 leads to larger particles with 20 + 13 nm. The largest
particle density with the smallest particles is observed at P9, with an average particle size
of 10 & 6 nm. The average particle sizes at points P2 to P7 cannot be easily determined
since the substrate is covered with connected Au islands. An important parameter for SERS
enhancement is the gap between the particles/islands. Figure 1d shows the average gap
size between Au NPs and Au islands at points P1 to P9. The gap sizes were evaluated in
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the image processing software Gwydion. At point P1, the average gap size between the Au
NPsis 11 £ 4 nm. As can be seen in the SEM images, at P2, the surface morphology changes
from NPs to an island film, which leads to an increase in the gap size to 42 + 6 nm and
52 & 5 nm at P2/P3, respectively. Moving further towards the center C of the whole sample
at P4/P5, the average gap size between islands gradually decreases to 45 = 3 nm and
32 £ 3 nm. In this area, more metal is deposited, and the thermal annealing of the sample
leads to the formation of larger connected islands with smaller gap sizes. Moving further
across the substrate, the trend is reverted, and the average gap size increases again at P6
to P8, and decreases when NPs are formed at P8/P9. Finally, at point P9, the average gap
size is 11 & 3 nm, which is similar to P1. This morphology is similar for different fabricated
substrates within the limits of the production process of inhomogeneous samples, as can be
seen in the supporting information in Figure S1.
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Figure 1. (a) Schematic of non-uniform SERS substrates S1, S2, and S3 marked with points P1 to
P9 (black, points where SEM images were taken), and with points 1 to 40 (orange, points where
extinction spectra were acquired); the length of each substrate is 40 mm. (b) SEM images (P1 to P9) at
corresponding points marked in (a). (c) Au particle size distribution at points P1, P8, and P9, and
(d) average size of gaps between Au NPs/islands at points P1 to P9.

Figure 2a shows a contour plot of extinction spectra acquired across samples S1, S2,
and S3 shown in Figure 1. Spectra were recorded at 40 different locations, as shown
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schematically in Figure 1a along the substrates (cf. “horizontal position” in Figure 2a,e).
The selected extinction spectra in Figure 2b—d correspond to points P1-P9 of the SEM
images of 51, S2, and S3 in Figure 1b. The horizontal position locationof P1 to P9 can be
seen in Figure 2a.
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Figure 2. (a) Contour of the extinction spectra acquired across substrates S1, S2, and S3, as denoted
schematically in orange at 40 locations in Figure 1a. The black markers illustrate the maximum of
each spectrum. (b) Corresponding extinction spectra of S3 at points P7, P8, and P9, (c) corresponding
extinction spectra of S2 at positions P4, P5, and P6, (d) corresponding extinction spectra of S1 at
positions P1, P2, and P3, and (e) LSPR, amplitude and symmetry factor of extinction spectra in (a).

In general, the extinction maximum of the spectra (illustrated by the black markers in
Figure 2a) acquired across the three substrates shifts to longer wavelengths from S1 to S2,
and to shorter wavelengths from S2 to S3. Furthermore, the full width at half maximum
(FWHM) of the extinction spectra changes from S1 to S3. The extinction spectra of S1 in
Figure 2a and the spectra at P1 to P3 in Figure 2d show that the localized surface plasmon
resonance (LSPR) is comparably narrow at position P1 and gradually red shifts, broadens,
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increases in intensity, and becomes more asymmetric towards position P3. This trend
continues until the middle of substrate S2, where the spectra are highly asymmetric and
are tailing towards larger wavelengths. Moving further to S3, this trend is reverted and the
spectral maximum shifts to the blue. Furthermore, the spectral peak sharpens, decreases in
intensity, and becomes more symmetric. On substrate S3 the spectral shape is similar to
that on 51, and the spectra exhibit a well-defined maximum, indicating a localized plasmon
resonance. This alteration of the spectral shape allows us to draw conclusions on the film
morphology at the different positions on the substrate. At the beginning/end of S1/53, the
spectra show a clear LSPR resonance, similar to that of a gold sphere [40-42]. This is also
supported by the SEM images in Figure 1b. However, comparing the spectral position of
the experimental extinction maxima with simulations based on Mie’s theory of spherical
gold particles (see supporting information in Figure S2a), it is obvious that the experimental
resonances show a large red shift. This indicates a significant contribution of coupling
between the NPs, which is favorable for SERS experiments, as it creates intense hotspots in
the gaps [43]. Moving towards S2, the spectral maximum shifts further to the red, which
suggests that the particle size and /or the coupling between the particles increases. The SEM
images in Figure 1b show that the film morphology changes from NPs to a connected Au
island film towards the center C. Here, more material is deposited due to the evaporation
geometry. This morphology change is also visible in the extinction spectra, since they further
red shift, increase in intensity, and become strongly asymmetric in the center of the three
substrates. In particular, this asymmetry can be a measure of the film morphology, where
a large asymmetry indicates an island-like film, and a small one suggests spherical NPs.
These effects are summarized in Figure 2e, where the spectral maximum, the amplitude,
and the symmetry factor are shown as a function of the horizontal position. The LSPR
spectral position and the intensity of the spectra correlate with each other and show similar
trends. Moving across the three substrates, the LSPR (shown in black) red shifts from
580 nm to 660 nm and remains approximately constant at 630 nm on S2. For S3, the LSPR
blue shifts from 620 nm to 570 nm. The intensity shows a similar trend, and the maximum
extinction is observed at the center C. An increase in intensity indicates an increase in optical
cross-section due to more material being deposited in those regions and vice versa. This is
supported by SEM images in Figure 1b. Additionally, we characterized the asymmetry of
the spectra by a symmetry factor, which is the ratio of the difference of the areas on the right
and left sides of the spectral maximum normalized to the full area of the spectrum (see
supporting information in Figure 52b). A negative symmetry factor means that the area
under the curve on the long-wavelength side of the spectral maximum is larger than the
area on the shorter-wavelength side. This symmetry factor is shown by the green markers
in Figure 2e. In general, the symmetry factor is anticorrelated with the spectral maximum
and the intensity. As the LSPR red shifts, the extinction spectrum is increasingly tailing
towards larger wavelengths, and thus, the symmetry factor shifts to increasingly negative
values. It remains approximately constant for S2 and gradually decreases in amplitude for
S3, indicating that the extinction spectra are becoming more symmetric. Hence, a symmetry
factor close to zero indicates a particle-like morphology, and a negative symmetry factor
indicates a connected island film.

The potential of such a non-uniform substrate for SERS is shown by using 1,2-bis(4-pyridyl)
ethylene (BPE) and methylene blue (MB) as analytes. For this purpose, droplets of suspen-
sions of the respective analyte are positioned on the substrate, as shown in the Materials and
Methods section below. The analyte BPE was evaluated at 12 different horizontal positions,
whereas 20 horizontal positions for MB were analyzed across the substrate. Note: Due to
the symmetry of the substrate, the 12 or 20 droplets were placed at distances of 2-3 mm
between positions P1 and P5 by hand. The focus spot sizes for the SERS measurements
is in the order of few um, much larger than the size of the individual nanostructures and
much smaller than the droplet size.

The most intense peak of BPE, namely the benzene ring stretching (C-H) at 1608 cm ™!,
was chosen for analysis. Raman measurements and corresponding extinction spectra
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acquired at the same specified points (without analyte) are shown in Figure 3a—c. Please
note that different substrates were used for the SEM characterization in Figures 1 and 2 and
for the SERS experiments in Figure 3 due to carbon residuals after the SEM measurements.
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Figure 3. (a) Extinction spectra acquired (without analyte) at 12 lateral positions across the substrate
used for SERS of BPE. (b) Raman spectra of BPE (1 uL—0.25 X 1073 M) acquired at the same
12 positions. (c) SERS intensity of BPE (@1608 cm~!)—blue curve, spectral maxima of the extinction
spectra shown in (a)—black curve, symmetry factor of the extinction spectra shown in (a)—green
curve, (d) Extinction spectra acquired (without analyte) at 20 lateral positions across another gradient
SERS substrate used for MB. (e) Raman spectra of MB (1 pL—0.25 X 1073 M) acquired at the
same 20 positions. (f) SERS intensity of MB (@1625 cm ™ 1)—blue curve, spectral maxima of the
extinction spectra shown in (d)—black curve, symmetry factor of the extinction spectra shown in
(d)—green curve.

The extinction spectra in Figure 3a were acquired before deposition of the analytes
and show a similar trend as previously observed in Figure 2, suggesting a continuous
transition from spherical particles at position 1 to a connected islands film at position
12. The extinction maxima of these spectra are shown in Figure 3c by the black line as a
function of the horizontal position. The values are determined using an in-house MATLAB
script that also considers the asymmetry of the curve, since in curves 10 to 12, the maxima
are no longer discernible. The spectral shape of the extinction spectra suggests that this
substrate covers the morphology change between points P1 and P5 of the substrate shown
in Figures 1 and 2. For this substrate, there is a red shift from approximately 550 nm at
position 1 to 670 nm at position 12. This means that the particle sizes are small at the
beginning and gradually increase in size until a connected Au island film is obtained. Note
that adding water droplets for the SERS measurements is expected to systematically shift
the LSPR resonances to longer wavelengths. The transition from NPs to an island film can



Molecules 2022, 27, 5097

7 of 13

again be seen by the broadening and decreasing symmetry of the extinction spectra. The
symmetry factor as a function of the horizontal position is plotted in Figure 3c—green line.
The spectrum remains symmetric and only broadens gradually until position 3, indicating
that the particles in this region just increase in size, but remain roughly spherical. Moving
towards position 12, islands are forming and increasing in size. As a consequence, the
gap sizes first increase and then decrease again when the islands become larger. Hence,
the morphology at positions 1-12 roughly correlates with the SEM images in Figure 1b of
P2-P5. Figure 3b shows a series of Raman spectra of BPE at the 12 positions, and the Raman
intensity variation as a function of the horizontal position is summarized in Figure 3c—blue
line. The most intense peak of BPE (@1608 cm™!) is chosen to clearly visualize the Raman
enhancement along the 12 lateral positions. However, all other peaks of BPE show the
same trend, as can be seen in Figure 3b. The Raman intensity of the 1608 cm~! peak
increases from position 1 to 3. Here, the red shift of the extinction spectra suggests that the
NP size increases. The maximum Raman enhancement is observed at position 3, where
the film morphology is still particle-like with comparably small gaps and the extinction
maximum in water is presumably spectrally close to the excitation wavelength (633 nm,
black dashed line in Figure 3b). Hence, there is a strong absorption of the excitation light
and, as a result, the plasmon excitation is very efficient, and the small gaps are creating
intense hotspots, further enhancing the Raman intensity. Afterwards, the Raman intensity
gradually decreases from position 4 to position 8. The extinction maximum at these lateral
positions red shifts from 605 nm to 625 nm, and the symmetry factor gradually decreases
from positions 4 to8. This suggests that the film morphology changes from particle-like to
connected islands with larger gaps (see Figure 1). These larger gaps lead to a comparably
small Raman enhancement. Hence, this film morphology is not favorable to efficiently
enhance the Raman signal of BPE, at least compared to the other morphologies. From
position 11 to 12, the extinction maximum further red shifts from 630 nm to 650 nm, and the
symmetry factor also becomes more negative, suggesting a further growth of the islands.
As previously observed in Figure 1, further growth of the islands leads to a reduction in
the gap size, resulting in the small increase in the Raman intensity towards position 12.
To demonstrate that such a non-uniform SERS substrate offers fast screening of optimal
SERS conditions for different molecules, we compare the results obtained for BPE with
those obtained for MB. A fresh non-uniform SERS substrate was fabricated, and MB was
about equidistantly deposited at 20 different lateral positions across the substrate. Raman
measurements and corresponding extinction spectra (without analyte) acquired at those
points are shown in Figure 3d—f. Again, the extinction spectra in Figure 3d show a trend
suggesting a gradual transition from spherical particles at position 1 to a connected islands
film at position 20. The extinction maxima of these spectra are shown in Figure 3f by the
black line as a function of the horizontal position. Similar to Figure 3a, the extinction spectra
suggest that the substrate film morphology in the range of points 1 to 20 is comparable to
that between points P1 and P5 of the sample shown in Figures 1 and 2. For this substrate,
there is a red shift from approximately 560 nm at position 1 to 660 nm at position 20 and
a similar evolution of the spectral shape. This means that the morphology of all three
substrates shown here changes in a very similar way under identical substrate preparation.
The symmetry factor as a function of the horizontal position is plotted in Figure 3f—green
line. The spectrum remains symmetric and only broadens gradually until position 10,
depicting that the particles in this region just increase in size, but remain roughly spherical.
Moving further across the substrate, islands are forming and increasing in size. As a
consequence, the gap sizes first increase and then decrease again when the islands become
larger. This covers the morphology change observed in the SEM images in Figure 1b of
P1-P5. Figure 3e shows a series of Raman spectra of MB at the 20 positions; the most
intense peak of MB (@1635 cm™!) is chosen to clearly visualize the Raman enhancement
along the 20 lateral positions. However, all other peaks of MB show the same trend, as can
be seen in Figure 3e. The Raman intensity variation of the 1635 cm™~! peak as a function
of the horizontal position is shown in Figure 3f—blue line. The Raman intensity from
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position 1 to 20 has a wavy nature, which requires further investigation. The maximum
Raman enhancement is observed at position 14, where the Au film consists of connected
islands with comparably small gaps with an extinction maximum without analyte (610 nm)
spectrally close to the excitation wavelength (633 nm, black dashed line in Figure 3d). Hence,
there is a strong absorption of the excitation light and, as a result, the plasmon excitation
is very efficient and the small gaps are creating intense hotspots, further enhancing the
Raman intensity. Afterwards, the Raman intensity gradually decreases from position 14
onwards to position 20.

Since we have used different substrates for BPE and ME, it is important to compare
the results for similar substrate morphologies. This is shown in Figure 4 by plotting the
SERS intensity against the extinction maximum of the substrate (without analyte).

10
-
[ =
8 |
=05
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(14
11}
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Figure 4. Plot comparing the SERS intensity for the two molecules BPE and MB to the extinction
maximum of the LSPR (without analyte).

The highest SERS intensity for BPE (solid blue line in Figure 4) is obtained at position
3, where the maximum extinction of the substrate without analyte is at 585 nm. At this
position, the film morphology is particle-like with small gaps. On the other hand, the
highest SERS intensity for MB (dashed blue line in Figure 4) is obtained at position 14
with a substrate resonance without analyte at approximately 610 nm. At this position, the
film consists of connected islands with small gaps. Hence, these two different molecules
show two different laterally separated resonant positions on a non-uniform SERS substrate.
This indicates that the type of non-uniform SERS substrate produced for this study offers
multiple resonant conditions. Depending on the excitation wavelength and properties of
the molecules, the maximum enhancement is observed at different lateral positions on
those samples. This is a clear indication that these types of gradient samples can be used
to screen for the optimal SERS conditions for different molecules. This also shows that
metal islands can be tuned hassle-free and can be used as comparatively low-cost SERS
substrates. Furthermore, the parameter range of these substrates can be further expanded
by different annealing processes or by patterning of the underlying substrate.

3. Materials and Methods
3.1. Non-Uniform Metallic Au Particles Substrate Fabrication

The SERS substrates were prepared by metal evaporation in a vacuum evaporator
(Plassys MEB400, France) using the thermal evaporation mode. The evaporation rate
was 0.03 nm/s monitored by a built-in quartz crystal sensor. The working pressure was
1.0 x 107® Torr. Prior to metal evaporation, the glass substrates were washed with a
mixture of detergent (Decon 90) and ddH,O (1:9 volume ratio) in an ultrasonic water bath
at 50 °C for 20 min, and then dried within an N; stream. Figure 5a shows a schematic of a
conventional metal evaporation technique to deposit layers of uniform thickness covering
the whole substrate. Non-uniform SERS substrates were fabricated by evaporating a thin
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layer of gold (Au), followed by thermal annealing, which leads to the formation of Au
NPs/islands. To attain non-uniform deposition of metal NPs, the sample holder, containing
bare glass substrates, was placed very close to the source. This arrangement is shown in
Figure 5b. The distance between source and substrate in this work was 70 mm. Afterwards,
the sample is thermally annealed at 250 °C for 30 s on a hot plate. Figure 5c shows an
optical image of the resultant non-uniform Au SERS substrates. The sample holder can
hold 3 glass substrates of 22 mm x 40 mm each; the non-uniformity is extended over the
3 glass substrates and is even visible by the naked eye (Figure 5c).

(a) (b)

(c)

S$1 S2 S3

Figure 5. (a) Schematic of vacuum evaporator for metal deposition in the conventional method (for
approximately uniform thickness of metal deposition), (b) schematic of vacuum evaporator for the
metal deposition with non-uniform thickness, and (c) resulting non-uniform SERS substrates on glass.

3.2. Extinction Spectra

Extinction spectra were recorded in two confocal systems (Setup 1: Figures 2a—c and 3a,
Setup 2: Figure 3d). The region of interest in each case is illuminated with a nearly colli-
mated white light source under normal incidence. The transmitted light is collected by
an objective, spatially filtered by either an optical fiber or a pinhole, and detected by a
spectrometer [44,45]. Due to the spatial filtering, signal from an area of ~10 um diameter is
recorded. All measurements were conducted at room temperature and ambient conditions.

Setup 1: Illumination takes place with a halogen light bulb in a LabRAM 800HR
equipped with an Olympus BX41 microscope. The transmitted light is collected by a
20 % objective (NA 0.45) and coupled into an Ocean Optics QE 65,000 spectrometer through
a 200 um fiber.

Setup 2: [llumination takes place with a halogen light bulb in a Nikon Ti-U inverted
microscope. The transmitted light is collected by a 20x objective (NA 0.5) and spatially
filtered by a 200 um pinhole in the image plane before entering an Ocean Optics QE
65,000 spectrometer.

Extinction was evaluated in the spectrometer software according to

Extinction = —logjo (Ts/T),

where T represents the light intensity transmitted through a bare glass, and Ts is the
intensity transmitted through the fabricated gradient SERS substrates. Both T and Ts were
first corrected for the dark current of the spectrometer’s CCD detector.
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3.3. SERS Experiments

A LabRAM 800HR from Horiba equipped with an Olympus BX41 microscope, a
632.8 nm laser and a 10x (NA = 0.3) objective in a reflection configuration was used for
illumination and collection of the Raman signal. SERS experiments were performed with
1,2-bis(4-pyridyl) ethylene (BPE) with a concentration of 0.25 x 10~3 M and methylene blue
(MB) with a concentration of 0.25 x 1073 M in water. The excitation and emission maxima
of the fluorescent molecule BPE are located at 388 nm and 456 nm, respectively [46,47],
whereas the excitation and emission maxima of MB are located at 400 nm and 686 nm,
respectively [48]. For the SERS experiments, droplets of 1 puL each were about equidistantly
deposited on the substrate (corresponding to droplets with diameters of several 100 pm at
a spacing of ~2-3 mm), and spectra were acquired rapidly before the droplets dried. The
location of the droplets is denoted as “horizontal position” in the evaluation of the SERS
spectra. Drying of the analyte might cause a non-uniform distribution of the analytes over
the substrate surface, resulting in accumulation of the analyte at SERS hotspot regions,
eventually hindering a correct characterization of the substrate [49,50]. Furthermore, it is
worthwhile to validate the SERS substrate in solution to show its usefulness as a molecular
sensor. All the measurements were conducted at room temperature and ambient conditions.

3.4. Scanning Electron Microscopy (SEM)

SEM images were acquired with a Schottky Jeol 6500F at 2 kV, a secondary electron
detector, and an accelerating voltage of 0.5 to 30 kV.

4. Conclusions

We have demonstrated a straightforward strategy to design and fabricate non-uniform
SERS substrates that offer a wide range of resonance wavelengths for faster screening of
analytes. The substrates were fabricated in a metal evaporator by placing the sample holder
close to the Au source. The substrate was characterized with SEM and shows a continuous
transition from Au NPs to connected Au islands and back at different lateral positions. The
intensity maximum of the extinction spectra showed that the resonances of such substrates
vary over a wide range from 560 nm to 680 nm. Furthermore, the spectral shape of the
extinction spectrum allows us to draw conclusions on the Au film morphology in that
region. A comparatively sharp and symmetric spectrum originates from NPs, while a broad
and asymmetric spectral shape indicates a connected island morphology. Additionally,
the intensity of the spectra increases, since the optical cross-section is increased for islands
with a larger area. Hence, acquiring an extinction spectrum can serve as an easy tool to
characterize the morphology of an Au film based on the previous knowledge from the SEM
images. The SEM images also reveal that the gap size between NPs/islands varies with the
amount of material being deposited in that region. Smaller gap sizes between particles and
islands create hotspots that increase the Raman enhancement. Such substrates are suitable
to finding the optimal surface morphology for SERS. We investigated the SERS efficiency for
BPE and MB and found that the maximum SERS enhancement for these molecules occurs at
different lateral positions and thus, for different surface morphologies. For the non-resonant
molecule BPE, the strongest enhancement was observed when the extinction maximum
was close to the excitation laser wavelength, while the film morphology is still particle-
like with small gaps was maintained. However, this was not the case for the resonant
molecule MB, where it was favorable to have the extinction maximum at an about 20 nm
longer resonance wavelength (possibly still closer to the excitation laser wavelength), even
though the actual morphology consists of connected islands with larger gaps. (Note that
the measured extinction maximawill be shifted to longer wavelengths when the analyte is
added.) Hence, such non-uniform SERS substrates provide cost-effective and fast screening
of analytes, show reproducible trends, and are reliable and easy to fabricate.
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Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /molecules27165097 /s1, Figure S1: SEM images of different fabri-
cated substrates (substrate 1—red and substrate 2—blue) at the same position P1 and P5 to denote
micro and nanoscale reproducibility. Figure S2: (a) Normalized extinction spectra at points P1, P8,
and P9 (solid lines—red, blue, black) compared to normalized simulated extinction spectra from Mie
theory for spherical gold NPs with radii of 10 nm, 15 nm, and 20 nm (dashed lines—red, blue, black),
(b) schematic and equation to determine the symmetry factor of an extinction curve.
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ABSTRACT: Porous silica materials are often used for drug OH
delivery. However, systems for simultaneous delivery of multiple Q
drugs are scarce. Here we show that anisotropic and amphiphilic
dumbbell core—shell silica microparticles with chemically selective
environments can entrap and release two drugs simultaneously. The OH O

dumbbells consist of a large dense lobe and a smaller hollow Quercetin(ar) ({808
hemisphere. Electron microscopy images show that the shells of —

both parts have mesoporous channels. In a simple etching process,

[l Metrics & More | @ Supporting Information

OH oW l:,'

O\

Cell Viability (%)
o
o

. - o 20| |
the pr(?perly aq]usted stirring speed and. the application of o on i
ammonium fluoride as etching agent determine the shape and the S N e Control QT
surface anisotropy of the particles. The surface of the dense lobe and | .~ - DCS1 DCst  DCst
the small hemisphere differ in their zeta potentials consistent with OCH;  curcumin(cur)  OCH

differences in dye and drug entrapment. Confocal Raman

microscopy and spectroscopy show that the two polyphenols curcumin (Cur) and quercetin (QT) accumulate in different
compartments of the particles. The overall drug entrapment efficiency of Cur plus QT is high for the amphiphilic particles but differs
widely between Cur and QT compared to controls of core—shell silica microspheres and uniformly charged dumbbell microparticles.
Furthermore, Cur and QT loaded microparticles show different cancer cell inhibitory activities. The highest activity is detected for
the dual drug loaded amphiphilic microparticles in comparison to the controls. In the long term, amphiphilic particles may open up
new strategies for drug delivery.

1. INTRODUCTION

Transportation of drugs into cells for medical diagnostics and
treatment is of fundamental importance. Many of the present
drugs are suffering from stability problems in a biological
environment and/or poor water solubility, making the drugs less
effective.’ Thus, drug delivery strategies based on different
materials have been developed.'~® So far, several types of dru
vehicles have been relported which include liposomes,
peptides,® polymers,”~"" inorganic nano- and micro]g:)ar—
ticles,'”~"” and organic/inorganic hybrid materials."*"” A
drawback of many materials is their low drug loading
capabilities. To improve their therapeutic efficacy, large amounts
of carrier have to be applied. Unfortunately, most of the carriers
are accompanied by drawbacks such as poor biocompatibility,
the application of large amounts of surfactants, the requirement
for chemical modifications, and complex preparation protocols
that restrict their access.

The natural, hydrophobic polyphenols curcumin (Cur) and
quercetin (QT) affect numerous cellular targets and show
activity on the cellular level.”°~*° Both compounds suffer from
poor bioavailability because of their low solubility in aqueous
solutions and low stability in a biological environment.

© 2021 American Chemical Society

7 ACS Publications

Consequently, several approaches to deliver both natural
polyphenols with different types of drug carriers have been
suggested.”* ™

Mesoporous silica nano- and microparticles are biocompat-
ible and biodegradable and provide networks of pores with a
large surface area and high pore volume.**~** These properties
make them attractive for many applications in different
fields”~* including drug delivery systems.'>***>*’ By trapping
the drug in the mesoporous network, drug degradation is
reduced and solubility is enhanced.* Thus, this enhancement
has led to a dramatic increase in the interest of mesoporous
silica-based formulations in the past decade.”**

Although several studies have highlighted the controlled

release of various therapeutic agents with mesoporous silica
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Figure 1. (a) Schematic illustration of the anisotropic, amphiphilic core—shell dumbbell particle (dl, dl,, dc, and dc: diameter and thickness of the
hollow cavity and its shell as well as of the dense core and its shell, respectively), (b) STEM micrograph of a representative particle, (c) surface
morphology of the shell displaying the hexagonally ordered mesoporous channels, and (d) particle colored with negatively charged Sulforhodamine B

(red) and positively charged Alexa Fluor 514 (green).

particles,” " in most of the reported examples only one kind of

drug is entrapped.”” Up to date, the codelivery of multiple drugs
with different molecular properties remains difficult.> Yet, the
possibility to load and release different drugs on the same
systems allows to combine therapies and increases the
opportunities for treating diseases. This codelivery requires
materials with the ability to load and release drugs with different
properties and function.

Mesoporous materials with multilevel morphology and
hierarchical pore structures have been developed.”*™" Such
particles provide different compartments and phase-separated
domains and are thus interesting candidates for multidrug
delivery purposes.”’’~®' Moreover, the amphiphilic character
that multifunctional particles, like Janus particles, often have
increases the interfacial activity and improves the particle—cell
interaction.”

We recently reported on anisotropic dumbbell®® core—shell
silica microparticles, which are composed of two different
hemispheres (Figure 1),°* so that three compartments can be
identified: (i) the shell of the large lobe that is partially
fluorinated and, therefore, more hydrophobic with a weak
surface charge, (i) the hydrophilic shell of the small lobe that is
negatively charged, and (iii) the hollow cage that is covered by
the small hemisphere. The diverse hemispheres as well as the
different compartments make these amphiphilic particles
attractive materials for the codelivery of multiple drugs with
different properties and function.

Here we demonstrate that because of the shape, surface
anisotropy, and their amphiphilic character, these particles show
distinctly different drug loading and release behavior than
comparable spherical core—shell silica particles. Moreover, we
show that Cur and QT, when loaded on the amphiphilic
anisotropic core—shell particles, accumulate in different
compartments and lead to an enhanced U20S human bone
osteosarcoma epithelial cancer cell toxicity.

2. MATERIALS AND METHODS

2.1. Materials. Cetyltrimethylammonium bromide (CTAB), n-
tridecane (99%), ammonium fluoride (98%), and SiO, particles (1.5
um) were purchased from ABCR. Ammonium carbonate (ACS reagent
>30% NHj;), curcumin, quercetin, dialysis bags (MWCO 10 kDa),
dimethyl sulfoxide (DMSO), 3-[4,5-dimethylthiazole-2-yl]-2,5-
diphenyltetrazolium bromide (MTT), ammonium hydroxide (28—
30%), poly(vinyl alcohol) (PVA), Alexa 514, Sulforhodamine B, Alexa
Fluor 514, Atto 488, and Rhodamine 6G were obtained from Sigma-
Aldrich. Deionized water and ethanol were used of technical grade.

In all experiments reported below no unexpected or unusual high
safety hazards were encountered.

2.2. Synthesis of the Spherical Core—Shell (CS) and the
Anisotropic Dumbbell Core—Shell Silica Particles (DCS1 and
DCS2). The anisotropic amphiphilic dumbbell core—shell (DCS1)
silica particles were synthesized by following a procedure reported
earlier® with minor variations. Concisely, 2.1 g of CTAB as surfactant
and 2.1 g of silica particles of 1.5 ym size were dissolved in 210 mL of

water and sonicated for 1 h. Then 11.6 mL of n-tridecane was added and
sonicated for another hour. To this suspension, 12 mL of an ammonia
and ammonium fluoride (1.35 mmol) solution was added and kept
stirring at 210—240 rpm at 90 °C for 24 h. The anisotropic dumbbell
silica—core—shell particles (DCS1) were collected after centrifugation
(2500 rpm for 1 min), washed once with deionized water, twice with
ethanol, and once with diethyl ether, and then calcined at 600 °C for 15
h.

The spherical core—shell silica particles (CS) were prepared by
following the same procedure with the exception that the stirring speed
was kept below 190 rpm.

For the preparation of the uniformly charged DCS2 particles, the
ammonium fluoride was replaced by an equimolar amount of
ammonium carbonate by otherwise identical reaction conditions.

2.3. Characterization of the CS, DCS1, and DCS2 Particles.
Scanning electron microscopy (SEM) and scanning transmission
electron microscopy (STEM) images were acquired on a Hitachi
SU8030 machine equipped with a triple detector. The particles were
suspended in ethanol and kept in an ultrasonic bath for homogenization
for 10 min. The samples were spin-coated onto silicon wafers for SEM
and spotted on copper grids for STEM analysis. The zeta potential in
ethanol was measured at room temperature with a Zetasizer Nano ZS
by Malvern. The samples were suspended in ethanol and transferred to
a cuvette. For confocal Raman measurements, a WITec alpha300
RA&S microscope was used. This system was equipped with a lens-
based UHTS 300 spectrometer connected via a 100 um (NA = 0.12)
multimode optical fiber and thermoelectric cooled CCD and EMCCD
(DU970N-BV). All Raman experiments were performed by using a
laser of $32 nm with a nominal output power of 60 mW and a grating of
600 lines/mm. For illumination and collection, the laser was focused on
the sample through a Zeiss Epiplan-Neofluar objective of magnification
100X (NA = 0.9). Data processing was done by using Control 5.0
software provided by WITec, and all experiments were performed at
ambient conditions. We chose sapphire as a substrate because of its low
background signal, which does not overshadow the signal intensity from
the region of interest. The peak positions of sapphire also do not
interfere with the potential peak positions of QT and Cur, thus making
sapphire an ideal substrate for Raman analysis of these drug loaded
particles. The samples were prepared in the same way as described in
the drug loading experiments.

2.4. Dyeing Experiments. Dyeing experiments were performed in
ethanol solutions with concentrations between 5 X 1078 and § x 10~
mol/L of the corresponding dye. The sample preparation was done by
mixing 0.2 mg of the sample particles with 50 yL of fluorophore
solution (in ethanol) and 50 uL of an aqueous 4% poly(vinyl alcohol)
(PVA) solution. This solution was homogenized for 10 min in an
ultrasonic bath to allow the diffusion of the dye molecules into the
mesopores of the shells of silica particles and into the hollow lobe of the
particle. After the sample preparation, just a drop of sample was spotted
on a glass slide and kept under the microscope. The thin PVA film
prevents movements of the silica particles and provides a random
orientation of the small spheres of all dumbbell particles. The image was
taken with a Leica TCS SP8 multiphoton confocal microscope.
Excitation and emission wavelengths were at 514 and 542 nm (Alexa
Fluor 514), 559 and 577 nm (Sulforhodamine B), 500 and 520 nm
(Atto 488), and 525 and 548 nm (Rhodamine 6G), respectively.

2.5. Drug Loading of Curcumin (Cur) and Quercetin (QT) in
CS, DCS1, and DCS2 Particles. For loading the microparticles CS,
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Figure 2. SEM (a—c) and STEM (d—f) images of CS (a, d), DCS1 (b, ), and DCS2 (g, f) silica particles.

DCS]1, and DCS2 with drugs, a total volume of 1 mL of 0.75 mM of
each drug dissolved in 0.5 mL of ethanol was mixed with 1 mg/mL of
the corresponding CS, DCS1, and DCS2 microparticles.”> The
suspensions were shortly ultrasonicated and gently stirred for 4 h.
Then, the Cur and QT loaded microparticles were centrifuged at 13000
rpm for 3 min. To determine the drug entrapment efficiency, we
measured the UV absorbance (Nanodrop, ND 1000 spectrometer) of
Cur and QT at 450 and 270 nm, respectively, in the supernatants of the
centrifuged sample and the initial 0.5 mg/mL solution. Subsequently,
we used the following equation for both drugs in CS and dumbbell
microparticles DCS1 and DCS2.

drug entrapment efficiency (%)

_ theoretical amount of drug loaded — free drug % 100
- theoretical amount of drug loaded

2.6. In Vitro Drug Release Study. In vitro drug release studies of
Cur and QT from CS, DCS1, and DCS2 were investigated at pH 5.5
(environmental pH for tumors) and at pH 7.4 (physiological pH). The
drugloaded CS, DCS1, and DCS2 patrticles were suspended in 2 mL of
phosphate-buffered saline (PBS) and transferred to a dialysis bag
(molecular weight cutoff 10 kDa, Sigma). Then they were placed in 25
mL of PBS and incubated at 37 °C while stirring (100 rpm).“‘67 The
released drugs were again determined spectrophotometrically by
measuring the absorbance at 450 and 270 nm. The concentration of
released drug was calculated by using a calibration function derived
from reference samples of defined concentrations as described
earlier.**” Also, the percentage of released drug was determined as
described earlier.***’

2.7. Cell Viability Studies. The cytotoxicity of the cells was studied
by performing the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide (MTT) assay as described.”® Briefly, the human
bone osteosarcoma epithelial cancer cell lines (U20S; 6 X 103 cells)
were seeded in a 96 well culture plate. After 12 h, the cells were treated
with 50 L of CS, DCS1, and DCS2 particles (1 mg/mL) which were
loaded with Cur, QT, and both drugs (25 nM) for 24 h. Control cells
were treated with 0.1% DMSO in a culture medium. After treatment,
the cells were incubated with the MTT solution (S mg/mL in PBS) at
37 °C for 4 h, and then DMSO was added during shaking at room
temperature. The spectrophotometric absorbance was measured at 570
nm on a microplate reader (Biotek, Multiplate reader, USA). Cell
viability was expressed as the relative formazan formation in the treated
samples compared with control cells after correction for background
absorbance. The percentage of cell viability was determined by using
the following formula:

absorbance of the treated sample

cell viability (%) = X 100

absorbance of the untreated sample

Results were plotted as the mean =+ standard deviation (SD) of three
separate experiments.

3. RESULTS AND DISCUSSION
3.1. Synthesis of CS, DCS1, and DCS2 Microparticles.

The protocol of the recently reported one-pot synthesis was
applied to prepare monodisperse core—shell silica particles CS,
amphiphilic DCS1, and uniformly charged DCS2 dumbbell
core—shell silica particles (Figure 2).°* To this end, a
homogeneous suspension of nonporous dense spherical silica
particles (d = 1.5 yum), CTAB, and n-tridecane was treated under
stirring with a water solution of ammonia/ammonium fluoride
at 90 °C. Stirring below 190 rpm generated the spherical core—
shell particles CS (Figure 2a,d), while stirring between 240 and
280 rpm produced the anisotropic and amphiphilic dumbbell
particles DCS1 (Figure 2b,e). If the ammonium fluoride is
replaced by ammonium carbonate, the anisotropic DCS2
particles (Figure 2¢,f) were obtained.

According to the SEM and STEM micrographs, the protocol
produced monodisperse spherical CS (Figure 2 a,d) and
dumbbell-like anisotropic particles DCS1 and DCS2 (Figure
2b,c,e,f and Figure 1S). The core and the shell as well as the
hollow cavity of the small hemispheres in DCS1 and DSC2 can
be distinguished in the STEM micrographs (Figure 2e,f and
Table 1). The shells that cover all particles consisted of highly

Table 1. Pore Size Distribution, Specific Surface Areas
Obtained by Nitrogen Physisorption of CS, DCS1, and
DCS2, and Geometrical Parameters dc, dc,, dl, and dl, (For
Definition See Figure 1)

specific  total pore av pore

surf. area vol size dc dc; dl dl
[m*/g]  [em*g] [om] [om]  [om] [nm]  [om]
CS 239 0.32 43,57 1230 176
DCS1 120 0.17 S.S 1332 118 410 63
DCS2 201 0.30 45,59 1220 124 340 47

hexagonally ordered tunnels with uniform pore sizes of
approximately 4.3—5.9 nm (Figure 1, Table 1, and Figures 1S
and 2S). The thickness of the mesoporous shell of the spherical
CS was 176 nm and can be adjusted with the reaction time.”"
During the same reaction time, a shell as thick as 118 and 124 nm
around the dense cores of DCS1 and DCS2, respectively, were
formed. The shells of the small hemispheres, which cover the
hollow cavity, were 63 and 47 nm thick for the two dumbbells,
respectively (Table 1).

Reversible nitrogen adsorption and desorption isotherms are
found for the core—shell materials CS, DCS1, and DCS2, which
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Figure 3. Proposed formation of DCS1 and DCS2: (a) NH;/NH,F and (b) NH,/(NH,),CO;.

Figure 4. Dying of DCS1 (a—c) and DCS2 (d, ) with (a) positively charged Alexa Fluor 514 (green), (b) negatively charged Sulforhodamine B (red),
(c) Alexa Fluor 514 (green) and Sulforhodamine B (red), (d) positively charged Atto 488 (green), and (e) Rhodamine 6G (red).

display a typical Langmuir IV hysteresis (Figure 2S). The H1
loop is characteristic for narrow uniform mesopores as found in
template MCM-41 silica.”” The average pore size calculated
from the adsorption branch of the nitrogen isotherms by the
BJH method (Table 1) ranged from 4.3 to 5.9 nm. Interestingly,
for CS and DCS2 bimodal pore distributions within this range
were observed.”' Compared to the spherical CS and anisotropic
DCS2 particles, the amphiphilic dumbbells DCS1 have smaller
specific surface areas and smaller pore volumes (Table 1). All
physicochemical data of the anisotropic core—shell particles
compare well with those reported for dumbbells of this type.**

In an etching process,”””*~”> nucleophilic OH™ ions attack
electrophilic silica centers on the surface of the dense spherical
silica particles and gradually dissolve small oligomeric silica
species (Figure 3). In cooperation with the CTAB micelles
which are located on the surface of the silica particles, these silica
species recondense close to the site of their dissolution,”
generating mesoporous shells around the silica particles.”®
Because of the excess of the porogen n-tridecane, additional
droplets are formed that adsorb on the particle surface and serve
as templates for the construction of the second hemispheres in
DCSI and DCS2 (Figure 3). Because of surface tension effects
and an overall minimization of interfacial energy, only a single
hemisphere forms.**

The NH,F, applied as etching agent in the synthesis of DCS1,
is a source of nucleophilic F~ ions that also attack the silica
surface producing oligomeric silica species. In contrast to OH™,
which leaves negatively charged SiO™ at the site of attack, F~
generates neutral SiF bonds. Consequently, the negative surface
charge of the large hemisphere is reduced, and a lipophilic
environment is generated. As the small hemisphere is built with
the negatively charged oligomers, the negative charge of the
small lobe is higher compared to that of the large lobe. This
mechanism results in the amphiphilic character of DCS1 with a
lipophilic large lobe and a negatively charged small hemisphere.

Introducing ammonium carbonate as etching agent generated
the anisotropic dumbbell particles DCS2 with a uniform
negative charge distribution across the particle surface.

This finding agrees with an overall smaller zeta potential for
DCS2 (—47.4 + 0.9 mV) compared to that of DCS1 (—25.5 +
0.6 mV). This difference can also be visualized by dyeing
experiments with positively and negatively charged dyes of the
rhodamine family (Figure 4). Thus, amphiphilic parts of DCS1
discriminate between positively charged Alexa Fluor 514 (green,
Figure 4a,c) and negatively charged Sulforhodamine B (red,
Figure 4b,c) when treated with these dyes individually (Figure
4a,b) and with both dyes simultaneously (Figure 4c). Clearly,
the positively charged green dye accumulates in the shell of the
negatively charged small hemisphere while the negatively
charged dye is located on the large lobe (Figure 4a—c). In
contrast to the DCS1 particles, the uniformly charged dumbbell
particles DCS2 are unable to distinguish between the positively
and negatively charged dyes Atto 488 and Rhodamine 6G,
respectively. Both dyes are uniformly distributed across the
particle surface (Figure 4d,e).

3.2. Drug Entrapment Efficiency. In general, the amount
of drug that can be loaded onto mesoporous silica depends on
the surface area, the pore volume, the pore geometry, and the
number of silanol groups on the surface. Silanol groups, when
deprotonated, are responsible for the negative surface charge of
the silica material." This above dependency is well reflected in
the drug entrapment efficiency of the spherical CS, the
anisotropic and amphiphilic DCS1 as well as the anisotropic
and nonamphiphilic DCS2 particles when treated with ethanolic
solutions of equimolar amounts of both drugs Cur and QT (see
Scheme 1S). As summarized in Table 2, the overall entrapment
behavior of Cur plus QT is very high for all particles, but the
relative amounts vary widely between Cur and QT among these
three types of particles.
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Table 2. Drug Entrapment Efficiency of CS, DCS1, and DCS2

Cur entrapment QT entrapment total drug
efficiency [%] efficiency [%] entrapment g [%]
CS 45+ S 43+6 88 + 11
DCS1 S8+6 40+ 7 98 + 13
DCS2 85+ 6 10£S$ 9S 11

While comparable entrapped contents were found for Cur (45
+ 5%) and QT (43 + 6%) in mesoporous CS, the anisotropic
and amphiphilic DCS1 entrapped more Cur (58 + 6%) than QT
(40 + 7%) (Table 2). This difference was even more
pronounced in the anisotropic and nonamphiphilic particle
DCS2. For these particles, the entrapment efficiency for Cur was
85 + 6% and only 10 + 5% for QT. This difference is remarkable
since CS and DCS2 provide comparable specific surface areas
and total pore volumes (Table 1). Contrary to this finding and
although the total pore volume of the dumbbell particle DCS1
was much less compared to that of the CS particle (Table 1), the
overall entrapment efficiency of Cur plus QT in DCS1 was even
higher than in CS (Table 2).

From a molecular point of view, these results can be explained
in terms of the interaction of Cur and QT with the surface Si—
OH and Si—F functions, respectively. Both polyphenols can
interact with Si—OH groups on silica surfaces. The keto—enol
tautomerism of Cur supports donating as well as accepting
hydrogen bonds.”"’” However, under the present reaction
conditions, it is assumed that Cur interacts in its enolic form with
the nucleophilic Si—OH groups on the silica surface of the
particles.”® Consequently, Cur prefers to accumulate in those
areas of the particles with negative zeta potentials. In contrast,
QT selects a more lipophilic environment when forming adducts
with surface Si—OH groups.”” Thus, QT is stored in areas with
nonpolar Si—F functions. Because the spherical core—shell
particles CS contain Si—OH and Si—F functions, which are
equally distributed over the whole surface, both polyphenols are
loaded in comparable amounts into the mesoporous shell (Table
2). In DSC2, only Si—OH groups are uniformly spread across
the anisotropic particle, making it more attractive for Cur than
for QT.

Most interestingly, the amphiphilic character of DSC1 allows
QT to be loaded into the porous shell of the large lobe and most
of Cur into the porous shell of the small hemisphere. Moreover,
the hollow cavity of the small hemisphere in DCS1 serves as a
compartment for Cur as well. This is deduced from the large
amount of Cur loaded in DCS1 compared to the small shell of
the small lobe (Tables 1 and 2). Thus, the mesoporous channels

in the shell of the small lobe allow the diftusion of Cur into the
cavity.”” The permeability for small molecules of the shell
covering the cavity has been demonstrated earlier.’* This finding
indicates that if both Cur and QT are loaded at the same time to
DCS1 they encapsulate into different areas of the silica particle.
This spatially different entrapment is supported by confocal
Raman microscopy (Figure 5).

Figure Sa shows the Raman peak intensity distribution across
a silica particle of DCS1 loaded with Cur and QT in the spectral
range from 150 to 3500 cm™'. The particle is clearly
distinguishable from the background; it shows a medium
intensity in the area that can be associated with the core particle
and a much higher intensity in the region of its small
hemisphere. A principal component analysis (PCA) of all
Raman spectra yielded three principal components explaining
93% of the total data. Based on this number of responsible
components, the data were further analyzed (see the Methods
section). For better visualization, the components were assigned
to different colors (blue, red, and green). The result of the
deconvolution is shown in Figure Sb. The blue component can
be associated with the substrate (sapphire), the red with the core
particle, and the green with the lobe of the small hemisphere.
The shell of the large lobe is yellow, indicating a coexistence of
the two components (green and red). The corresponding
spectra are shown in Figure Sc.

The spectrum of the blue component is dominated by the
signals from sapphire with prominent peaks at 412, 645, and 312
cm™!; the increasin% background starting at 2500 cm™" is also
typical for sapphire.”’

The spectrum of the red component shows a number of peaks.
Besides the prominent peaks of sapphire, typical signals from
silica and residual template molecules are also present at 969,
1073, 1305, and 1444 cm™" as well as a broad peak at 2893 cm™.
This peak can be assigned to residual template molecules in the
pores of DCS1 since a spectrum was measured with and without
entrapped drugs (Figure 3S). The remaining peaks at 1550 and
1616 cm™" can be assigned to the entrapped polyphenols. The
assignment was not straightforward due to the strong signal
overlap in this region. The peaks at 1616 and 1550 cm™" are
close to the C=0 stretch and O—H bend of QT, respectively.”
Nevertheless, certain peaks of Cur also appear in the same range,
for example, the C=0 stretch at 1626 cm™' and the C=C
aromatic stretch at 1601 cm™1.%375¢ However, Cur should show
a luminescence which was not observed in this contribution.
Also, its prominent peak at 1626 cm™ is missing. The green
component is dominated by luminescence without additional
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Figure 5. (a) Raman intensity distribution image of Cur-QT-DCSI in the spectral range 150—3500 cm ™. (b) Intensity distribution of the Cur-QT-
DCS1 of three components based on a principal component analysis (PCA). Colors correspond to (c) the corresponding spectra for each component

(see also Figure 3S).
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Raman peaks. This luminescence peak can be attributed to Cur
since the fitting results showed a maximum at ~1500 cm™*
which corresponds to 578 nm. This wavelength is close to the
fluorescence emission of Cur.””** In conclusion, QT prefers to
load into the shell of the large lobe while Cur was in the shell and
in the cavity of the small hemisphere. Note that accumulation of
minor amounts of Cur on the large lobe cannot be excluded.
3.3.In Vitro Drug Release Study. The release behavior for
Cur and QT loaded CS, DCSI1, and DCS2 particles was
evaluated at pH 5.5 and 7.4 (Figure 6). As the entrapped Cur
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Figure 6. Cumulative percentage of Cur and QT released from CS (a,
b), DCS1 (c, d), and DCS2 (e, f) at pH 5.5 (left column) and pH 7.4
(right column). Note that some error bars are smaller than the data
symbols.

content was higher than that of QT in DCS1 and DCS2, the
absolute amounts of drug release were also higher, but relative
amounts were similar. Also, all particles released all content,
overall quicker at acidic pH.” Interestingly, in the acidic
environment, both drugs were released faster from the dumbbell
particles DCS1 (6 h) and DCS2 (7 h) compared to the spherical
CS (9 h) mesoporous particles. Generally, Cur was released

somewhat faster than QT from all particles except for DCS2 at
physiological pH (Figure 6).

A crucial requirement for pharmaceutical formulation of
poorly water-soluble drugs is the enhancement of their
bioavailability via increasing the local concentration of the
active ingredient in the vicinity of the target cell. This requires a
controlled drug release from microcarrier particles. In good
agreement with this precondition, upon formulating the drug as
a molecular dispersion adsorbed into the different compart-
ments of our silica microparticles, a rapid release from the DCS1
and DCS2 particles was observed. There are reports that it took
30 h to complete the release of the drug catophril and that it took
19 h for the complete release of S-fluorouracil from mesoporous
silica particles.”® Even though there are drug release studies on
mesoporous silica particles, the time taken for releasing the
loaded drug is typically much longer than the time for 100% drug
release observed in this study.

3.4. Cell Viability Assay. Typical for cancer cells is the
uncontrolled proliferation of the cells. Thus, an ideal treatment
results in cell death specific to cancer cells. The nontoxicity of
quercetin, curcumin, and mesoporous silica particles on normal
cells was reported elsewhere.**”"”* The cytotoxicity of Cur and
QT loaded on CS, DCSI, and DCS2 individually as well as in
combination was examined by performing the 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay
against human bone osteosarcoma epithelial cell lines
(U20S).”° The results indicate that Cur and QT loaded
particles had significant toxicity toward the U20S cancer cells.
Moreover, the activity strongly depended on the amounts of
drugs entrapped and the shape and the amphiphilic character of
the silica particles (Figure 7 and Table 2).

The cell viability of QT-CS, Cur-CS, and Cur-QT-CS
particles was 97%, 95%, and 92%, respectively, when incubated
with 25 nM of drug after 24 h (Figure 7a). The corresponding
epifluorescence and phase contrast images (Figure 8) for the
QT-CS, Cur-CS, and Cur-QT-CS particles also show that cells
did not undergo any morphological changes or cell death after
24 h.

For the QT-DCS2, Cur-DCS2, and Cur-QT-DCS2 particles
cell viability was about 97%, 50%, and 30%, respectively (Figure
7c). The higher cell toxicity of Cur-DCS2 compared to Cur-CS
is attributed to the higher concentration of Cur delivered by
DCS2 (Table 2).

Under the same conditions for QT-DCS1, Cur-DCS1, and
Cur-QT-DCS]1, the mean cell viability was 85%, 79%, and 4%,
respectively (Figure 7b). Note that the drugs Cur and QT have a
cell cytotoxicity effect at micromolar concentrations.””*
Surprisingly, the DCS1 particles loaded with Cur and QT
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Figure 7. Cell viability assays after 24 h incubation of U20S cancer cells with (a) CS, (b) DCS1, and (c) DCS2. Control experiments were performed
with CS particles without drugs. Each particle is incubated at 25 nM alone, loaded with CS, Cur, or both drugs, and 1 mg/mL of the respective particles
was applied. The data represent the average of at least three independent measurements.
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Figure 8. Phase contrast (first column), epifluorescence (second column), and overlaid (third column) images of U20S cell lines. U20S cells treated
with the following particles for 24 h: (a—c) CS alone, (d—f) Cur-QT-CS, (g—i) Cur-CS, and (j—1) QT-CS.

showed an enhanced effect already at nanomolar concentrations
when compared to drug loaded CS and drugs alone.

The corresponding cell images of DCS1 after 24 h are shown
in Figure 9. Figures 9a—c show the phase contrast,
epifluorescence, and overlay images of the cells, respectively,
when treated with DCS1 without drugs. All cells were viable, and
no cytotoxicity was observed from DCS1, which agrees with
reports that silica particles are nontoxic to cells.”> When cells
were treated with 25 nM of drug loaded Cur-QT-DCS1
particles, changes in the cell morphology were observed. The
cells died because of either necrosis or apoptosis as shown in the
Figures 9d—f. Figures 9g—i and 9j—I correspond to cells treated
with 25 nM of single-drug-loaded Cur-DCS1 and QT-DCS1
particles, respectively. Also in this case, changes in the
morphological structure of the cells were observed. In

conclusion, the Cur-QT-DCS1 particles had a much larger
cytotoxicity than the Cur-QT-CS and Cur-QT-DCS2 particles.

4. CONCLUSION

Varying the stirring speed and the added salts in a simple etching
process of micrometer sized silica particles allowed the syntheses
of spherical core—shell CS, anisotropic core—shell DCS2 and
anisotropic and amphiphilic core—shell DCS1 silica particles.
The three types of particles show diverse architectures that
provide mesoporous channels, hollow cavities, and anisotropic
surface charge distributions. Moreover, the amphiphilic
mesoporous core—shell dumbbell particles offer chemically
selective environments which show different interactions with
complex molecules like dyes and polyphenols. The differential
distribution was demonstrated by loading the polyphenols QT
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Figure 9. Phase contrast (first column), epifluorescence (second column), and overlaid (third column) images of the U20S cell lines. U20S cells
treated with 25 nM of the following particles for 24 h: (a—c) DCSI alone, (d—f) Cur-QT-DCS], (g—i) Cur-DCS1, and (j—1) QT-DCSI.

and Cur into the mesopores and cavities of the particles. The
entrapment of these two drugs varied significantly between the
three particles. Moreover, the anisotropic and amphiphilic
core—shell DCSI1 particle was able to discriminate between Cur
and QT by accumulating them in different regions of the
particle.

Cell viability studies also showed major differences between
the three drug-loaded particles. While the effect of drug loaded
CS on cells was moderate, the cell toxicity increased from drug
loaded DCS2 to drug loaded DCS1. Intriguingly, although CS
and DCS1 delivered comparable amounts of both drugs, the cell
toxicity of Cur-QT-DCS1 was dramatically higher compared to
Cur-QT-CS. Apparently, the anisotropic character in shape and
surface charge of DCS1 allowed for a much better interaction of
the drug loaded particle with the cells.”” In the future, different
pairs of drugs can be tested for other treatments.

B ASSOCIATED CONTENT

@ Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.langmuir.1c02210.

SEM (a, b) and STEM (c, d) micrographs of DCS1
particles, nitrogen adsorption and desorption isotherms,
comparison between Raman spectra of the DCSI1
particles with drugs loaded and without drugs loaded
(PDF)

B AUTHOR INFORMATION

Corresponding Author
Hermann A. Mayer — Institute of Inorganic Chemistry,
University of Tuibingen, 72076 Tiuibingen, Germany;
orcid.org/0000—0002—8263—4255;
Email: hermann.mayer@uni-tuebingen.de

https://doi.org/10.1021/acs.langmuir.1c02210
Langmuir 2021, 37, 13460—13470


https://pubs.acs.org/doi/10.1021/acs.langmuir.1c02210?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.1c02210/suppl_file/la1c02210_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hermann+A.+Mayer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-8263-4255
https://orcid.org/0000-0002-8263-4255
mailto:hermann.mayer@uni-tuebingen.de
https://pubs.acs.org/doi/10.1021/acs.langmuir.1c02210?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.1c02210?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.1c02210?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.1c02210?fig=fig9&ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.1c02210?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Langmuir

pubs.acs.org/Langmuir

Authors

Akanksha Dohare — Institute of Inorganic Chemistry,
University of Tibingen, 72076 Tiibingen, Germany

Swathi Sudhakar — ZMBP, Cellular Nanoscience, University of
Tiibingen, 72076 Tiibingen, Germany

Bjorn Brodbeck — Institute of Inorganic Chemistry, University
of Tibingen, 72076 Tubingen, Germany; Process Analysis and
Technology (PA&T), Reutlingen Research Institute,
Reutlingen University, 72762 Reutlingen, Germany

Ashutosh Mukherjee — Process Analysis and Technology
(PA&T), Reutlingen Research Institute, Reutlingen University,
72762 Reutlingen, Germany; IPTC and LISA+ Center,
University of Tubingen, 72076 Tiibingen, Germany

Marc Brecht — Process Analysis and Technology (PA&T),
Reutlingen Research Institute, Reutlingen University, 72762
Reutlingen, Germany; IPTC and LISA+ Center, University of
Tiibingen, 72076 Tibingen, Germany

Andreas Kandelbauer — Process Analysis and Technology
(PA&T), Reutlingen Research Institute, Reutlingen University,
72762 Reutlingen, Germany

Erik Schiffer — ZMBP, Cellular Nanoscience, University of
Tiibingen, 72076 Tiibingen, Germany; © orcid.org/0000-
0001-7876-085X

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.Jangmuir.1c02210

Author Contributions
A.D. and S.S. contributed equally to this work.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

We thank Dr. Johannes Rheinlinder and Prof. Dr. Tilman E.
Schiffer for providing the U20S cells. We are grateful to Elke
Nadler (University of Tiibingen) for SEM and STEM
measurements. Lorenz Bock is acknowledged for measuring
N, adsorption and desorption isotherms. A.D. was supported by
a National Overseas Scholarship and is thankful to the
Government of India for financial support. B.B. was financially
supported by a HAW Prom grant within the “Programm zur
Starkung der Hochschulen fiir Angewandte Wissenschaften in
Promotionsverfahren durch Férderung kooperativer (Einzel-)
Promotionen)”. We thank the Ministerium fiir Wissenschaft,
Forschung und Kunst Baden-Wiirttemberg for financial support.
AM. acknowledges the financial support within the framework
“IngenieurNachwuchs 2016” (project: CompeTERS) by the
German Federal Ministry of Education and Research (BMBF).
S.S. thanks the PhD Network “Novel Nanoparticles” of the
Universitat Tiibingen for financial support.

B REFERENCES

(1) Ditzinger, F.; Price, D. J.; Ilie, A.-R.; K8hl, N. J.; Jankovic, S.;
Tsakiridou, G.; Aleandri, S.; Kalantzi, L.; Holm, R.; Nair, A.; Saal, C,;
Griffin, B.; Kuentz, M. Lipophilicity and Hydrophobicity Consid-
erations in Bio-Enabling Oral Formulations Approaches — a PEARRL
Review. J. Pharm. Pharmacol. 2019, 71 (4), 464—482.

(2) Barbg, C.; Bartlett, J.; Kong, L.; Finnie, K; Lin, H. Q.; Larkin, M;
Calleja, S.; Bush, A.; Calleja, G. Silica Particles: A Novel Drug-Delivery
System. Adv. Mater. 2004, 16 (21), 1959—1966.

(3) Biswas, A; Shukla, A.; Maiti, P. Biomaterials for Interfacing Cell
Imaging and Drug Delivery: An Overview. Langmuir 2019, 35 (38),
12285—-12308.

(4) Hoffman, A. S. The Origins and Evolution of “Controlled” Drug
Delivery Systems. J. Controlled Release 2008, 132 (3), 153—163.

(5) Folkman, J. How the Field of Controlled-Release Technology
Began, and Its Central Role in the Development of Angiogenesis
Research. Biomaterials 1990, 11 (9), 615—618.

(6) Park, K. Controlled Drug Delivery Systems: Past Forward and
Future Back. J. Controlled Release 2014, 190, 3—8.

(7) Allen, T. M; Cullis, P. R. Liposomal Drug Delivery Systems: From
Concept to Clinical Applications. Adv. Drug Delivery Rev. 2013, 65 (1),
36—48.

(8) Bohme, D.; Beck-Sickinger, A. G. Drug Delivery and Release
Systems for Targeted Tumor Therapy. J. Pept. Sci. 2018, 21 (3), 186—
200.

(9) Logie, J.; Owen, S. C.; McLaughlin, C. K;; Shoichet, M. S. PEG-
Graft Density Controls Polymeric Nanoparticle Micelle Stability. Chem.
Mater. 2014, 26 (9), 2847—2855.

(10) Skorb, E. V.; Mdhwald, H. “Smart” Surface Capsules for Delivery
Devices. Adv. Mater. Interfaces 2014, 1 (6), 1400237.

(11) Gong, M.-Q.; W, J.-L.; Chen, B,; Zhuo, R.-X.; Cheng, S.-X. Self-
Assembled Polymer/Inorganic Hybrid Nanovesicles for Multiple Drug
Delivery To Overcome Drug Resistance in Cancer Chemotherapy.
Langmuir 2015, 31 (18), 5115—5122.

(12) Morales, V.; Idso, M. N.; Balabasquer, M.; Chmelka, B.; Garcia-
Muiioz, R. A. Correlating Surface-Functionalization of Mesoporous
Silica with Adsorption and Release of Pharmaceutical Guest Species. J.
Phys. Chem. C 2016, 120 (30), 16887—16898.

(13) Geng, H.; Zhao, Y.; Liu, J.; Cui, Y.; Wang, Y.; Zhao, Q.; Wang, S.
Hollow Mesoporous Silica as a High Drug Loading Carrier for
Regulation Insoluble Drug Release. Int. J. Pharm. 2016, 510 (1), 184—
194.

(14) Lainé, A.-L.; Price, D.; Davis, J.; Roberts, D.; Hudson, R.; Back,
K.; Bungay, P.; Flanagan, N. Enhanced Oral Delivery of Celecoxib via
the Development of a Supersaturable Amorphous Formulation
Utilising Mesoporous Silica and Co-Loaded HPMCAS. Int. J. Pharm.
2016, 512 (1), 118—125.

(15) Tarn, D.; Ashley, C. E.; Xue, M.; Carnes, E. C.; Zink, J. L; Brinker,
C. J. Mesoporous Silica Nanoparticle Nanocarriers: Biofunctionality
and Biocompatibility. Acc. Chem. Res. 2013, 46 (3), 792—801.

(16) Joshi, R.; Feldmann, V.; Koestner, W.; Detje, C.; Gottschalk, S.;
Mayer, H. A,; Sauer, M. G.; Engelmann, J. Multifunctional Silica
Nanoparticles for Optical and Magnetic Resonance Imaging. Biol.
Chem. 2013, 394 (1), 125—135.

(17) Heikkils, T.; Salonen, J.; Tuura, J.; Kumar, N.; Salmi, T.; Murzin,
D.Y.; Hamdy, M. S.; Mul, G.; Laitinen, L.; Kaukonen, A. M.; Hirvonen,
J.; Lehto, V.-P. Evaluation of Mesoporous TCPSi, MCM-41, SBA-15,
and TUD-1 Materials as API Carriers for Oral Drug Delivery. Drug
Delivery 2007, 14 (6), 337—347.

(18) Yang, Y.-Y,; Wang, X,; Hu, Y,; Hu, H; Wu, D.-C,; Xu, F.-].
Bioreducible POSS-Cored Star-Shaped Polycation for Efficient Gene
Delivery. ACS Appl. Mater. Interfaces 2014, 6 (2), 1044—1052.

(19) Yang, Y.; Achazi, K; Jia, Y.; Wei, Q,; Haag, R; Li, J. Complex
Assembly of Polymer Conjugated Mesoporous Silica Nanoparticles for
Intracellular PH-Responsive Drug Delivery. Langmuir 2016, 32 (47),
12453—12460.

(20) Hewlings, S. J.; Kalman, D. S. Curcumin: A Review of Its Effects
on Human Health. Foods 2017, 6 (10), 92.

(21) Nelson, K. M.; Dahlin, J. L.; Bisson, J.; Graham, J.; Pauli, G. F.;
Walters, M. A. The Essential Medicinal Chemistry of Curcumin. J. Med.
Chem. 2017, 60 (5), 1620—1637.

(22) Stani¢, Z. Curcumin, a Compound from Natural Sources, a True
Scientific Challenge — A Review. Plant Foods Hum. Nutr. 2017, 72 (1),
1-12.

(23) Pallauf, K; Rimbach, G. Autophagy, Polyphenols and Healthy
Ageing. Ageing Res. Rev. 2013, 12 (1), 237-252.

(24) Hasima, N.; Ozpolat, B. Regulation of Autophagy by
Polyphenolic Compounds as a Potential Therapeutic Strategy for
Cancer. Cell Death Dis. 2014, 5 (11), e1509—e1509.

https://doi.org/10.1021/acs.langmuir.1c02210
Langmuir 2021, 37, 13460—13470


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Akanksha+Dohare"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Swathi+Sudhakar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bjo%CC%88rn+Brodbeck"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ashutosh+Mukherjee"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Marc+Brecht"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Andreas+Kandelbauer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Erik+Scha%CC%88ffer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-7876-085X
https://orcid.org/0000-0001-7876-085X
https://pubs.acs.org/doi/10.1021/acs.langmuir.1c02210?ref=pdf
https://doi.org/10.1111/jphp.12984
https://doi.org/10.1111/jphp.12984
https://doi.org/10.1111/jphp.12984
https://doi.org/10.1002/adma.200400771
https://doi.org/10.1002/adma.200400771
https://doi.org/10.1021/acs.langmuir.9b00419?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.9b00419?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jconrel.2008.08.012
https://doi.org/10.1016/j.jconrel.2008.08.012
https://doi.org/10.1016/0142-9612(90)90017-K
https://doi.org/10.1016/0142-9612(90)90017-K
https://doi.org/10.1016/0142-9612(90)90017-K
https://doi.org/10.1016/j.jconrel.2014.03.054
https://doi.org/10.1016/j.jconrel.2014.03.054
https://doi.org/10.1016/j.addr.2012.09.037
https://doi.org/10.1016/j.addr.2012.09.037
https://doi.org/10.1002/psc.2753
https://doi.org/10.1002/psc.2753
https://doi.org/10.1021/cm500448x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cm500448x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/admi.201400237
https://doi.org/10.1002/admi.201400237
https://doi.org/10.1021/acs.langmuir.5b00542?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.5b00542?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.5b00542?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.6b06238?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.6b06238?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.ijpharm.2016.05.067
https://doi.org/10.1016/j.ijpharm.2016.05.067
https://doi.org/10.1016/j.ijpharm.2016.08.034
https://doi.org/10.1016/j.ijpharm.2016.08.034
https://doi.org/10.1016/j.ijpharm.2016.08.034
https://doi.org/10.1021/ar3000986?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar3000986?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1515/hsz-2012-0251
https://doi.org/10.1515/hsz-2012-0251
https://doi.org/10.1080/10717540601098823
https://doi.org/10.1080/10717540601098823
https://doi.org/10.1021/am404585d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/am404585d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.6b01845?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.6b01845?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.6b01845?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/foods6100092
https://doi.org/10.3390/foods6100092
https://doi.org/10.1021/acs.jmedchem.6b00975?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s11130-016-0590-1
https://doi.org/10.1007/s11130-016-0590-1
https://doi.org/10.1016/j.arr.2012.03.008
https://doi.org/10.1016/j.arr.2012.03.008
https://doi.org/10.1038/cddis.2014.467
https://doi.org/10.1038/cddis.2014.467
https://doi.org/10.1038/cddis.2014.467
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.1c02210?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Langmuir

pubs.acs.org/Langmuir

(25) Adiwidjaja, J.; McLachlan, A. J.; Boddy, A. V. Curcumin as a
Clinically-Promising Anti-Cancer Agent: Pharmacokinetics and Drug
Interactions. Expert Opin. Drug Metab. Toxicol. 2017, 13 (9), 953—972.

(26) Zhao, G.; Dong, X; Sun, Y. Self-Assembled Curcumin—
Poly(Carboxybetaine Methacrylate) Conjugates: Potent Nano-Inhib-
itors against Amyloid f-Protein Fibrillogenesis and Cytotoxicity.
Langmuir 2019, 35 (5), 1846—1857.

(27) Li, Z.; Zhang, L.; Wei, X;; Liu, J.; Wang, Z. Temperature/PH-
Responsive Hexagonal Liquid Crystal for Curcumin Release. Langmuir
2019, 35 (2), 453—460.

(28) Nasab, N. A;; Kumleh, H. H.; Beygzadeh, M.; Teimourian, S.;
Kazemzad, M. Delivery of Curcumin by a PH-Responsive Chitosan
Mesoporous Silica Nanoparticles for Cancer Treatment. Artif. Cells,
Nanomed., Biotechnol. 2018, 46 (1), 75—81.

(29) Agrawal, M.; Saraf, S.; Saraf, S.; Antimisiaris, S. G.; Chougule, M.
B.; Shoyele, S. A.; Alexander, A. Nose-to-Brain Drug Delivery: An
Update on Clinical Challenges and Progress towards Approval of Anti-
Alzheimer Drugs. J. Controlled Release 2018, 281, 139—177.

(30) Shahani, K; Panyam, J. Highly Loaded, Sustained-Release
Microparticles of Curcumin for Chemoprevention. J. Pharm. Sci. 2011,
100 (7), 2599—2609.

(31) Radhakrishnan, K.; Tripathy, J.; Datey, A.,; Chakravortty, D.;
Raichur, A. M. Mesoporous Silica—Chondroitin Sulphate Hybrid
Nanoparticles for Targeted and Bio-Responsive Drug Delivery. New J.
Chem. 20185, 39 (3), 1754—1760.

(32) Aras, A.; Khokhar, A. R;; Qureshi, M. Z.; Silva, M. F.; Sobczak-
Kupiec, A.; Pineda, E. A. G.; Hechenleitner, A. A. W,; Farooqi, A. A.
Targeting Cancer with Nano-Bullets: Curcumin, EGCG, Resveratrol
and Quercetin on Flying Carpets. Asian Pac. J. Cancer Prev. 2014, 15
(9), 3865—3871.

(33) Sunogrot, S.; Al-Debsi, T.; Al-Shalabi, E.; Hasan Ibrahim, L.;
Faruqu, F. N.; Walters, A,; Palgrave, R.; Al-Jamal, K. T. Bioinspired
Polymerization of Quercetin to Produce a Curcumin-Loaded Nano-
medicine with Potent Cytotoxicity and Cancer-Targeting Potential in
Vivo. ACS Biomater. Sci. Eng. 2019, § (11), 6036—6045.

(34) Sun, X,; Yu, D; Ying, Z.; Pan, C.; Wang, N.; Huang, F.; Ling, J ;
Ouyang, X. Fabrication of Ion-Crosslinking Aminochitosan Nano-
particles for Encapsulation and Slow Release of Curcumin.
Pharmaceutics 2019, 11 (11), 584.

(35) Zhang, H,; Jiang, L.; Tong, M.; Lu, Y.; Ouyang, X.-K; Ling, J.
Encapsulation of Curcumin Using Fucoidan Stabilized Zein Nano-
particles: Preparation, Characterization, and in Vitro Release Perform-
ance. J. Mol. Liq. 2021, 329, 115586.

(36) Zhang, D.; Jiang, F.; Ling, J.; Ouyang, X.; Wang, Y.-G. Delivery of
Curcumin Using a Zein-Xanthan Gum Nanocomplex: Fabrication,
Characterization, and in Vitro Release Properties. Colloids Surf, B 2021,
204, 111827.

(37) Sun, X,; Pan, C,; Ying, Z.; Yu, D.; Duan, X.; Huang, F.; Ling, J;
Ouyang, X. Stabilization of Zein Nanoparticles with K-Carrageenan and
Tween 80 for Encapsulation of Curcumin. Int. J. Biol. Macromol. 2020,
146, 549—559.

(38) Xue, J.; Li, Z.; Duan, H.; He, J.; Luo, Y. Chemically Modified
Phytoglycogen: Physicochemical Characterizations and Applications to
Encapsulate Curcumin. Colloids Surf, B 2021, 205, 111829.

(39) Kresge, C. T.; Leonowicz, M. E.; Roth, W. J.; Vartuli, J. C.; Beck,
J. S. Ordered Mesoporous Molecular Sieves Synthesized by a Liquid-
Crystal Template Mechanism. Nature 1992, 359 (6397), 710—712.

(40) Brinker, C.J.; Lu, Y.; Sellinger, A.; Fan, H. Evaporation-Induced
Self-Assembly: Nanostructures Made Easy. Adv. Mater. 1999, 11 (7),
579—-S58S.

(41) Zhao, D.; Feng, J.; Huo, Q.; Melosh, N.; Fredrickson, G. H,;
Chmelka, B. F.; Stucky, G. D. Triblock Copolymer Syntheses of
Mesoporous Silica with Periodic 50 to 300 Angstrom Pores. Science
1998, 279 (5350), 548—552.

(42) Wan, Y.; Zhao. On the Controllable Soft-Templating Approach
to Mesoporous Silicates. Chem. Rev. 2007, 107 (7), 2821—2860.

(43) Galarneau, A.; Iapichella, J.; Bonhomme, K; Di Renzo, F;
Kooyman, P.; Terasaki, O.; Fajula, F. Controlling the Morphology of

Mesostructured Silicas by Pseudomorphic Transformation: A Route
Towards Applications. Adv. Funct. Mater. 2006, 16 (13), 1657—1667.

(44) Huh, S.; Wiench, J. W.; Trewyn, B. G.; Song, S.; Pruski, M.; Lin,
V. S.-Y. Tuning of Particle Morphology and Pore Properties in
Mesoporous Silicas with Multiple Organic Functional Groups. Chem.
Commun. 2003, 0 (18), 2364—2365.

(45) Travaglini, L.; De Cola, L. Morphology Control of Mesoporous
Silica Particles Using Bile Acids as Cosurfactants. Chem. Mater. 2018,
30 (12), 4168—4175.

(46) Luo, L.; Liang, Y.; Chassé, T.; Anwander, R. Ultrafast Myoglobin
Adsorption into Double-Shelled Hollow Mesoporous Silica Nano-
spheres. Part. Part. Sys. Char. 2018, 35 (12), 1800312.

(47) Torney, F.; Trewyn, B. G; Lin, V. S.-Y.; Wang, K. Mesoporous
Silica Nanoparticles Deliver DNA and Chemicals into Plants. Nat.
Nanotechnol. 2007, 2 (5), 295—300.

(48) Slowing, I. I; Vivero-Escoto, J. L; Wu, C.-W,; Lin, V. S.-Y.
Mesoporous Silica Nanoparticles as Controlled Release Drug Delivery
and Gene Transfection Carriers. Adv. Drug Delivery Rev. 2008, 60 (11),
1278—-1288.

(49) Deodhar, G. V.; Adams, M. L.; Trewyn, B. G. Controlled Release
and Intracellular Protein Delivery from Mesoporous Silica Nano-
particles. Biotechnol. J. 2017, 12 (1), 1600408.

(50) Yu, M,; Gu, Z.; Ottewell, T.; Yu, C. Silica-Based Nanoparticles
for Therapeutic Protein Delivery. J. Mater. Chem. B 2017, S (18),
3241-3252.

(51) Dai, L; Li, J; Zhang, B; Liu, J; Luo, Z; Cai, K. Redox-
Responsive Nanocarrier Based on Heparin End-Capped Mesoporous
Silica Nanoparticles for Targeted Tumor Therapy in Vitro and in Vivo.
Langmuir 2014, 30 (26), 7867—7877.

(52) Li, R; Xie, Y. Nanodrug Delivery Systems for Targeting the
Endogenous Tumor Microenvironment and Simultaneously Over-
coming Multidrug Resistance Properties. J. Controlled Release 2017,
251, 49—67.

(53) Zhao, Y.; Trewyn, B. G.; Slowing, I. L; Lin, V. S.-Y. Mesoporous
Silica Nanoparticle-Based Double Drug Delivery System for Glucose-
Responsive Controlled Release of Insulin and Cyclic AMP. J. Am. Chem.
Soc. 2009, 131 (24), 8398—8400.

(54) Motahari, A,; Hu, N; Vahid, A,; Omrani, A,; Rostami, A. A.;
Schaefer, D. W. Multilevel Morphology of Complex Nanoporous
Materials. Langmuir 2018, 34 (23), 6719—6726.

(55) Du, J; OReilly, R. K. Anisotropic Particles with Patchy,
Multicompartment and Janus Architectures: Preparation and Applica-
tion. Chem. Soc. Rev. 2011, 40 (5), 2402—2416.

(56) Zhang, A; Gu, L; Hou, K; Dai, C; Song, C; Guo, X.
Mesostructure-Tunable and Size-Controllable Hierarchical Porous
Silica Nanospheres Synthesized by Aldehyde-Modified Stober Method.
RSC Adv. 2015, 5 (72), 58355—58362.

(57) Méller, K; Bein, T. Talented Mesoporous Silica Nanoparticles.
Chem. Mater. 2017, 29 (1), 371—388.

(58) Cauda, V.; Schlossbauer, A.; Kecht, J.; Ziirner, A.; Bein, T.
Multiple Core—Shell Functionalized Colloidal Mesoporous Silica
Nanoparticles. J. Am. Chem. Soc. 2009, 131 (32), 11361—11370.

(59) Tran, L.-T.-C.; Lesieur, S.; Faivre, V. Janus Nanoparticles:
Materials, Preparation and Recent Advances in Drug Delivery. Expert
Opin. Drug Delivery 2014, 11 (7), 1061—1074.

(60) Luo, L.; Liang, Y.; Erichsen, E. S.; Anwander, R. Hierarchical
Mesoporous Organosilica—Silica Core—Shell Nanoparticles Capable of
Controlled Fungicide Release. Chem. - Eur. J. 2018, 24 (28), 7200—
7209.

(61) Tuncelli G.; Ay, A. N,; Ziimreoglu-Karan, B. S-Fluorouracil
Intercalated Iron Oxide@layered Double Hydroxide Core-Shell Nano-
Composites with Isotropic and Anisotropic Architectures for Shape-
Selective Drug Delivery Applications. Mater. Sci. Eng,, C 2015, S§, 562—
568.

(62) Agrawal, G.; Agrawal, R. Janus Nanoparticles: Recent Advances
in Their Interfacial and Biomedical Applications. ACS Appl. Nano
Mater. 2019, 2 (4), 1738—1757.

https://doi.org/10.1021/acs.langmuir.1c02210
Langmuir 2021, 37, 13460—13470


https://doi.org/10.1080/17425255.2017.1360279
https://doi.org/10.1080/17425255.2017.1360279
https://doi.org/10.1080/17425255.2017.1360279
https://doi.org/10.1021/acs.langmuir.8b01921?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.8b01921?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.8b01921?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.8b03559?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.8b03559?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1080/21691401.2017.1290648
https://doi.org/10.1080/21691401.2017.1290648
https://doi.org/10.1016/j.jconrel.2018.05.011
https://doi.org/10.1016/j.jconrel.2018.05.011
https://doi.org/10.1016/j.jconrel.2018.05.011
https://doi.org/10.1002/jps.22475
https://doi.org/10.1002/jps.22475
https://doi.org/10.1039/C4NJ01430H
https://doi.org/10.1039/C4NJ01430H
https://doi.org/10.7314/APJCP.2014.15.9.3865
https://doi.org/10.7314/APJCP.2014.15.9.3865
https://doi.org/10.1021/acsbiomaterials.9b01240?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsbiomaterials.9b01240?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsbiomaterials.9b01240?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsbiomaterials.9b01240?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/pharmaceutics11110584
https://doi.org/10.3390/pharmaceutics11110584
https://doi.org/10.1016/j.molliq.2021.115586
https://doi.org/10.1016/j.molliq.2021.115586
https://doi.org/10.1016/j.molliq.2021.115586
https://doi.org/10.1016/j.colsurfb.2021.111827
https://doi.org/10.1016/j.colsurfb.2021.111827
https://doi.org/10.1016/j.colsurfb.2021.111827
https://doi.org/10.1016/j.ijbiomac.2020.01.053
https://doi.org/10.1016/j.ijbiomac.2020.01.053
https://doi.org/10.1016/j.colsurfb.2021.111829
https://doi.org/10.1016/j.colsurfb.2021.111829
https://doi.org/10.1016/j.colsurfb.2021.111829
https://doi.org/10.1038/359710a0
https://doi.org/10.1038/359710a0
https://doi.org/10.1002/(SICI)1521-4095(199905)11:7<579::AID-ADMA579>3.0.CO;2-R
https://doi.org/10.1002/(SICI)1521-4095(199905)11:7<579::AID-ADMA579>3.0.CO;2-R
https://doi.org/10.1126/science.279.5350.548
https://doi.org/10.1126/science.279.5350.548
https://doi.org/10.1021/cr068020s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr068020s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adfm.200500825
https://doi.org/10.1002/adfm.200500825
https://doi.org/10.1002/adfm.200500825
https://doi.org/10.1039/b306255d
https://doi.org/10.1039/b306255d
https://doi.org/10.1021/acs.chemmater.8b01873?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.8b01873?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/ppsc.201800312
https://doi.org/10.1002/ppsc.201800312
https://doi.org/10.1002/ppsc.201800312
https://doi.org/10.1038/nnano.2007.108
https://doi.org/10.1038/nnano.2007.108
https://doi.org/10.1016/j.addr.2008.03.012
https://doi.org/10.1016/j.addr.2008.03.012
https://doi.org/10.1002/biot.201600408
https://doi.org/10.1002/biot.201600408
https://doi.org/10.1002/biot.201600408
https://doi.org/10.1039/C7TB00244K
https://doi.org/10.1039/C7TB00244K
https://doi.org/10.1021/la501924p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la501924p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la501924p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jconrel.2017.02.020
https://doi.org/10.1016/j.jconrel.2017.02.020
https://doi.org/10.1016/j.jconrel.2017.02.020
https://doi.org/10.1021/ja901831u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja901831u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja901831u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.8b00970?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.8b00970?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c0cs00216j
https://doi.org/10.1039/c0cs00216j
https://doi.org/10.1039/c0cs00216j
https://doi.org/10.1039/C5RA09456A
https://doi.org/10.1039/C5RA09456A
https://doi.org/10.1021/acs.chemmater.6b03629?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja809346n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja809346n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1517/17425247.2014.915806
https://doi.org/10.1517/17425247.2014.915806
https://doi.org/10.1002/chem.201800135
https://doi.org/10.1002/chem.201800135
https://doi.org/10.1002/chem.201800135
https://doi.org/10.1016/j.msec.2015.06.001
https://doi.org/10.1016/j.msec.2015.06.001
https://doi.org/10.1016/j.msec.2015.06.001
https://doi.org/10.1016/j.msec.2015.06.001
https://doi.org/10.1021/acsanm.9b00283?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsanm.9b00283?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.1c02210?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Langmuir

pubs.acs.org/Langmuir

(63) Perro, A.; Reculusa, S.; Ravaine, S.; Bourgeat-Lami, E.; Duguet,
E. Design and Synthesis of Janus Micro- and Nanoparticles. J. Mater.
Chem. 2008, 15 (35—36), 3745—3760.

(64) Maisch, J.; Jafarli, F.; Chassé, T.; Blendinger, F.; Konrad, A;
Metzger, M.; Meixner, A. J.; Brecht, M.; Dihne, L.; Mayer, H. A. One-
Pot Synthesis of Micron Partly Hollow Anisotropic Dumbbell Shaped
Silica Core—Shell Particles. Chem. Commun. 2016, 52 (100), 14392—
14395S.

(65) Sudhakar, S. Germanium nanospheres as high precision optical
tweezers probes. Doctoral dissertation, Eberhard Karls Universitat
Tiibingen, Tiibingen, 2021.

(66) Elbialy, N. S.; Aboushoushah, S. F.; Sofi, B. F.; Noorwali, A.
Multifunctional Curcumin-Loaded Mesoporous Silica Nanoparticles
for Cancer Chemoprevention and Therapy. Microporous Mesoporous
Mater. 2020, 291, 109540.

(67) Yang, P.; Gai, S; Lin, J. Functionalized Mesoporous Silica
Materials for Controlled Drug Delivery. Chem. Soc. Rev. 2012, 41 (9),
3679—3698.

(68) Islami, F.; Sauer, A. G.; Miller, K. D; Siegel, R. L.; Fedewa, S. A.;
Jacobs, E. J.; McCullough, M. L.; Patel, A. V.; Ma, J.; Soerjomataram, L;
Flanders, W. D.; Brawley, O. W.; Gapstur, S. M.; Jemal, A. Proportion
and Number of Cancer Cases and Deaths Attributable to Potentially
Modifiable Risk Factors in the United States. Ca-Cancer J. Clin. 2018,
68 (1), 31—-54.

(69) Gao, Y.; Ding, S.; Huang, X.; Fan, Z; Sun, J.; Hai, Y,; Li, K.
Development and Evaluation of Hollow Mesoporous Silica Micro-
spheres Bearing on Enhanced Oral Delivery of Curcumin. Drug Dev.
Ind. Pharm. 2019, 45 (2), 273—281.

(70) Santhosh, P. B.; Thomas, N.; Sudhakar, S.; Chadha, A.; Mani, E.
Phospholipid Stabilized Gold Nanorods: Towards Improved Colloidal
Stability and Biocompatibility. Phys. Chem. Chem. Phys. 2017, 19 (28),
18494—18504.

(71) Dong, H.; Brennan, J. D. One-Pot Synthesis of Silica Core—Shell
Particles with Double Shells and Different Pore Orientations from
Their Nonporous Counterparts. J. Mater. Chem. 2012, 22 (26), 13197—
13203.

(72) Thommes, M.; Kaneko, K.; Neimark, A. V.; Olivier, J. P.;
Rodriguez-Reinoso, F.; Rouquerol, J.; Sing, K. S. W. Physisorption of
Gases, with Special Reference to the Evaluation of Surface Area and
Pore Size Distribution (IUPAC Technical Report). Pure Appl. Chem.
2015, 87 (9—10), 1051—1069.

(73) Fang, X,; Chen, C.; Liu, Z; Liu, P.; Zheng, N. A Cationic
Surfactant Assisted Selective Etching Strategy to Hollow Mesoporous
Silica Spheres. Nanoscale 2011, 3 (4), 1632—1639.

(74) Zhang, T ; Ge, J.; Hu, Y.; Zhang, Q.; Aloni, S.; Yin, Y. Formation
of Hollow Silica Colloids through a Spontaneous Dissolution—
Regrowth Process. Angew. Chem., Int. Ed. 2008, 47 (31), 5806—5811.

(75) Chen, Y.; Chen, H.; Guo, L.; He, Q; Chen, F.; Zhou, J.; Feng, J.;
Shi, J. Hollow/Rattle-Type Mesoporous Nanostructures by a Structural
Difference-Based Selective Etching Strategy. ACS Nano 2010, 4 (1),
529-539.

(76) Monnier, A.; Schiith, F.; Huo, Q.; Kumar, D.; Margolese, D.;
Maxwell, R. S.; Stucky, G. D.; Krishnamurty, M.; Petroff, P.; Firouzi, A.;
Janicke, M.; Chmelka, B. F. Cooperative Formation of Inorganic-
Organic Interfaces in the Synthesis of Silicate Mesostructures. Science
1993, 261 (5126), 1299—1303.

(77) Jain, B. A Spectroscopic Study on Stability of Curcumin as a
Function of PH in Silica Nanoformulations, Liposome and Serum
Protein. J. Mol. Struct. 2017, 1130, 194—198.

(78) Gangwar, R. K; Tomar, G. B.; Dhumale, V. A.; Zinjarde, S.;
Sharma, R. B.; Datar, S. Curcumin Conjugated Silica Nanoparticles for
Improving Bioavailability and Its Anticancer Applications. J. Agric. Food
Chem. 2013, 61 (40), 9632—9637.

(79) Berlier, G.; Gastaldi, L.; Ugazio, E.; Miletto, L; Iliade, P.; Sapino,
S. Stabilization of Quercetin Flavonoid in MCM-41 Mesoporous Silica:
Positive Effect of Surface Functionalization. J. Colloid Interface Sci.
2013, 393, 109—118.

(80) Jin, D.; Park, K.-W.; Lee, J. H.; Song, K,; Kim, J.-G.; Seo, M. L,;
Jung, J. H. The Selective Immobilization of Curcumin onto the Internal

13470

Surface of Mesoporous Hollow Silica Particles by Covalent Bonding
and Its Controlled Release. J. Mater. Chem. 2011, 21 (11), 3641—3645.

(81) Dy, X; Zhang, M.; Meng, Q.; Song, Y.; He, X,; Yang, Y.; Han, J.
Phonon Dynamics in y-Ray Irradiated Sapphire Crystals Studied by Fs-
CARS Technique. Opt. Express 2010, 18 (22), 22937—22943.

(82) Numata, Y.; Tanaka, H. Quantitative Analysis of Quercetin Using
Raman Spectroscopy. Food Chem. 2011, 126 (2), 751-755.

(83) Kolev, T. M.; Velcheva, E. A.; Stamboliyska, B. A.; Spiteller, M.
DEFT and Experimental Studies of the Structure and Vibrational Spectra
of Curcumin. Int. J. Quantum Chem. 2005, 102 (6), 1069—1079.

(84) Mohan, P. R. K; Sreelakshmi, G.; Muraleedharan, C. V.; Joseph,
R. Water Soluble Complexes of Curcumin with Cyclodextrins:
Characterization by FT-Raman Spectroscopy. Vib. Spectrosc. 2012,
62, 77—84.

(85) Sanphui, P.; Goud, N. R; Khandavilli, U. B. R;; Bhanoth, S.;
Nangia, A. New Polymorphs of Curcumin. Chem. Commun. 2011, 47
(17), 5013.

(86) Van Nong, H.; Hung, L. X;; Thang, P. N.; Chinh, V.D.; Vu, L. V,;
Dung, P. T,; Van Trung, T.; Nga, P. T. Fabrication and Vibration
Characterization of Curcumin Extracted from Turmeric (Curcuma
Longa) Rhizomes of the Northern Vietnam. SpringerPlus 2016, 5 (1),
1147.

(87) Leung, M. H. M; Pham, D.-T; Lincoln, S. F.; Kee, T. W.
Femtosecond Transient Absorption Spectroscopy of Copper(II)—
Curcumin Complexes. Phys. Chem. Chem. Phys. 2012, 14 (39), 13580—
13587.

(88) Singh, P. K; Wani, K.; Kaul-Ghanekar, R.; Prabhune, A.; Ogale,
S. From Micron to Nano-Curcumin by Sophorolipid Co-Processing:
Highly Enhanced Bioavailability, Fluorescence, and Anti-Cancer
Efficacy. RSC Adv. 2014, 4 (104), 60334—60341.

(89) Sun, X.; Wang, N.; Yang, L. Y.; Ouyang, X. K; Huang, F. Folic
Acid and Pei Modified Mesoporous Silica for Targeted Delivery of
Curcumin. Pharmaceutics 2019, 11 (9), 430.

(90) She, X; Chen, L;; Yi, Z.; Li, C; He, C.; Feng, C.; Wang, T,;
Shigdar, S.; Kong, W. D.; Tailored, L. Mesoporous Silica Nanoparticles
for Controlled Drug Delivery: Platform Fabrication, Targeted Delivery,
and Computational Design and Analysis http://www.eurekaselect.
com/141796/article (accessed 2020-05-15).

(91) Ebrahimifar, M.; Roudsari, M. H.; Kazemi, S. M.; Shahmabadi, H.
E.; Kanaani, L.; Alavi, S.; Vasfi, M. I. Enhancing Effects of Curcumin on
Cytotoxicity of Paclitaxel, Methotrexate and Vincristine in Gastric
Cancer Cells. Asian Pac. J. Cancer Prev. 2017, 18 (1), 65—68.

(92) Hashemzaei, M.; Delarami Far, A.; Yari, A.,; Heravi, R. E,;
Tabrizian, K.; Taghdisi, S. M.; Sadegh, S. E.; Tsarouhas, K.; Kouretas,
D.; Tzanakakis, G.; Nikitovic, D.; Anisimov, N. Y.; Spandidos, D. A;;
Tsatsakis, A. M.; Rezaee, R. Anticancer and Apoptosis-inducing Effects
of Quercetin in Vitro and in Vivo. Oncol. Rep. 2017, 38 (2), 819—828.

(93) Walters, D. K; Muff, R;; Langsam, B.; Born, W.; Fuchs, B.
Cytotoxic Effects of Curcumin on Osteosarcoma Cell Lines. Invest. New
Drugs 2008, 26 (4), 289.

(94) Catanzaro, D.; Ragazzi, E; Vianello, C.; Caparrotta, L.;
Montopoli, M. Effect of Quercetin on Cell Cycle and Cyclin Expression
in Ovarian Carcinoma and Osteosarcoma Cell Lines. Nat. Prod.
Commun. 2015, 10 (8), 1365.

https://doi.org/10.1021/acs.langmuir.1c02210
Langmuir 2021, 37, 13460—13470


https://doi.org/10.1039/b505099e
https://doi.org/10.1039/C6CC07372G
https://doi.org/10.1039/C6CC07372G
https://doi.org/10.1039/C6CC07372G
https://doi.org/10.1016/j.micromeso.2019.06.002
https://doi.org/10.1016/j.micromeso.2019.06.002
https://doi.org/10.1039/c2cs15308d
https://doi.org/10.1039/c2cs15308d
https://doi.org/10.3322/caac.21440
https://doi.org/10.3322/caac.21440
https://doi.org/10.3322/caac.21440
https://doi.org/10.1080/03639045.2018.1539098
https://doi.org/10.1080/03639045.2018.1539098
https://doi.org/10.1039/C7CP03403B
https://doi.org/10.1039/C7CP03403B
https://doi.org/10.1039/c2jm31090b
https://doi.org/10.1039/c2jm31090b
https://doi.org/10.1039/c2jm31090b
https://doi.org/10.1515/pac-2014-1117
https://doi.org/10.1515/pac-2014-1117
https://doi.org/10.1515/pac-2014-1117
https://doi.org/10.1039/c0nr00893a
https://doi.org/10.1039/c0nr00893a
https://doi.org/10.1039/c0nr00893a
https://doi.org/10.1002/anie.200800927
https://doi.org/10.1002/anie.200800927
https://doi.org/10.1002/anie.200800927
https://doi.org/10.1021/nn901398j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn901398j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.261.5126.1299
https://doi.org/10.1126/science.261.5126.1299
https://doi.org/10.1016/j.molstruc.2016.10.014
https://doi.org/10.1016/j.molstruc.2016.10.014
https://doi.org/10.1016/j.molstruc.2016.10.014
https://doi.org/10.1021/jf402894x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jf402894x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jcis.2012.10.073
https://doi.org/10.1016/j.jcis.2012.10.073
https://doi.org/10.1039/c0jm03846f
https://doi.org/10.1039/c0jm03846f
https://doi.org/10.1039/c0jm03846f
https://doi.org/10.1364/OE.18.022937
https://doi.org/10.1364/OE.18.022937
https://doi.org/10.1016/j.foodchem.2010.11.059
https://doi.org/10.1016/j.foodchem.2010.11.059
https://doi.org/10.1002/qua.20469
https://doi.org/10.1002/qua.20469
https://doi.org/10.1016/j.vibspec.2012.05.002
https://doi.org/10.1016/j.vibspec.2012.05.002
https://doi.org/10.1039/c1cc10204d
https://doi.org/10.1186/s40064-016-2812-2
https://doi.org/10.1186/s40064-016-2812-2
https://doi.org/10.1186/s40064-016-2812-2
https://doi.org/10.1039/c2cp40208d
https://doi.org/10.1039/c2cp40208d
https://doi.org/10.1039/C4RA07300B
https://doi.org/10.1039/C4RA07300B
https://doi.org/10.1039/C4RA07300B
https://doi.org/10.3390/pharmaceutics11090430
https://doi.org/10.3390/pharmaceutics11090430
https://doi.org/10.3390/pharmaceutics11090430
http://www.eurekaselect.com/141796/article
http://www.eurekaselect.com/141796/article
https://doi.org/10.3892/or.2017.5766
https://doi.org/10.3892/or.2017.5766
https://doi.org/10.1007/s10637-007-9099-7
https://doi.org/10.1177/1934578X1501000813
https://doi.org/10.1177/1934578X1501000813
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.1c02210?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

- 110 -



8. Chemical Imaging of Single Anisotropic Polysty-
rene/Poly (Methacrylate) Microspheres with Complex Hi-

erarchical Architecture

Alexandra Wagner!, Stefanie Wagner?, Jan-Erik Bredfeldt', Julia C. Steinbach?, Ash-
utosh Mukherjee' 3, Sandra Kronenberger?, Kai Braun3, Andreas Kandelbauer', Her-

mann A. Mayer? and Marc Brecht"”

"Process Analysis and Technology (PA&T), Reutlingen Research Institute, Reutlin-

gen University, Alteburgstrasse 150, 72762 Reutlingen, Germany;

?Institute of Inorganic Chemistry, University of Tibingen, Auf der Morgenstelle 18,

72076 Tubingen, Germany;

3Institute of Physical Chemistry, University of Tbingen, Auf der Morgenstelle 18,
72076 Tubingen, Germany;

This chapter was originally published in MDPI-Polymers as

Wagner, A.; Wagner, S.; Bredfeldt, J.-E.; Steinbach, J.C.; Mukherjee, A.; Kronen-
berger, S.; Braun, K.; Kandelbauer, A.; Mayer, H.A.; Brecht, M. Chemical Imaging of
Single Anisotropic Polystyrene/Poly (Methacrylate) Microspheres with Complex Hier-
archical Architecture. Polymers 2021, 13, 9, 1438.

DOI: https://doi.org/10.3390/polym13091438

- 111 -


https://doi.org/10.3390/polym13091438

-112 -



& polymers

Article

Chemical Imaging of Single Anisotropic Polystyrene/Poly
(Methacrylate) Microspheres with Complex
Hierarchical Architecture

Alexandra Wagner 1, Stefanie Wagner 2, Jan-Erik Bredfeldt !, Julia C. Steinbach 117, Ashutosh Mukherjee 13

Sandra Kronenberger 2, Kai Braun

check for

updates
Citation: Wagner, A.; Wagner, S.;
Bredfeldt, ].-E.; Steinbach, J.C.;
Mukherjee, A.; Kronenberger, S.;
Braun, K.; Kandelbauer, A.; Mayer,
H.A.; Brecht, M. Chemical Imaging of
Single Anisotropic Polystyrene/Poly
(Methacrylate) Microspheres with
Complex Hierarchical Architecture.
Polymers 2021, 13, 1438. https://
doi.org/10.3390/polym13091438

Academic Editor: Andrea Mele

Received: 25 March 2021
Accepted: 26 April 2021
Published: 29 April 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

3 1

, Andreas Kandelbauer 117, Hermann A. Mayer 2{® and Marc Brecht 1-*

Process Analysis and Technology (PA&T), Reutlingen Research Institute, Reutlingen University,
Alteburgstrasse 150, 72762 Reutlingen, Germany; Alexandra.Wagner@Reutlingen-University.de (A.W.);
janerik bredfeldt@googlemail.com (J.-E.B.); Julia.Steinbach@Reutlingen-University.de (J.C.S.);
Ashutosh.Mukherjee@Reutlingen-University.de (A.M.);

Andreas.Kandelbauer@Reutlingen-University.de (A.K.)

Institute of Inorganic Chemistry, University of Tiibingen, Auf der Morgenstelle 18, 72076 Tiibingen, Germany;
stefanie.wagner@uni-tuebingen.de (5.W.); km231@stud.uni-heidelberg.de (S.K.);
hermann.mayer@uni-tuebingen.de (H.A.M.)

Institute of Physical Chemistry, University of Tiibingen, Auf der Morgenstelle 18, 72076 Tiibingen, Germany;
Braun.Kai@web.de

*  Correspondence: marc.brecht@Reutlingen-University.de

Abstract: Monodisperse polystyrene spheres are functional materials with interesting properties,
such as high cohesion strength, strong adsorptivity, and surface reactivity. They have shown a high
application value in biomedicine, information engineering, chromatographic fillers, supercapacitor
electrode materials, and other fields. To fully understand and tailor particle synthesis, the methods
for characterization of their complex 3D morphological features need to be further explored. Here we
present a chemical imaging study based on three-dimensional confocal Raman microscopy (3D-CRM),
scanning electron microscopy (SEM), focused ion beam (FIB), diffuse reflectance infrared Fourier
transform (DRIFT), and nuclear magnetic resonance (NMR) spectroscopy for individual porous
swollen polystyrene/poly (glycidyl methacrylate-co-ethylene di-methacrylate) particles. Polystyrene
particles were synthesized with different co-existing chemical entities, which could be identified and
assigned to distinct regions of the same particle. The porosity was studied by a combination of SEM
and FIB. Images of milled particles indicated a comparable porosity on the surface and in the bulk.
The combination of standard analytical techniques such as DRIFT and NMR spectroscopies yielded
new insights into the inner structure and chemical composition of these particles. This knowledge
supports the further development of particle synthesis and the design of new strategies to prepare
particles with complex hierarchical architectures.

Keywords: anisotropic polymer particles; hierarchical particles; chemical imaging; correlative mi-
croscopy; Raman microscopy

1. Introduction

Modified polystyrene particles are versatile and popular in many scientific fields,
e.g., in material sciences, engineering, catalysis, nanomedicine, and biotechnology [1-4].
The tailored design of particles enables new approaches for imaging and drug delivery [5].
One of the most important approaches is the tuning of particle morphology and topology
as well as their charge distribution [4]. The most prominent examples are Janus particles,
which are special types of nanoparticles or microparticles whose surfaces have regions of
two or more distinctly different physical properties. This unique surface of Janus particles
allows different types of chemistry to co-exist on the same particle [6].

The availability of synthetic procedures leading to polystyrene spheres with narrow
size distributions and their ability to swell in different media make them ideal templates for
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the generation of more complex isotropic and anisotropic materials [6-15]. For this purpose,
it is important to control specific particle properties, such as size and size distribution,
shape, surface porosity, and chemical composition during synthesis [11].

SEM and bulk-IR as well as solid-state NMR spectroscopy have proven to be the most
efficient characterization methods for these particles [16-25]. The high magnification of
SEM images enables precise characterization of their size, shape, and surface properties.
Additionally, the combination of SEM and milling with a focused ion beam (FIB) allows
insight into their internal structure. However, with these techniques, it is not possible
to obtain information about the distribution of chemical components and functionalities
across these particles.

The high-resolution imaging technique, 3D confocal Raman microscopy (3D-CRM),
is often used in combination with other analytical methods to characterize the chemical
and molecular compositions of materials. The correlation of Raman imaging and SEM
(RISE), especially, provides information on physical surface properties in combination with
molecular compound information of a sample [26,27]. Depth profiles and 3D images can
be created with exceptionally good spectral and spatial resolution [28], and the chemical
properties can be analyzed with high spatial resolution close to the diffraction limit of
light. The 3D-CRM technique is non-invasive, non-destructive, and does not require any
complex sample preparation such as staining or labeling [29-34]. Since no interference
with vibrational bands from water is observed, the particles can be examined directly from
aqueous solution.

Here, we present a micro-spectroscopic analysis for the characterization of anisotropic
single polystyrene/poly (glycidyl methacrylate-co-ethylene di-methacrylate) particles.
The correlation of the results from DRIFT, NMR, SEM, and 3D-CRM enables us to show
that particles with Janus-like properties are formed. Using this combination of methods
allowed us to observe changes in the particle properties in response to variations in reaction
conditions applied during synthesis.

2. Materials and Methods
2.1. Particle Synthesis

Glycidyl methacrylate (GMA), benzoyl peroxide (BPO), and sodium dodecyl sulfate
(SDS) were purchased from abcr GmbH, Karlsruhe, Germany. Ethylene di-methacrylate
(EDMA) was obtained from Sigma-Aldrich, Taufkirchen, Germany. Polyvinylpyrrolidone
(PVP) and 1-hexanol were supplied from Merck GmbH, Darmstadt, Germany.

We sonicated 1 g of polystyrene and 30 mL of deionized water for 5 min. The suspen-
sion was stirred (200 rpm) for 1.5 h at 30 °C and argon was bubbled through the solution.
An emulsion of GMA (7 mL), EDMA (7 mL), SDS (0.3 g), PVP (3 g) 25,000 D, 1-hexanol, 0.56 g
BPO, and 250 mL of water was prepared by sonicating the mixture (10 min), stirring at RT for
10 min, and bubbling argon through the solution for another 10 min. The emulsion was added
to the suspension of the polystyrene particles and stirred for 2 h at 30 °C. The temperature
was raised to 70 °C and kept constant for 24 h. The particles were separated and washed with
water (3 times) and ethanol (3 times) and dried at 70 °C for 30 min. The volume of 1-hexanol
was increased from 7 mL (S2) by 14 mL (S3) to 21 mL (S4).

2.2. Particle Characterization

A Hitachi SU8030 (Hitachi High-Technologies Corporation, Tiibingen, Germany) was
used to obtain SEM images. FIB cuts were prepared with a dual cross-beam FEI Strata
DB235 (FEI, Tibingen, Germany). The primary Ga™ Ion current was reduced to 50 pA
via an aperture. DRIFT spectra were measured with a Bruker Vertex 70 spectrometer
(Bruker, Ettlingen, Germany). Solid-state NMR spectra were recorded on a Bruker Avance
III-HD spectrometer (Bruker, Ettlingen, Germany) with a wide-bore magnet operating at
300.13 MHz (*H) and 75.46 MHz ('3C). The powdered samples of the respective materials
were packed in 4 mm o.d. zirconia rotors; the spinning speed was 10 KHz, the relaxation
delay 4 s, and the contact time 2 ms.
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For Raman measurements, particle samples were dispersed in ethanol and thoroughly
mixed. One droplet (10 pL) of the mixed dispersion was placed on a cleansed sapphire
microscope slide and evaporated. Raman spectra and Raman images were obtained using
a confocal Raman microscope (WiTec alpha300 RA&S, Ulm, Germany) equipped with an
air objective (EC Epiplan-Neofluar DIC M27, 100x, NA = 0.9, Carl Zeiss, Oberkochen,
Germany) with a lateral resolution of 360 nm. This system was equipped with a lens-
based UHTS 300 spectrometer (WiTec, Ulm, Germany) connected via a 100 pm (NA = 0.12)
multi-mode optical fiber and thermoelectric cooled CCD and EMCCD (DU970N-BV, WiTec,
Ulm, Germany). All Raman experiments were carried out using a laser of 532 nm with
a nominal output power of approx. 39 mW and a grating of 600 lines/mm. Data were
processed using Control 5.0 software provided by WITec. All experiments were carried out
in ambient conditions. We chose sapphire as a substrate due to its low background signal,
which does not interfere with the signal intensity from the region of interest. Additionally,
the absorbance signals of sapphire do not overlap with those of the sample, making it an
ideal substrate for Raman analysis of these particles.

3. Results

Polystyrene particles (S1) were synthesized from styrene via a free-radical chain prop-
agation polymerization. Porous poly (glycidyl methacrylate-co-ethylene di-methacrylate)
particles S2, S3, and S4 were prepared in a seeded swelling polymerization process. In this
process, polystyrene particles S1 were dispersed in water and treated with an emulsion
consisting of glycidyl methacrylate (GMA), ethylene di-methacrylate (EDMA), sodium
lauryl sulfate (SDS), polyvinyl pyrrolidone (PVP), and 1-hexanol. Benzoyl peroxide was
added to start the polymerization. To control the size of the pores, the amount of the
porogen (1-hexanol) was gradually increased from 7 mL (S2) by 14 mL (S3) to 21 mL (S4)
under otherwise identical reaction conditions.

Figure 1A shows the solid-state 1*C CP/MAS NMR spectra of the particles S1-S4.
In the spectra of S§1, characteristic bands of polystyrene are observed, whereas the spectra
of S2-S4 show the characteristic peaks of poly (glycidyl methacrylate-co-ethylene di-
methacrylate) polymers as well as those of polystyrene.
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Figure 1. (A) Solid-state '*C CP/MAS NMR spectra of particles S1-S4 and (B) DRIFT spectra of the
particles S1-S4.

The carbon nuclei forming the polymer backbone resonate at 18, 44, and 54 ppm;
the oxygen-containing side chains resonate at 63 and 66 ppm, whereas the carbonyl car-
bon atoms produce to a broad peak at 176 ppm. All samples still contained a consider-
able amount of polystyrene as indicated by broad peaks in the aromatic region at 127



Polymers 2021, 13, 1438

40f10

and 145 ppm. This finding is supported by the comparison of the DRIFT spectrum of
polystyrene (S1) with those of the particles S2-S4 shown in Figure 1B. All DRIFT spectra
of the materials $2-5S4 contain absorption bands that are assigned to aromatic C=C at
1600 cm~!, C=C-H bending at 700 cm~! and 735 cm ™!, as well as C=C-H stretching at
3023-3083 cm . These vibrations of the polystyrene appear along with the characteristic
absorptions of poly (glycidyl methacrylate-co-ethylene di-methacrylate) polymers [35].
Characteristic for that polymer is the ester carbonyl (C=0) stretch at around 1725 cm ™!
and the aliphatic C-H stretch just around 2980 cm 1.

The surface/bulk porosity, roughness, and chemical distribution were revealed by
SEM and 3D-CRM. Figure 2 compares the images of the samples S1-S4 generated by SEM
(left column A,C,E,G,I) with those obtained by 3D-CRM (right column B,D,EH,]). For S1,
both techniques revealed spherical, highly monodisperse particles. After the swelling of
the polystyrene particles S1 with EDMA, GMA, and 1-hexanol (porogen), larger particles
were found with smaller particles attached to them (Figure 2C,E,G,I). The small particles
had a more or less spherical shape and a smooth surface; the large particles were dented
at one side and are porous. With an increasing amount of porogen, which was in the
series S2 (7 mL), S3 (14 mL), and S4 (21 mL), the pore size increased. In the cases of S2
and S3, the small spherical particles were located in the dented area of the large particles
(Figure 2C,E,G). Interestingly, the particles S4 showed non-porous caps in the area of the
dent (Figure 2I). To reveal the porosity of the bulk, particles from S3 were cut through
by line milling with a Ga+ FIB (50 pA beam current). The corresponding SEM images
(Figure 2K,L) demonstrate that the porosity inside the main particle is comparable to that
on its surface.

The 3D-CRM images of the samples S1-S4 shown in Figure 2B,D,EH,] reproduced
the size and the shape of the particles as shown in the corresponding SEM images. Due to
the poor resolution of the optical light-microscopy compared with SEM, the porosity and
surface morphology can only be assumed. However, the advantage of 3D-CRM is that the
chemical composition and distribution of the sample can be deduced by the fingerprint
Raman spectrum at different positions on the particles.

The assignment of the Raman peaks to specific vibration bands and the resulting
color coding of the images are shown in Figure 3. Figure 3A shows a two-dimensional
scan of one particle. Here, the integral intensity of Raman scattering in the range of
350-3200 cm ! is used. The particle is distinguishable from the background. In the region
of the attached small particle, the observed intensity is significantly higher compared with
the main particle. Figure 3B,C shows Raman spectra recorded at the positions marked
by X. The Raman spectrum recorded at the position of the small particle can be assigned
to polystyrene due to the characteristic Raman peaks at 1002, 1603, and 1448 cm ™! (red
arrows) [35-37]. The Raman spectrum recorded at the main particle can be assigned to poly
(glycidyl methacrylate-co-ethylene di-methacrylate) polymer due to the Raman peak at
1723 cm ™1 [35]. The peaks at 1454 and 1259 cm ™! (blue arrows) can be assigned to ketones
and epoxides from EDMA and GMA, respectively [35,38,39].
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Figure 2. Particles S1-S4 imaged by SEM (A,C,E,G,I) and the corresponding Raman images (B,D,F,H,J).
A magnified SEM image of S3 (G) and the corresponding Raman image (H) are shown. A particle of
the sample S3 milled with Ga* FIB (K,L). Particles S1 (A,B) consist of pure polystyrene. Particles S2,
§3, and S4 consist of poly (glycidyl methacrylate-co-ethylene di-methacrylate) polymer with an
increasing concentration of porogen S2 (C,D; 7 mL porogen), S3 (E,F; 14 mL porogen), and S4 (LJ;
21 mL porogen).

A principal component analysis (PCA) of all Raman spectra yielded two principal
components explaining 95% of the total data. Based on this number of relevant components,
the data were analyzed with Control 5.0 data processing software provided by WITec using
an inbuilt PCA. The components were assigned to colors (blue, red) for better visualization.
Regions dominated by the polystyrene were assigned the color red, while those dominated
by EDMA /GMA were assigned the color blue; the resulting image is depicted in Figure 3D.
Consequently, the small particles attached to the larger particles could be assigned to
polystyrene and the large particles to EDMA/GMA. Based on this assignment, all 3D-CRM
images in Figure 2 are color-coded following the same procedure.
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Figure 3. (A) Raman intensity image of a particle S3. (B,C) Raman spectra recorded in the range
from 500 to 3200 cm ! at the locations marked with X. Characteristic Raman signals are marked with
red and blue arrows (see text for details). (D) The Raman image is based on the assignment of spectra
in each pixel. Pixels dominated by spectrum (B,C) are color-coded with red and blue, respectively.

4. Discussion

A correlation between NMR, DRIFT, SEM, and 3D-CRM is presented in this study
of polystyrene particles. With the combination of these techniques, the swelling of
polystyrene/poly (glycidyl methacrylate-co-ethylene di-methacrylate) particles depending
on the concentration of the porogen (1-hexanol) was studied. The '3C CP/MAS NMR
spectra (Figure 1A) show that, in all swollen particles, polystyrene and poly (glycidyl
methacrylate-co-ethylene di-methacrylate) are present. These results are consistent with
the results of the DRIFT measurements (Figure 1B).

The first indications of a deviation from uniformity/sphericity of the particles are
found in the SEM images (Figure 2). The SEM images of the particles from the synthesis
using 7 mL (S2) (Figure 2C) and 14 mL (S3) (Figure 2E) porogen show different types of
particles. They clearly show small- and large-sized particles. The large particles show a
dented area where the small particles are attached. The relative amount of small particles
in relation to the larger ones varies within the sample. SEM revealed that the surface
roughness of the small particles is lower than that of the large particles. When 21 mL (S4)
(Figure 2I) of porogen was used, no dented areas or small particles were observed. The S4
particles were almost spherical, with a flat nonporous cap in the region wherein the dented
areas in the other particles were observed. This reduced roughness is comparable to the
roughness that was found for small particles (S2 and S3) at lower porogen concentrations.

The porosity of the particles on the surface and in the bulk was further investigated.
For this, the particles were milled with FIB. SEM images of a milled particle S3 (14 mL poro-
gen) are shown in Figure 2K,L. The FIB image indicates a comparable porosity throughout
the particle. Milling of the smaller particles was unsuccessful.

Next, the chemical composition of individual particles was studied in detail with
3D-CRM. The analysis of the Raman spectra enables an assignment of the observed vibra-
tional bands to molecule specific vibrations. The spectra recorded at the position of the
small particles are dominated by vibrations assigned to polystyrene, whereas the spectra
recorded at the large particles show bands assigned to poly (glycidyl methacrylate-co-
ethylene di-methacrylate). The CRM images suggest that polystyrene is extruded from the
forming EDMA /GMA polymer network during polymerization. When the porogen con-
centration was increased to 21 mL (S4) (Figure 2L]), the extrusion of polystyrene remained
incomplete, and the extruded polystyrene formed an adherent cap on the dented areas of
the large particles.

A presumed mechanism for the formation of these particles is shown in Scheme 1.
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Scheme 1. (A,B) Suspension of monodisperse micron-sized polystyrene beads in water mixed with an emulsion consisting
of GMA, EDMA, SDS, PVP, BPO, and 1-hexanol (in adequate quantities for S2, S3, and S4). For clarity, BPO (radical
starter) is not included in the scheme. Hydrophobic attractions between PS and SDS are responsible for the formation of
micelles. Water-soluble PVP stabilizes the micelles from the outside. (C) The particles swell due to the diffusion of GMA,
EDMA, 1-hexanol, and BPO into the bead. (D) Upon polymerization, both methacrylates form the porous poly (glycidyl
methacrylate-ethylene dimethacrylate) network with 1-hexanol as an inert solvent. (E) At a certain point, the micelles

rupture and release a porous particle.

Pore formation in particles depends on the solubility of porogen and the seed parti-
cle. Materials with similar solubility parameters have a high affinity to each other. No-
tably, 1-hexanol has a poor theoretical solubility with polystyrene and poly (glycidyl
methacrylate-co-ethylene di-methacrylate). As polymerization starts, phase separation
occurs due to insufficient solubility and 1-hexanol is displaced as an inert molecule, leaving
the pore structure in the particle. In the magnified SEM image (Figure 2G), it appears that
polystyrene is squeezed out of the particle. This can be also explained by solubility effects.
Due to a rather good solubility in GMA and EDMA, the polystyrene bead is dissolved into
individual polymer chains of high mobility and flexibility [40-42]. Upon GMA and EDMA
polymerization, phase separation occurs again, and polystyrene becomes insoluble in the
three-dimensional network and is squeezed out.

The syntheses described here yield particles with variable size, shape, and porosity.
This is achieved by changing only one parameter, which is the amount of porogen added
during synthesis. In chemistry, managing critical parameters precisely plays a crucial role
in the final properties of the particles [11]. The 3D-CRM results revealed that these particles
show a Janus particle behavior not only in terms of their morphology, but also in terms
of their chemical composition. Both properties are controllable by the concentration of
the porogen. We also showed that 3D-CRM is a useful tool for analyzing and character-
izing inhomogeneous particles in a spatially resolved and three-dimensional way. Thus,
the synthesis can be adjusted accordingly to achieve particles of defined 3D morphology
and controlled chemical composition. Potential applications of these particles include as
template molecules for large porous silica microspheres for protein separation, drug deliv-
ery systems, microcapsule systems for extrinsic self-healing applications, or, for instance,
as templating materials used in energy storage applications [18,43-51].

5. Conclusions

This study shows that the combination of NMR, DRIFT, SEM, and 3D-CRM is well-
suited for controlled synthesis of polymer particles. Synthesized particles with varying
proportions of porogen were analyzed with the aforementioned methods at each step of
synthesis development. This provides direct insight into the development of the synthe-
sis at every step. Both solid-state 13C CP/MAS NMR and DRIFT spectra showed that
all particles (S1, S2, S3, and S4) contain a significant amount of polystyrene. Swollen
particles (S2, S3 and S4) showed both polystyrene and other constituent byproducts as a
result of synthesis. Interpretation of the morphology and the chemical composition of the
particles was facilitated by the combined use of SEM and 3D-CRM. This approach revealed
the distribution of the chemical entities across the particles. We found that 3D-CRM is
indispensable for the assignment of the different chemical entities to the morphological
features on the particles, and distribution of chemical species can be visualized using PCA.
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Similar problems are often analyzed with fluorescence microscopy; however, this requires
the addition of staining chemicals or labeling steps [29-31]. For the selection of appropriate
labels, making assumptions about the resulting particles is necessary. Consequently, the se-
lection of the labels influences the information accessible by the measurement and may
bias the result. In contrast, the marker-free approach presented here minimizes sample
alteration and eliminates the need for an additional step, since no labeling is necessary
for 3D-CRM measurements and the Raman spectra provide a detailed insight into the
chemical composition.
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ABSTRACT: This study introduces a straightforward approach to
construct three-dimensional (3D) surface-enhanced Raman spec-
troscopy (SERS) substrates using chemically modified silica
particles as microcarriers and by attaching metal nanoparticles
(NPs) onto their surfaces. Tollens’ reagent and sputtering
techniques are utilized to prepare the SERS substrates from
mercapto-functionalized silica particles. Treatment with Tollens’
reagent generates a variety of silver NPs, ranging from
approximately 10 to 400 nm, while sputtering with gold (Au)
yields uniformly distributed NPs with an island-like morphology.
Both substrates display wide plasmon resonances in the scattering
spectra, making them effective for SERS in the visible spectral
range, with enhancement factors (ratio of the analyte’s intensity at
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the hotspot compared to that on the substrate in the absence of metal nanoparticles) of up to 25. These 3D substrates have a
significant advantage over traditional SERS substrates because their active surface area is not limited to a 2D surface but offers a
much greater active surface due to the 3D arrangement of the NPs. This feature may enable achieving much higher SERS intensity

from within streaming liquids or inside cells/tissues.

Bl INTRODUCTION

Surface-enhanced Raman spectroscopy (SERS) has received a
lot of attention since its discovery in 1974 due to the strong
enhancement of the inherently weak Raman signal.' In
particular, noble metal nanoparticles (NPs) of various sizes
and shapes have been used to boost the SERS signal with
enhancement factors (EFs) ranging from 10* to 10°,
occasionally reaching 10%. In these instances, the EF has
been accurately assessed by considering the molecular density
and electromagnetic field enhancement associated in both
SERS and normal Raman measurements. However, developing
a suitable and reliable SERS substrate has always been a
difficult task. Several commercial SERS samples have been
reported to have significant EFs, high reliability, reproduci-
bility, and long-term stability. Many different substrate
geometries, like surface-roughened films, colloidal NPs,**
metal/metal island films,”’ metal films with multiple
resonances,” and nano-cones/nano-rods,”'’ have been used
to achieve the optimal SERS enhancement. All these samples
have one thing in common: their SERS effect is based on a
basic 2D arrangement of metal NPs. Hence, the detection
volume is strongly confined to the surface and the enhanced
electric field reaches only a few tens of nanometers (max. 100
nm) into the surrounding medium. This technically renders it
obsolete for measurements in liquids, flow measurements, and

© 2023 The Authors. Published by
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complex structures such as cells, tissues, or any analyte, which
is located inside a material or a medium. This disadvantage can
be overcome by using 3D-SERS substrates, which have a
carrier particle that can accommodate a high density of metal
NPs in 3D.

Silica microspheres (SMPs) are excellent candidates for this
purpose and have attracted great attention for their usage in
drug delivery,'" electrochemical sensors,'”"* and catalysis."*
The versatile synthesis of SMPs gives the flexibility to tailor
their properties like size, shape, and porosity.'*'*'® The tuning
of the porosity allows to control pore size and pore volume,
and their surface can be chemically modified by different
functional groups.™'> This physical and chemical flexibility
allows to optimize the properties to immobilize metal NPs on
their surface.'” A combination of SMPs and noble metal NPs,
wherein the functionalized SMP can act as a microcarrier for
metal NPs, may provide a promising new concept for 3D-SERS
substrates.
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There have been prior reports of functionalized silica and
polystyrene particles decorated with silver and Au NPs for
SERS measurements.'* >* Several techniques have been used
to immobilize the metal NPs onto these particles, such as in
situ chemical reaction/reduction with long and complex
fabrication procedures, seeded growth, lab-on-a-bubble,
colloidal self-assembly, and colloid synthesis. While these
techniques have demonstrated several advantages, it is worth
noting that they also come with certain limitations. These may
include longer and more intricate fabrication procedures, the
formation of larger agglomerates of base particles, challenges in
ease of preparation, variable plasmonic responses along the
substrate, and potential reproducibility issues.

In this paper, we present a simple technique for covering
functionalized SMPs with silver and Au NPs. To deposit metal
NPs on bare SMPs, two methods were used: Tollens’ reagent
for silver and sputtering for Au. The surface morphology of the
functionalized SMPs was investigated by electron microscopy,
and the elemental composition was determined by energy-
dispersive X-ray spectroscopy (EDX). The optical properties
were characterized by light scattering, which allows to observe
resonances of the bare and functionalized SMPs and enables to
draw conclusions about their homogeneity. Finally, the silver-
and Au-functionalized SMPs were tested for their SERS
activity to provide conclusive results.

Prior research has showcased the fabrication and synthesis of
silica or polystyrene spheres functionalized with plasmonic
metal NPs for various applications such as electrochemical
sensors, SERS substrates, and optical probes.”"**~** In
contrast, our work distinguishes itself by introducing a simple
and straightforward preparation method, where metal NPs are
directly grown on silica spheres without the need of any seed
particles. This approach leads to different particle and gap
sizes, offering the advantage that one SMP exhibits plasmon
resonances covering the visible and near-infrared spectral
region. Moreover, the research demonstrates the visualization
of nanoscale spatial distribution of hotspots on the 3D SERS
substrate through SERS imaging, providing valuable insights
into the arrangement of metal NPs on SMPs. Such
functionalized SMPs can be used as microcarriers and provide
a stable substrate where the SERS active metal NPs are
attached to the surface. Due to spherical symmetry of the
microcarriers, the metal NPs can be excited regardless of the
orientation of the microcarriers relative to the excitation focus.
Another significant advantage of these metal-carrying micro-
carriers is that they possess many open gaps between the metal
NPs, where analytes can be efficiently detected using gap mode
SERS. The main advantage is that they can penetrate or enter a
3D material, e.g.,, a solution, cells, and tissues, and allow to
bring the SERS substrate to the region of interest, and the
detection is not limited to the surface. Hence, SERS
information can be extracted from within the sample increasing
the depth information, which is not accessible in conventional
2D SERS.

B MATERIALS AND METHODS

Fabrication of Mercapto-Functionalized SMPs. The
SMPs were prepared according to a protocol for previously
reported silica particles with similar morphology but different
functionalization.””*° A solution containing 115 mL of water
and 0.266 mL of aqueous ammonium hydroxide (NH,OH) is
stirred continuously for 40 min. A syringe pump is used to add
2.6 mL of a mixture of tetraethoxysilane (TEOS) and

mercapto-trimethoxysilane (MerTMS) with a ratio of 22
mmol:88.3 mmol. The amount and composition of this
mixture allows to control the shape, size, and morphology of
particles. After adding the silane mixture, the solution was
stirred at room temperature for 14 h. As the solvent is
removed, the particles were washed with water and ethanol and
dried in an oven at 70 °C for 16 h.

Synthesizing SMPs with Metal NPs. Tollens’ Reagent
(Silver—Ag). Tollens’ reagent precipitates elemental Ag
producing a Ag mirror on a surface. Silver nitrate (AgNO;)
53.0 mg—312 pmol, aqueous ammonia solution (NH;) 25%—
380 uL, and saturated aqueous D-(—)-fructose solution (2.0
mL) were dissolved in 3 mL of deionized water. Subsequently,
one small pellet of NaOH was added and stirred until all the
content was visibly dissolved. S00 L of this resulting solution
was added to an Eppendorf tube containing mercapto-
functionalized SMPs and was stirred continuously to allow
Tollens’ reagent to uniformly react with the complete surface
area. The Eppendorf tube containing the freshly synthesized
particles was allowed to rest for 1 min at room temperature to
avoid agglomerations. Afterwards, the Eppendorf tube was
placed in an ice bath to stop the chemistry and the contents
were washed with deionized water.

Sputtering (Au). Sputtering deposition is a physical vapor
deposition method to create thin films. This involves the
ejection of material from a target onto a substrate by ion or
atom bombardment. An SCD 030 sputtering system from
Balzers (Balzers, Liechtenstein) was used, and the sputtering
target was a circular Au disk. The deposited Au atoms form a
thin film on the SMPs (substrate). The sputtering rate was 9
A/s for a sputtering time of 30 s, yielding a nominal film
thickness of approximately 25 nm.

SERS Experiments. A commercial microscope from
WITec (Oxford Instruments) alpha300RAandS was used.
For excitation, a diode laser at 532 nm with a nominal output
power of 40 mW and a helium—neon laser at 633 nm with an
output power of 25 mW were used. Illumination and collection
of the detected signal were both carried out from the top by an
objective lens (Carl Zeiss; EC Epiplan-Neofluar DIC M27,
100X, NA = 0.9). The detected signal is guided by multi-mode
fibers with different diameters to the spectrometer. The
diameter (10, 25, 50, and 100 pm all with an NA = 0.12) of
these fibers determines the confocal pinhole size. For
detection, the microscope is equipped with a lens-based
ultra-high-throughput spectrometer (UHTS 300) with a
thermoelectrically cooled (down to —60°C) back-illuminated
CCD and an EMCCD (Andor DU970N-BV).>" All SERS
experiments were performed using a 600 L/mm grating since it
offers a wide spectral range. Data processing for all the above
measurements was done using Control 5.0 software provided
by WITec, and all experiments were carried out under ambient
conditions.

SERS experiments were performed with methylene blue
(MB) with a concentration of 3.5 X 10™* M. MB exhibits an
absorption peak at 665 nm along with a smaller peak at 610
nm and an additional peak at 293 nm, respectively.’” For the
SERS experiments, droplets of 40 uL were drop cast on the
glass substrate containing the SMPs covered with metal NPs
and the sample was measured immediately.

Temperature-Dependent Measurements. A THMS600
heating and freezing stage from Linkam Scientific Instruments
was coupled with the WITec alpha300RAandS upright
microscope. A photograph of the temperature stage integrated
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Figure 1. (3, b) SEM images of SMPs treated with Tollens’ reagent. (c) Close-up view SEM image of the surface of a SMP. (d) SEM image of
SMPs with marked areas 1 (red), 2 (green), and 3 (orange) for EDX measurements. (e) EDX spectra of areas 1 (red), 2 (green), and 3 (orange)
marked in (d). (f) EDX elemental distribution image of silver (at silver (Ag) 2.934 keV) superimposed with the corresponding SEM image, and (g)
EDX elemental distribution image of sulfur (at S 2.307 keV) superimposed with SEM image.

in the setup of the microscope is included in the supporting
information in Figure S1. The THMS600 offers a wide
temperature range from —196 to 600 °C with a temperature
rate of up to 150 °C/min heating and temperature stability of
0.1 °C. Furthermore, it includes a 16 mm XY manipulation
stage with a sample area of 22 mm diameter. Samples were
loaded onto a 0.17 mm-thick cover slip glass and placed on a
highly polished pure Ag heating element to ensure heat
transfer and sensitive temperature measurements. In this case,
spectra were collected using a Carl Zeiss objective EC Epiplan-
Neofluar 5x NA = 0.15, with a long working distance to be
isolated from the sample stage lid window, which is at a fixed
distance from the heating/cooling element.

Scattering Spectroscopy. Scattering spectra were re-
corded with a Nikon Eclipse Ti-U inverted confocal micro-
scope. The illumination was achieved with a 100 W halogen
light bulb. A dark-field condenser (NA 0.85—0.95) directs the
light with an angle of 58—72° on the sample. The scattered
light is collected by a 60X objective with a NA of 0.7. The
collected light was detected by a spectrometer (LOT SR-303i-
B) with an Andor iDus CCD camera. All measurements were
conducted at room temperature and ambient conditions.

The raw dark-field scattering spectra were corrected using
the following equation:

-1,

scattering = —

TL - TD

where T, represents the scattered light intensity through a bare
glass slide, T; is the signal intensity of SMPs, T} is the intensity
of the halogen lamp, and Ty is the dark intensity of the
spectrometer.

Scanning Electron Microscopy (SEM)—EDX. SEM
images were acquired with a HITACHI SU8030 at 2 kV, a
secondary electron detector, and an accelerating voltage of 0.5
to 30 kV. EDX was measured by a Bruker detector QUANTAX
6G — Typ 200 attached to the SEM.

B RESULTS AND DISCUSSION

Prior to NP deposition, the freshly prepared SMPs were
characterized using SEM and EDX to visualize the structural
modifications and the elemental distribution as a result of the
particle synthesis (data not shown). Then, Ag NPs were
deposited on these SMPs with Tollens’ reagent. Figure 1 shows
the SEM and EDX characterization of these SMPs.

Figure la shows a SEM image of a large area containing
SMPs covered by NPs deposited with Tollens” reagent. The
deposition of Ag NPs on SMPs is very heterogeneous, and the
NP density varies for different particles within the same
sample. In some SMPs, the density of Ag NPs is high and
hence they appear brighter, whereas SMPs with lower density
appear darker. The close-up view in Figure 1b shows that the
surface of the SMPs is densely covered by NPs. Figure Ilc
shows a detailed view of the surface of one SMP. The sizes of
the Ag NPs vary from 10 to 400 nm, with different shapes for
each individual particle. This also leads to a high variability of
gap sizes between Ag NPs, which are able to create intense hot
spots leading to strong enhancement of the SERS signal. This
variety of sizes, shapes, and gaps is beneficial, since it results in
different plasmon resonances and allows to efficiently excite
different molecules.”

The elemental distribution is determined by EDX elemental
analysis of the SMPs. Figure 1d shows a SEM image of
particles with strongly differing NP distribution. The marked
areas 1 (red), 2 (green), and 3 (orange) denote the positions
where the EDX spectra in Figure le were acquired. It can be
seen in Figure 1d that areas 1 (red) and 2 (green) show quite
different Ag NP densities whereas area 3 (orange) shows a
large agglomeration of Ag NPs. In Figure le, the respective
EDX spectra are shown. The carbon (C) peak at 0.277 keV is
common for all areas, which occurs due to C residuals by the
SEM and EDX measurements. Hence, the C peak cannot be
avoided and is present in all EDX measurements. The silicon
(Si) peak at 1.739 keV originates from the SMPs, as well as
from the substrate (a Si wafer used to avoid any charging
effects). The peaks at 2.984 and 3.158 keV are caused by Ag
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Figure 2. (a, b) SEM images of SMPs sputtered with gold. (c) Close-up view SEM image of the surface of one SMP. (d) SEM image marked with
areas 1 (red) and 2 (green) denoting the areas where EDX spectra were acquired. (e) EDX spectra of areas 1 (red) and 2 (green) marked in (d),
and (f) EDX elemental distribution image of gold (at gold (Au) 2.12 keV) superimposed with the SEM image.
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Figure 3. (a) Temperature-dependent Raman spectra of mercapto-functionalized SMPs ranging from room temperature (RT) at 27 to 260 °C
normalized to the intensity of the 2912 cm™ peak. (b) Integrated peak intensity of SH stretch (at 2566 cm™')—red graph, and CH, stretch (at

2912 cm™')—blue graph as a function of the temperature.

and can be observed in all areas with varying intensities. The
highest Ag intensity is found in area 3, because this area
consists of an agglomeration of NPs. The intensity of the Ag
peak is higher in area 1 than in area 2 because of the larger
density of NPs in area 1. The oxygen (O) peak at 0.525 keV
and the sulfur (S) peak at 2.307 keV are the main signatures of
the SMPs; they are only visible in areas 1 and 2 and absent in
area 3. S can be observed in the EDX spectra, since the SMPs
are functionalized with mercapto groups to immobilize the
NPs. The intensities of the O and S peaks are higher in area 2
than in area 1, because the higher density of NPs in area 1
leads to a stronger shielding of the signal of the substrate SMP,
which agrees with the SEM image in Figure 1d. Apart from the
abovementioned elements, no other elements were detected in
the EDX measurements. Figure 1f and g show superpositions
of SEM images and the elemental distribution mapped with
EDX for Ag (blue) and S (pink), respectively. These
superpositions show that the Ag and S peaks are highly
correlated and originate mainly from the SMPs.

Next, NPs were deposited on the SMPs by sputtering with
Au. The results are shown in Figure 2.

13692

Figure 2a shows a SEM image of a large area containing
SMPs covered by NP sputtered with Au. The close-up view in
Figure 2b shows a single SMP sputtered with Au. The brighter
areas in the images are covered by Au, and the darker areas are
bare SMPs. Sputtering with Au does not uniformly cover the
whole surface of SMPs, since Au is only deposited on the side
of SMPs exposed to the Au target (shadowing effect). Figure
2c shows a detailed view of the surface of one SMP sputtered
with Au. The surface morphology consists of several connected
metal islands with small gaps between them. This surface
morphology is observed in all SEM images and SMPs alike.
The Au deposition is very homogeneous within SMPs. In other
words, the morphology of the Au surface of different SMPs is
rather similar, unlike depositing Ag by Tollens’ reagent where
the Ag layer is heterogeneous. Figure 2d shows a SEM image
of a single SMP, where the marked areas 1 (red) and 2 (green)
denote the positions where the EDX spectra shown in Figure
2e were acquired. The C peak (at 0.227 keV) is a result of
residuals from SEM and EDX measurements, and the Si peak
(at 1.739 keV) originates from the SMPs and the substrate.
The intensity of the O peak (at 0.525 keV) is larger in area 2
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Figure 4. (a) Schematics (not to scale) of mercapto-functionalized bare SMPs. (b) SEM image of a mercapto-functionalized bare SMP. (c)
Scattering resonances of several mercapto-functionalized bare SMPs. (d) Schematics (not to scale) of SMPs with silver NPs. (e) SEM image of a
SMP with silver NPs. (f) Exemplary scattering spectra of SMPs with silver NPs exhibiting plasmon resonances. (g) Schematics (not to scale) of
SMPs with gold NPs. (h) SEM image of a SMP with gold NPs. (i) Some exemplary scattering spectra of SMPs with gold NPs exhibiting plasmon

resonances.

compared to area 1, because the density of Au in area 1 is
larger, masking the signal of the underlying SMP. The inverse
behavior is evident for the Au peak (Au) at 2.12 keV, where its
intensity is higher in area 1. Figure 2f shows superimposed
images of SEM and elemental distribution mapped by EDX for
Au in the same area. Here, it can be seen that Au is uniformly
spread across the region and no other elements have been
detected. It should be noted that S has not been observed in
these measurements, although the same basic mercapto-
functionalized SMPs were used. The S peak at 2.307 keV
can be observed neither in the shadowed nor in the exposed
regions. This suggests that the S bond is breaking during the
sputtering process, where the temperatures can rise up to 300
°C. Figure 3 shows temperature-dependent Raman measure-
ments of several bare mercapto-functionalized SMPs.

The temperature was increased from RT at 27 to 270 °C,
and Raman spectra were acquired every 10 °C interval. After
every 10 °C increase, the temperature was kept constant for a
few minutes to reach thermal equilibrium throughout the
sample. Figure 3a shows Raman spectra in the spectral range
from 2350 to 3050 cm™" at different temperatures with 20 °C
intervals. Both visible peaks at 2566 cm™" (SH stretching) and
at 2912 cm™' (CH, stretch, band of four overlapping peaks)
decrease in intensity for increasing temperatures. Since the
spectra are normalized to the intensity of the 2912 cm™' peak,
this fact becomes apparent from the increasing background
noise. The variation of the integrated intensity as a function of
temperature for the peak at 2566 cm™' is shown in Figure 2b
(red graph). From RT (27 °C) to 50 °C, the intensity of the
SH peak increases; this behavior needs further investigation.

Afterwards, the intensity steadily decreases for increasing
temperatures until reaching a temperature of 220 °C. Above
230 °C, the SH Raman peak is not detectable anymore. The
green spectrum in Figure 3a is acquired from the same sample
after cooling down back to RT, and the SH Raman peak is not
visible anymore. This proves that at high temperatures, the SH
bond breaks and the intensity of the SH peak decreases
completely. This also explains why no S is detected in the EDX
spectra for SMPs sputtered with Au. A similar behavior is
observed for the CH, stretch peak at 2912 cm™" in the spectra
in Figure 3a and the integrated intensity in Figure 3b (blue
graph). It has the same trend as that of the SH peak. After
cooling down, the CH, stretch however can be seen again, but
the spectral shape and peak position are altered, indicating that
also this bond was chemically altered.

An important parameter for the SERS enhancement is the
optical properties of the substrate, since the excitation light
needs to efficiently couple to the NPs. The dark-field scattering
spectra of bare SMPs as well as SMPs covered with Ag and Au
are shown in Figure 4.

Figure 4a shows a schematic representation (not to scale) of
bare SMPs with a large dent and several smaller dents on their
surface. These dents are common for all the particles that have
been fabricated with the method described in the Materials and
Methods section. Figure 4b shows a SEM image of a single
SMP, and Figure 4c shows the scattering resonances with a
maximum at approximately 950 nm for four bare SMPs along
with a significantly small shoulder at approx. 720 nm. Since the
bare SMPs do not absorb light in this spectral region, the
observed signal can mostly be assigned to Mie scattering.””**
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Figure S. (a) Raman spectrum of mercapto-functionalized SMPs. (b) Confocal Raman imaging of bare SMPs functionalized with mercapto groups
for the SH peak (at 2566 cm™). (c) SERS spectra of MB for the positions marked in (d) for hotspot (1—bright regions), hotspot (2—Ilow-
intensity regions), and glass substrate (BG—absence of any metal NPs). (d) SERS imaging of SMPs with silver NPs (excitation laser: 633 nm) of
MB analytes (at 1626 cm™": C—C ring stretch) marked with areas 1 and 2, and glass substrate (BG). (e) SERS spectra of MB for the positions
marked in (f) for hotspot (1—bright regions), hotspot (2—low-intensity regions), and glass substrate (BG—absence of any metal NPs) (excitation
laser: 633 nm). (f) SERS imaging of SMPs with Au NPs (excitation laser: 633 nm) of MB analyte (at 1626 cm™: C—C ring stretch) marked with

areas 1, 2, and substrate.

Figure 4d and e show a schematic representation and a SEM
image of SMPs covered with Ag NPs, respectively. The
particles display a diverse range of surface morphologies, which
is evident from the SEM images shown in Figure 1. This
heterogeneity will lead to different plasmon resonances at
different spatial locations on the SMP. Figure 4f shows that the
particles exhibit multiple broad plasmon resonances that span a
wavelength range of 600 to 750 nm. In all spectra, the
underlying SMP displays a scattering maximum at approx. 950
nm, which is consistent. However, several additional
resonances at around 620, 660, 700, and 750 nm can also be
observed. This resonance can be assigned to the plasmon
resonance of the Ag NPs. Typically, the plasmon resonance of
a Ag sphere with a size of 10 nm (diameter) is spectrally
located around 392 nm.” The presence of multiple plasmon
resonances across a spectral range of 600 to 750 nm indicates
that there are tiny gaps between adjacent Ag NPs or variations
in the size/shape of the NPs themselves. However, such an
extensive spectral redshift of the plasmon resonance suggests
that there is significant coupling between the NPs.**’
Previous studies have documented the presence of plasmon
resonances of Ag NPs in similar systems, with peak

13694

wavelengths ranging from 420 to 530 nm and occasionally
up to 800 nm. This has been attributed to a strong coupling
between NPs, resulting in a red-shifted peak wavelength.””
This coupling is very beneficial for SERS, since it creates strong
electromagnetic fields in the gaps leading to intense hot spots.
Since the NPs exhibit a broad range of plasmon resonance
wavelengths, this allows for the enhanced detection of multiple
molecules on a single substrate.” This attribute makes these
particles particularly useful for fast screening of molecules
within a single sample, as it is to be expected that multiple
analytes can be detected simultaneously. Such an ability could
significantly enhance the efficiency of sample analysis and
make it a valuable tool in various fields such as biomedical
research and environmental monitoring. Figure 4g and h show
a schematic representation and a SEM image of SMPs
sputtered with Au, respectively. The scattering resonance of
the particles is displayed in Figure 4i, and in contrast to Ag,
these particles exhibit a regular plasmon resonance at
approximately 760 nm, which is visible in all spectra. The
peak at 760 nm can be attributed to the plasmon resonance of
the Au film, and interestingly, it is consistent across all the
particles despite the observed intra-particle heterogeneity in
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the SEM images. The detection of few other resonances at
higher energies around 530/630/650 nm is apparent in certain
spectra. Typically, the plasmon resonance of a Au sphere with a
size of 10 nm (diameter) is spectrally located at 520 nm.” The
plasmon resonance detected at 530 nm suggests the existence
of isolated spherical Au particles on the SMP that are relatively
small. Similarly to SMPs covered with Ag NPs, the redshift of
the plasmon resonance to 760 nm suggests that there are
several small gaps between the Au islands leading to coupling
between them.***” Furthermore, the scattering resonance of
the uncoated SMPs is also visible at 950 nm and it remains
consistent across all spectra.

The bare SMPs were further characterized with confocal
Raman imaging and spectroscopy. The results are summarized
in Figure S. Figure Sa shows a typical Raman spectrum of
mercapto-functionalized SMPs. The strong band at 2566 cm™"
is assigned to the SH stretching mode of the mercaptopropyl
group of the SMP.** The C—S stretching mode is found at 652
cm™' in SMPs. The CH, wagging modes for the propylene
bridge between the silicate and the S, CH,—Si, and CH,—S are
observed in the SMPs at 1305 and 1264 cm™'. The peak at
2912 cm™! is assigned to the CH, stretch.*""** Figure Sb shows
the spatially resolved intensity of the SH stretch at 2566 cm™"
of the functionalized SMP. The intensity varies across the
whole SMP, suggesting that the density of SH groups is lower
in some regions that might be associated with the dented
regions of those particles.

For SERS analysis, the analyte used here was MB. Figure Sc
shows the SERS spectra of MB at three different spatial
positions on the SMP covered with Ag NPs measured with a
633 nm excitation laser. The fluorescence background of MB
has been removed from all spectra. The most intense Raman
peaks for MB are the C—C ring stretch at 1626 cm ™', the C—H
in-plane ring deformation at 1388 cm™}, and the C—N
asymmetric and symmetric stretching at 1441 and 1154 cm™,
respectively. It should be noted that the SERS spectra are
dominated by MB and no evident signals from the SMP are
visible. For SERS imaging, the most intense Raman peak of
MB, which is the C—C ring stretch at 1626 cm™, is
considered. Spectrum 1 (red) is from a hotspot (position X
1), while spectrum 2 (blue) is from the low-intensity region
(position X 2). The black spectrum is an average spectrum
acquired from the glass substrate (BG), which is also covered
with MB. The most intense MB peak at 1626 cm™ was
significantly enhanced at the hotspot, compared to the glass
substrate (BG). Besides the SERS effect, the Raman signal is
enhanced by the resonance Raman effect, since MB has an
absorption maximum at 665 nm, which is spectrally close to
the 633 nm excitation laser wavelength.*’ Figure 5d shows the
spatial distribution of the integrated signal of the most intense
peak at 1626 cm™" (C—C ring stretch). Here, it can be seen
that the edges of the SMP show enhancement of the MB peak,
because the plane of excitation is set to be in the center of the
SMP and Ag is only deposited on its surface. Furthermore, the
intensity is not homogenous and shows certain bright regions
at the edges. The ratio between the spectral intensity of the
1626 cm™! peak at the bright region and on the glass substrate
can be termed EF:

EF = IHotspot )

I Substrate

where 0 i the spectral intensity of a certain peak at the
bright regions and I is the spectral intensity of the same
peak on the substrate (glass slide) in the absence of any metal
NPs. The reason behind deliberately employing the afore-
mentioned method to calculate the SERS EF, as shown above,
stems from the inherent difficulties in accurately estimating the
number of molecules present within a given spot, which can be
influenced by factors such as molecule accumulation. This
approach aligns with previous publications that have also
utilized similar SERS EF calculations.”*™* The EF for SERS
on SMPs with Ag NPs with MB as analyte and 633 nm
excitation laser was calculated to reach up to 24. The second
SMP type is sputtered with Au NPs, and the results of SERS
with these particles are summarized in Figure Se,f. Figure Se
shows the SERS spectra of MB at three different positions.
Spectrum 1 (red) is from the region with highest intensity
(position 1), spectrum 2 (blue) is from the lower-intensity
region (position 2), and the black spectrum is the average
signal from the glass substrate (BG), which is glass covered
with MB. All the abovementioned positions are marked in
Figure 5f. When comparing the spectrum at the most intense
region to that on the glass substrate, it can be seen that all
peaks of MB are significantly enhanced. Figure 5f shows the
spatial intensity distribution of the MB peak at 1626 cm™" (C—
C ring stretch). Here, it can be seen that the edges of the SMP
show enhancement of the MB peak, since the surface of the
SMP is covered with Au and the plane of excitation is set to the
center of the SMP. Furthermore, the strongest intensity can be
observed when the electric field of the excitation beam is
parallel to the surface of the Au film, leading to the double-
lobed shape of the image. This distinction in the intensity can
also be seen in their corresponding spectra acquired at the
most intense region (1, red) and the less intense region (2,
blue) in Figure Se. The EF for SERS with SMPs covered with
Au NPs, MB as an analyte, and 633 nm excitation laser was
calculated to be up to 26.

The application of the 3D SERS substrates, specifically in
solution, will be reported in an upcoming publication.

B CONCLUSIONS

The manuscript details the successful fabrication of three-
dimensional (3D) SERS substrates based on SMPs using a
two-step fabrication process. In the first step, base particles or
SMPs were synthesized using sol—gel synthesis and function-
alized with mercapto groups. In the second step, noble metal
NPs were synthesized and deposited on the SMP surface.
Confocal Raman imaging was used to confirm the uniform
distribution of mercapto groups on the surface of the SMPs
and in the bulk, with the exception of areas with deformations
or dents. Temperature-dependent Raman measurements
showed that mercapto groups are unstable at temperatures
above 220 °C, as the mercapto bonds break, and the Raman
signal of the mercapto groups becomes undetectable.

To deposit Ag NPs, Tollens’” reagent was used in the first
approach. SEM images revealed that the deposition of Ag NPs
was random and the size the of NPs ranged from 10 to 400
nm. We observed inter-particle heterogeneity, meaning the
deposition of Ag varied for different SMPs within the same
batch. The scattering spectra of these particles indicated the
presence of multiple, broad plasmon resonance peaks spanning
a wavelength range from 550 to 800 nm.

In the second approach, sputtering was used to deposit Au
NPs. SEM images revealed that the surface consisting of
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connected Au islands with small gaps between them. We
observed intra-particle heterogeneity, meaning that the
deposition of Au varied within the SMP. Analysis of the
particles’ scattering spectra indicated that they possessed a
uniform distribution of Au within the sample, as evidenced by
a consistent comparably narrow plasmon resonance peak at
730 nm.

For SERS, MB was used as an analyte, and both types of
SMPs showed enhancement of the MB Raman signal. It was
noted that the EF, which is the intensity ratio of the MB signal
in bright regions and on the substrate, showed an enhancement
of the Raman signal by a factor up to 25.

The spherical shape of the 3D-SERS substrates offers
advantages over classical 2D surface-based SERS substrates.
Due to their spherical geometry, they can be excited regardless
of their orientation relative to the excitation laser. Additionally,
they open up many new possibilities to apply SERS for various
new types of samples, as SERS with SMPs is not limited to a
surface. For example, they can be used floating in solution or
can be incorporated into a cell or tissue. The ability to use the
SMPs in a variety of sample types, including cells and tissues,
allows for further exploration of SERS in biological and
medical applications.
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Abstract: The use of surface-enhanced Raman spectroscopy (SERS) in liquid solutions has always
been challenging due to signal fluctuations, inconsistent data, and difficulties in obtaining reliable
results, especially at very low analyte concentrations. In our study, we introduce a new method
using a three-dimensional (3D) SERS substrate made of silica microparticles (SMPs) with attached
plasmonic nanoparticles (NPs). These SMPs were placed in low-concentration analyte solutions for
SERS analysis. In the first approach to perform SERS in a 3D environment, glycerin was used to
immobilize the particles, which enabled high-resolution SERS imaging. Additionally, we conducted
time-dependent SERS measurements in an aqueous solution, where freely suspended SMPs passed
through the laser focus. In both scenarios, EFs larger than 200 were achieved, which enabled the
detection of low-abundance analytes. Our study demonstrates a reliable and reproducible method for
performing SERS in liquid environments, offering significant advantages for the real-time analysis of
dynamic processes, sensitive detection of low-concentration molecules, and potential applications in
biomolecular interaction studies, environmental monitoring, and biomedical diagnostics.

Keywords: surface-enhanced Raman spectroscopy; silica microparticles; SERS substrates; three-
dimensional SERS substrates; plasmonics; SERS in solution

1. Introduction

Raman spectroscopy is highly valued for its specificity, but small Raman scattering
cross-sections often limit its applicability. One approach to significantly increase sensitivity
is surface-enhanced Raman scattering (SERS), where a suitable surface enhances the Raman
signal [1,2]. With enhancement factors (EFs) ranging from 102 to 108, SERS allows for the
detection of low-abundance species even in complex mixtures.

In solution, SERS enables the real-time analysis of dynamic processes and the detection
of low-concentration molecules with good sensitivity and specificity [3-8]. However, SERS
in solution poses several challenges due to its three-dimensional (3D) geometry. The
enhancement of the Raman signal in conventional two-dimensional (2D) SERS substrates
is limited to a few tens of nanometers above the surface [9-11]. Dynamic and complex
solutions, particularly biological fluids and environmental samples, require SERS substrates
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to perform reliably in these 3D environments. Hence, there is a growing need for effective
SERS platforms that operate in solution [12,13].

Silica microspheres functionalized with silver (Ag) nanoparticles (SMP@Ag) have
emerged as promising candidates for such applications. These substrates combine the high
surface area and ease of modification of silica microspheres with the plasmonic properties of
Ag NPs, offering an effective 3D SERS platform [14,15]. The fabrication and characterization
of mercapto-functionalized silica microspheres (SMPs), subsequently decorated with silver
(Ag) nanoparticles using Tollens’ reagent (SMP@Ag), has already been described [15].
Three-dimensional (3D) substrates demonstrate excellent performance in complex matrices
and have the potential for multiplexed detection, thus broadening their application in
diagnostics, environmental monitoring, and chemical sensing. Additionally, they can be
suspended in a solution or any biological environment and distributed across different
spatial locations.

In comparison to similar SERS platforms reported in the literature, a few studies have
employed different strategies to achieve SERS in solution or on dried samples, resulting
in notable variations in EFs, sensitivity, and detection limits. For instance, Li et al. de-
veloped poly(styrene-co-acrylic acid) core-silver nanoparticle/silica shell microspheres,
demonstrating high sensitivity [16,17]. In contrast, Liu et al. presented SiO,@Ag core—shell
particles that exhibited strong SERS enhancement [18]. Similarly, Jensen et al. focused
on single-molecule detection using highly sensitive pH-responsive substrates, achieving
single-molecule sensitivity [19]. Kim et al. described a CRISPR-mediated SERS assay that
achieved remarkable femtomolar sensitivity for bacterial DNA detection [20]. Chen et al.
investigated silver nanoparticle-decorated carbon nanospheres for melamine detection,
demonstrating strong SERS activity in solution [21]. Cai et al. developed gold-coated sul-
fonated polystyrene microspheres, enabling nanomolar sensitivity for 4-aminothiophenol
(4-ATP) [22]. Trinh et al. uniquely combined solar-to-steam generation with SERS detection,
achieving nanomolar sensitivity without quantifying the EF, offering a dual-functional
platform that sets it apart from traditional SERS substrates [23]. Lastly, Lupa et al. reported
relatively low EFs (ranging from 2.75 to 5.75) for Au NPs-coated SMPs [24]. This diversity in
substrates emphasizes the difficulties in directly comparing EFs and detection capabilities
due to differing methodologies and measurement conditions, especially when contrasting
solution-based and dried-sample environments.

This study investigates two distinct scenarios for 3D-SERS, each contributing novel
insights to the field.

In the first, stationary scenario, SMP@Ag particles were dispersed in a highly viscous
solution of methylene blue (MB) and glycerin. In this case, glycerin served as a medium to
immobilize the SMP@Ag particles. This use of glycerin enabled high-resolution SERS imaging
within a 3D matrix, allowing for the acquisition of spatially resolved SERS spectra of analytes
across the substrate. This technique provides a unique method for mapping analyte distribu-
tion in solution, thereby enhancing the utility of SERS substrates in complex environments.

In the second scenario, referred to as the dynamic scenario, SMP@Ag particles were
freely floating in a water-MB solution, simulating real-world conditions where substrates
were suspended in fluidic environments. Here, we introduced time-dependent SERS
measurements to capture the temporal fluctuations in the SERS signal as the particles
moved through the laser focus. This capability enables the real-time detection of low-
concentration analytes, which is essential for continuous monitoring in environments such
as biological fluids and environmental samples. Additionally, we employed mercapto-
functionalized silica spheres for immobilizing metal NPs, marking a novel fabrication
strategy. Combined with the straightforward fabrication of these SMP@Ag substrates using
Tollens’ reagent, this study presents a versatile and innovative approach to the development
of 3D SERS substrates.

This method’s excellent, reproducible, and reliable performance, coupled with its
simple fabrication, means it can be produced at a low cost. It is helpful for real-time, on-
site SERS detection in fields like analytical chemistry, biomedical research, environmental
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research, and forensic science. Three-dimensional (3D) SERS substrates provide valuable
depth information, advancing SERS-based sensing and enabling new scientific insights.

2. Materials and Methods
2.1. Fabrication of Mercapto-Functionalized SMPs

The functionalized SMPs were prepared according to a previously published protocol
regarding silica particles with similar morphology but different functionalization [25,26].
A solution containing 115 mL of water and 0.266 mL of aqueous ammonium hydroxide
(NH4OH) was stirred continuously for 40 min. A syringe pump added 2.6 mL of a mixture
of tetraethoxysilane (TEOS) and mercapto-trimethoxysilane (MerTMS) with a ratio of
22 mmol:88.3 mmol. The amount and composition of this mixture allowed for the control
of the particles’ shape, size, and morphology. After adding the silane mixture, the solution
was stirred at room temperature for 14 h. The solvent was removed by washing with water
and ethanol, and the SMPs were dried in an oven at 70 °C for 16 h. The resultant SMPs
were non-porous, monodispersed, approx. 3 pm sized mercapto-functionalized spherical
silica particles. The details can be found in reference [15].

2.2. Synthesizing SMPs with Metal Nanoparticles
Tollens” Reagent (Ag)

Tollens’ reagent was used to precipitate elemental Ag, producing a Ag mirror on the
surface of the SMP. For this, Ag nitrate (AgNOj3) 53.0 mg—312 pmol, aqueous ammonia
solution (NH3) 25%—380 pL, and saturated aqueous D-(—)-Fructose solution (2.0 mL) were
dissolved in 3 mL of deionized water. Subsequently, one small pellet of NaOH was added
and stirred until visibly dissolved. A total of 500 puL of this resulting solution was added to
an Eppendorf tube containing mercapto-functionalized SMPs and was stirred continuously
to allow Tollens’ reagent to react uniformly with the complete surface area, generating
SMP@Ag particles. Then, the mixture in the Eppendorf tube was allowed to rest for 1 min
at room temperature. Afterward, the Eppendorf tube was placed in an ice bath to stop the
chemical reaction, and the contents were washed with deionized water.

2.3. SERS Experiments

A commercial microscope from WITec (Oxford Instruments, Ulm, Germany) al-
pha300RAandS was used for the SERS experiments. A 532 nm diode laser with a nominal
output power of 40 mW was used for excitation. The illumination and collection of the
detected signal were carried out using two configurations illustrated in Supplementary
Materials in Figure S1. Figure Sla illustrates the top excitation/detection configuration
using an objective lens (Carl Zeiss, Jena, Germany; EC Epiplan, 20 x, NA = 0.4). This config-
uration was suitable for dynamic experiments, as the 3D SERS substrates were suspended
in the solution. Figure S2b shows bottom excitation/detection by an objective lens (NIKON
60x, NA = 0.55, Tokyo, Japan). In static/stationary experiments, high-resolution spatial
images of the substrate within the solution were possible due to the nature of the solution.
To achieve this, a bottom illumination/detection configuration was used. Multi-mode
fibers with different diameters guide the detected signal to the spectrometer. The diameter
(10 um, 25 um, 50 um, and 100 um, all with an NA = 0.12) of these fibers determines the
confocal pinhole size [27]. For detection, the microscope is equipped with a lens-based
ultra-high-throughput spectrometer (UHTS 300) with a thermoelectrically cooled (down
to —60 °C) back-illuminated CCD and an EMCCD (Andor DU970N-BYV, Belfast, UK). All
SERS experiments were performed using a 600 L/mm grating, which offers an extensive
spectral range. Data processing for all the above measurements was performed using
Control 5.0 software provided by WITec (Ulm, Germany). All experiments were carried
out under ambient conditions.
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2.4. Preparation of Solution

SERS experiments were performed with methylene blue (MB) as an analyte (purchased
from Carl Roth Gmbh & Co. Kg, Karlsruhe, Germany). MB exhibits an absorption peak at
665 nm, a smaller peak at 610 nm, and an additional peak at 293 nm [28].

2.4.1. Glycerin-MB Solution

Glycerin (99% pure) was put into a glass beaker, and a few milligrams of MB was
added to achieve a concentration of MB of 3 x 107> M. After adding MB, the solution
was vigorously stirred for an extended period inside the glass beaker using a spatula. The
SMP@Ags were then added to this mixture and blended well. The mixture was sonicated
for 5 min to prevent the aggregation of the SMP@Ag particles inside the solution. With
significantly extended sonication times, there is a chance that Ag NPs might separate from
the SMP@Ags.

2.4.2. Water-MB Solution

Distilled water was poured into a beaker with a few milligrams of MB to obtain an MB
concentration of 3 x 107> M. The solution was mixed briefly before being placed in a small
ceramic Petri dish to be tested for SERS. After that, SMPs treated with Tollens’ reagent were
added to the solution and left to float for a while before the SERS measurements.

2.5. Scanning Electron Microscopy (SEM)

SEM images were acquired with a HITACHI SU8030 (Tokyo, Japan) at 2 kV, a secondary
electron detector, and an accelerating voltage of 0.5 to 30 kV.

A detailed characterization of such SMP@Ags using SEM, energy dispersive X-ray
(EDX), and dark field scattering are shown in our previous publication [15].

3. Results and Discussion

The preparation of SMPs functionalized with Ag nanoparticles (SMP@Ag) was already
discussed in a previous publication. The SMP@Ags were characterized by scanning electron
microscopy (SEM), energy dispersive X-ray (EDX), and dark-field scattering, and their
SERS activity was investigated in a stationary 2D environment [15]. These particles provide
multiple resonances throughout the visible and near-infrared spectral region within the
same SMP, thus enabling multi-analyte screening [9,15].

The SMP@Ags were immobilized by glycerin for the first experiments. The immobi-
lization enables the acquisition of SERS spectra at specific points on the SMP@Ag particle
and SERS imaging. Apart from MB, glycerin serves as a second analyte. A sizable drop of
the glycerin-MB solution containing SMP@Ags was deposited onto a glass slide, according
to the scheme in Figure 1a. A microscopic image of the SMP@Ags immersed in this solution
is shown in Figure 1b. The SMP@Ags in the center of Figure 1b are within the microscope’s
focal plane, while the others are out of focus. The SEM picture in the inset of Figure 1b
depicts the morphology of the SMP@Ags and shows Ag particles with sizes ranging from
10 nm to 400 nm on the SMP surface. Due to the high viscosity of glycerin, the position
of the SMP@Ags remains stationary within the timescale of the subsequent experiments,
enabling extended optical measurements. Raman imaging in a bottom excitation/detection
configuration was optimal for conducting SERS experiments and high-resolution imaging
within the solution; the results are shown in Figure 2.
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Figure 1. (a) Schematics (not to scale) of bottom illumination/collection configuration for SMPs@Ags
immersed in a solution of glycerin and MB, and (b) microscopic (bright-field) image of SMP@Ags
mixed in glycerin-MB. The image shows that the SMP@Ags are localized in different planes in the
solution. Inset: SEM image of an SMP@Ag.
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Figure 2. (a) SERS spectra of glycerin and MB at different spatial positions on SMP@Ags, position
1 (bright region), position 2 (low-intensity region), background (BG), and BG accumulated (BG
acc), acquired separately from the same solution with 500 accumulations. Inset: SERS spectra and
non-SERS spectra of MB in water (measured separately only for reference). (b) SERS image of an
SMP@Ag immersed in glycerin-MB solution at 1626 cm~!. The marks show the positions where the
spectra in (a) are acquired. (c) Spatial distribution of EF for the MB peak at 1626 cm~ 1 and (d) spatial
distribution of EF for the glycerin peak at 1464 cm™1.

Figure 2a depicts the SERS spectra acquired at the different spatial positions on a single
SMP@Ag (as marked in Figure 2b) in a glycerin-MB solution. The spectrum at position 1
(red in Figure 2a) is obtained from a bright region on the SMP@Ag particle, and the green
spectrum in Figure 2a is acquired at position 2 with lower intensity. The background (BG,
purple in Figure 2a) spectrum is recorded beside the SMP@Ag. The SERS spectrum of
glycerin-MB deviates significantly from the MB spectra (shown in the inset). This can be
ascribed to the additional presence of glycerin. For example, the most intense peak of MB
is at 1626 cm ™!, corresponding with the C-C ring stretch [28], while the signal at 1464 cm ™!
is due to the CH, vibration of glycerin [29]. No Raman signal from MB or glycerin can be
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observed in the BG spectrum in Figure 2a. Hence, it was necessary to significantly increase
the acquisition time to obtain any observable signal from the BG. The black spectrum shows
the accumulated BG spectrum (BG acc) for 500 accumulations. Without SERS enhancement,
glycerin dominates the spectrum, and only a weak MB Raman signal is visible in the
close-up view of the spectrum, as shown in the Supplementary Materials in Figure S2. The
SERS image in Figure 2b was based on the integrated intensity of the most intense MB peak
(1626 cm~!) with a spectral width of 20 cm~!. The small region shown in red exhibits the
strongest SERS enhancement. Additional SERS images of single SMP@Ags immersed in a
solution of glycerin-MB are presented in Figure S3 of the Supplementary Materials. The EF
was determined using the Raman signals in the accumulated BG (BG acc) spectrum. The
EF is calculated as the intensity ratio of the most intense peak of MB (at 1626 cm~!) on the

SMP and the substrate:

EF — IHotspot

Isubstrate @
IHotspot is the intensity of a specific Raman peak at the bright regions and I pstrate 18
the intensity of the same peak on the substrate (glass slide) without any metal NPs. The
reason behind deliberately employing this method to calculate the SERS EF stems from
the inherent difficulties to accurately estimate the number of molecules present within a
given spot, their exact location in the hot spot, and their distance from the surface [30-32].
It is important to note that the method used to calculate EF in this study results in lower
EF values compared to those reported in other SERS research, which typically range from
102 to 10%° [5,33,34]. Figure 2c,d show the spatial distribution of EFs at the characteristic
Raman frequencies of MB (at 1626 cm ™) and glycerin (at 1464 cm 1), respectively, derived
from the identical dataset as presented in Figure 2b. The spatial EF distributions for MB
and glycerin are quite similar. Strong differences are observed for the maximum EFs
of glycerin (EFmax = 15) and MB (EFmax = 374). This could be due to MB accumulating
on the SMP@Ag due to the electrochemical properties of MB containing a sulfur atom
within its structure. Additionally, the large surface area of SMP@Ag provides numerous
adsorption sites, facilitating the accumulation of MB molecules. This combined effect leads
to a higher effective concentration of MB on SMP@Ags, contributing to the enhanced signal
and larger EF of MB compared to glycerin. The maximum (EFnax) and minimum (EFyip)
EF calculations for Figure 2¢,d are shown in Supplementary Materials.

The results shown in Figure 2 were obtained for immobilized SMP@Ags. However,
in less viscous solutions, the SMP@Ags will not remain stationary. Consequently, freely
floating SMP@Ags are investigated in a water-MB solution. The results are shown in
Figure 3.

Next, the laser was focused in the water—MB solution in a beaker, and the detection
was in a top excitation/detection configuration (back-scattering detection geometry) for
easier alignment with the sample and to ensure efficient capture of scattered light from the
solution. Several videos were recorded in the bright-field mode of the microscope, showing
the movement of SMP@Ags in solution. Figure 3a presents snapshots from one of these
videos, illustrating an SMP@Ag (located out of the focal plane) moving through a much
smaller laser spot (approx. 700 nm) than the size of the particles (approx. 3 pm). The images
suggest that the laser focus widens as the SMP@Ag passes through it. This is attributed to
the increased signal intensity resulting from the scattering of the Ag nanoparticles on the
SMP, which in turn causes the camera to reach saturation.

Additionally, a SERS spectrum was acquired every second with an integration time of
500 ms. Figure 3b displays the temporally resolved SERS intensity of MB at 1626 cm ™. In
Figure 3b, intensity spikes are observable, for instance, around the 15 s mark, indicating the
passage of SMP@Ags through the laser focus volume, resulting in a noticeable enhancement
of the MB SERS signal. At approximately 175 s and 315 s, extended periods with high SERS
intensity suggest a passage of multiple SMP@Ags or a single slowly moving SMP@Ag.
However, there are several intensity spikes with durations shorter than 3 s, e.g., at 200 s,
210 s, and 225 s, where a single SMP@Ag swiftly passes the excitation focus.
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Figure 3. (a) Video snapshots of SMP@Ags immersed in a water-MB solution passing through a laser
spot at different time frames. (b) SERS intensity of MB (at 1626 cm~1) measured as a function of time
(for a preset duration of 500 s) for SMP@Ags passing through the laser focus spot in a water-MB
solution. (c) SERS spectra of MB for the corresponding time frames shown in (b). (d) SERS intensity
of MB (at 1626 cm 1) acquired after a resting time, also measured as a function of time (for a preset
duration of 750 s) for SMP@Ags passing through the laser focus spot in a water—-MB solution. (e) SERS
spectra of MB for the corresponding time frames shown in (d).

Figure 3c shows Raman spectra at three distinct time points, i.e., 15 s, 225 s, and 390 s,
indicated by the dashed lines in Figure 3b. The spectrum at 390 s resembles the BG level.
Here, only the most intense MB peak at 1626 cm ™! is visible. The spectrum at 225 s shows
a clear MB SERS signal when the SMP passes the laser focus. However, the enhancement
strongly depends on the actual position of the SMP@Ag to the excitation focus, the number
of Ag nanoparticles on the SMP, and their distribution on the surface, which can vary
between different SMP@Ags [15].

After a resting period of 10 min, the experiment was repeated, as shown in Figure 3d.
At first glance, the dwell time of SMP@Ags in the laser focus is increased compared to
Figure 3b. In Figure 3d, high-intensity periods are observed for extended periods of several
seconds, and only one very short intensity increase is visible at around 75 s. Figure 3e
shows Raman spectra at three distinct time points, i.e., 75 s, 250 s, and 650 s, indicated by
the dashed lines in Figure 3d. The spectrum at 650 s resembles the BG level. Here, only the
most intense MB peak at 1626 cm ™! is visible. The spectrum at 250 s shows a clear MB SERS
signal when the SMP passes the laser focus. This observation suggests that the SMP@Ag
movement is slowing down or that the SMP@Ags have clustered. However, this situation
is advantageous for sensing applications due to the prolonged high-intensity phases.

Figure 4a shows a 2D surface plot of the Raman spectra (shown in Figure 3d,e) in the
range from 1200 cm ™! to 1700 cm~!. The simultaneous fluctuation of all significant lines
indicates an enhancement of all Raman lines of MB. In the next step, the time-dependent
EF is calculated. First, the dataset is subdivided into 18 high-intensity periods, and then
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the maximum and average EF is calculated for each period according to Equation (1). A
non-SERS spectrum was acquired separately from a solution of the same concentration and
under the same experimental conditions without the addition of SMP@Ags.
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Figure 4. (a) Surface plot of MB spectra spanning 750 s ranging from 1200 cm ™! to 1700 cm ! and
(b) maximum and average EFs for the SMPs in water—-MB solution.

The result is given in Figure 4b. The maximum EF using Equation (1) is calculated
using the maximum intensity within a certain high-intensity period, whereas the average
EF is based on the average intensity over the whole period. The maximum and average
EF vary depending on the precise location of the SMP@Ag in the laser focus. The largest
maximum EF observed in this dataset is approx. 200, whereas the average EF can reach
up to 150 £ 20. As previously mentioned, the EF values obtained in this study are lower
due to the specific method of calculation employed, as outlined in Equation (1). The EF
for the water—-MB solution is lower than the glycerin-MB solution, likely due to the rapid
movement of SMP@Ag particles through the laser focus in the water-MB experiments.
This reduces measurement time, which may be less than intended. Additionally, in the
water-MB solution, SMP@Ag particles constantly move across different planes, leading to
instances where particles detected at the laser focus may not be fully in focus. These factors
contribute to the differences in EF observed between the glycerin-MB and water-MB
solutions. The maximum and average EF graphs exhibit a declining trend; this might result
from gradual changes in the focus position in the solution.

4. Conclusions

This study examined SMPs functionalized with Ag nanoparticles in two different 3D
environments: a stationary and a dynamic scenario.

In the stationary scenario, glycerin was used to immobilize the SMP@Ags, making
SERS imaging within the solution possible. Furthermore, this scenario mimics a situation
where the SMP@Ags are immobilized in, e.g., specific cell compartments or tissue. Along
with MB, glycerin can function as an analyte to further investigate the use of enhancing
multiple analytes within the same sample. Glycerin and MB both showed good enhance-
ment, although their EFs differed significantly. The EF can reach up to 374 for MB, whereas
for glycerin, it can reach up to 15. This indicates that multiple analytes are enhanced on the
same SMP.

In the dynamic scenario, MB solution in water was used. Here, the SMP@Ags were
mobile and randomly floating. Time-dependent experiments were performed, where the
MB’s SERS signal was detected when an SMP@Ag passed through the laser focus. An
SMP@Ag traveled across the laser EF in video snapshots at different time frames. The
results indicate that single and clustered SMP@Ags pass the laser focus. SERS enhancement
can be achieved with the SMPs functionalized with Ag nanoparticles and EFs up to 200.

The novel use of mercapto-functionalized silica spheres as a natural ‘glue’ for immo-
bilizing metal NPs in 3D SERS substrates, along with the easy fabrication using Tollens’
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reagent, represents an important advancement. Furthermore, the glycerin-immobilized
system allowed for detailed spatial SERS imaging within a 3D matrix, while the dynamic
system enabled real-time detection of low-concentration analytes in solution. In the long
term, these findings could pave the way for innovative applications in biomedicine and
environmental science, particularly in developing more effective 3D SERS substrates. These
might detect and identify a broader range of analytes in complex 3D environments, such as
cells, tissues, pollutants, and trace elements in water or other solutions.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/nano14211728/s1, Figure S1: Schematics of experimental details
that illustrate top and bottom excitation and detection configurations of WITec alpha 300RA&S
Raman microscope; Figure S2: Raman spectrum of glycerin—-MB solution (with 500 accumulations)
with most intense peaks marked; Figure S3: Additional examples of SERS imaging of SMP@Ags in
glycerin-MB solution.
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Conclusion and Outlook

The studies on improving the practicality of instrumentations in Raman spectroscopy
and chemical imaging combined with advanced data processing techniques and im-
proving the applicability of SERS have provided valuable insights into the field.

The investigation into SR parameters has highlighted crucial instrument, experiment,
and sample-specific factors that influence Raman spectroscopy outcomes. Key param-
eters, such as pinhole widths and quality factors, have emerged as critical determi-
nants of SR performance. This has emphasized the importance of optimizing instru-
ment-specific settings to achieve SR close to the natural bandwidth of the sample.
These findings confirm the high quality of the spectrometer and its potential for signifi-

cant precision when certain parameter combinations are applied.

In clinical applications, Raman spectroscopy, combined with MVA, has proven effec-
tive in accurately classifying SGT. Distinctive spectral patterns associated with RNA,
DNA/RNA, proteins, lipids, and collagen content allow for differentiation between non-
tumor salivary gland tissues, Warthin tumors, and pleomorphic adenomas. The PCA-
DA model has exhibited high predictive accuracy, demonstrating its potential for clinical
diagnostics. However, the study acknowledges the need for automation to increase
throughput. It highlights the necessity of further validation across diverse tumor types,

particularly in addressing the challenges of tissue heterogeneity.

Exploring non-uniform SERS substrates revealed diverse morphological variations and
gap sizes, allowing for tailored enhancements and flexible SERS conditions. Reso-
nance shifts in extinction spectra provided insights into plasmonic behavior, guiding
optimal conditions for specific analytes. Comparing different substrates and analytes
highlighted the need for customized conditions and positioning non-uniform substrates

as practical tools for molecular screening.

Additionally, the deposition of Ag and Au NPs on SMPs has demonstrated the potential
of 3D SERS substrates for diverse analytical purposes. Mercapto-functionalized SMPs
have been identified as particularly effective for trapping metal NPs. Temperature-de-
pendent Raman analysis has further deepened the understanding of mercapto bond
breaking, which is crucial for optimizing substrate performance. The efficient SERS

performance detecting analytes such as MB highlights the substrate’s effectiveness.
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This study examined SMPs functionalized with Ag nanoparticles in stationary and dy-
namic 3D environments. In the stationary setup, glycerin was used to immobilize the
SMP@Ags, facilitating SERS imaging within the solution. Multiple analytes demon-
strated significant differences in their EFs. Time-dependent experiments were con-
ducted in the dynamic scenario, with mobile SMP@Ags floating in an MB solution. The
SERS signal is detected as the SMP@Ags pass through the laser focus, highlighting

their applicability in real-time detection.

The collective outlook from this research underscores the significant advancements in
the practicality and effectiveness of Raman spectroscopy and SERS technologies. The
research presented in this thesis advances the field in several key areas, including
optimizing SR parameters for Raman spectroscopy, developing novel 3D SERS sub-
strates, and integrating advanced data processing techniques. These contributions
represent significant strides in improving the precision, sensitivity, and applicability of

Raman-based techniques in real-world settings.

The vision involves pushing the boundaries in fabrication techniques for non-uniform
SERS substrates, focusing on tailoring resonance conditions, integrating multimodal
analysis, and designing dynamic substrates. The goal is to enhance substrate func-
tionality through in-situ characterization methods, diverse analyte testing, and optimi-
zation algorithms. Collaborative interdisciplinary research and integration into portable
devices aim to bridge the gap between theoretical advancements and practical appli-

cations, addressing scalability and commercialization challenges for broader adoption.

3D SERS substrates on SMPs showcase tunable and versatile SERS performance.
This highlights the potential for responsive substrates for molecular sensing, spatial
resolution improvements, and adaptability for dynamic environments. Future research
involves optimizing the fabrication process for better control and reproducibility, explor-
ing a broader range of analytes, and expanding applications in various fields. Real-
time monitoring capabilities in dynamic environments open avenues for on-the-fly
sensing and diagnostics, encouraging further refinement and exploration of the
SMP@Ag SERS platform.

Refining Raman spectroscopy techniques and instruments emphasizes the need to
understand instrument-specific parameters, mitigate deviations, and optimize spec-
trometer designs for higher SR. Future work is suggested to explore innovative meth-

odologies, improve pixel technology, and precisely control quality factors for enhanced
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spectral precision. The outlook underscores the study's contribution to advancing the-

oretical models and practical applications in Raman spectroscopy.

A Raman spectroscopic imaging diagnostic model envisions a future with increased
efficiency and larger sample sizes through automation. The potential clinical utility
prompts for prospective clinical trials, especially with a more diverse set of tumor enti-
ties, addressing tissue heterogeneity and continuous optimization of the diagnostic
model. Collaboration across disciplines and exploration of extended tissue sets are
emphasized to gain a comprehensive understanding of spectroscopic variations and
refine diagnostic capabilities. The combined knowledge paves the way for continued
progress in developing and applying these techniques in various scientific and clinical

domains.

These findings enhance the understanding of instrument-specific parameters and
SERS substrate optimization and lay the groundwork for future innovations in biomed-
ical diagnostics, environmental monitoring, and chemical sensing. The versatility of
these techniques opens avenues for expanding their use in other analytical fields. This
research bridges the gap between theoretical advancements in Raman spectroscopy
and their practical applications, contributing valuable insights that will support future

innovations in academic research and industry.
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Appendix 1

S1. Calculation of incident + diffraction angle

Figure S 1: Schematics of blazed grating: The general case is shown with red rays,
and the Littrow configuration is shown with blue rays. GN is grating normal,
the normal drawn to the plane of grating, and FN is facet normal: the nor-

mal drawn to the facet of the grating.
The grating equation is given by,[300]

mA = d(sina + sinb) Eqgn. 38
The manufacturing specification states that the two gratings (1800 I/mm and 600 I/mm)

are configured at a Blaze wavelength of 500 nm. Blaze wavelength A is given by,[300]

2d | Eqn. 39
Ap = HSWQB
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At Blaze configuration,

_a+b Eqn. 40
s =
2
Where a is the incident angle to GN and b is the diffracted angle to GN, 65 is the Blaze

angle, is the angle between the face of the groove and the plane of the grating, m is

the diffraction order, and d is the grating groove density.
Solving for 65 from equation Eqn. 40 for both gratings,

l
0p for 1800 — = 27.03° Eqn. 41
mm

l Eqn. 42
0 for 600 — = 8.66° an
mm

Now assume the Blaze condition for maximum efficiency, the Littrow configuration. In
this configuration, the incident and the diffracted angle are in the same plane, that is,
a = b. At Littrow configuration,

a+p 2a Eqn. 43
HB = > :72

This suggests that the incident or diffracted angle has to be 27.03° for 1800 I/mm or

a=>»

8.66° for 600 I/mm. Substituting a or b in the grating Eqn. 38 and solving for the re-

maining angle gives for, say, A = 633 nm.

l
b for 1800 — = 44.14° Eqn. 44
mm

l
b for 600—— = 13.340 9™ 40
mm
Now, at 633 nm,

l
aat 1800% =90 - (a+b) =90 — (27.03° + 44.14°) = 71.17°

l
a at 600% =90 — (a+b) =90 — (8.66° + 13.34°) = 22.00°

Similarly, it can be calculated for 442 nm and 532 nm excitation sources.
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S2. SR as a function of wavelength and Raman shift

Figure S 2(a) presents the crucial dependence of SR on wavelength for both gratings.
This result can be easily derived from the equation by varying the wavelength (w;) over
the desired range. It is important to note that Q was kept constant (Q = 10 for
1800 I/mm and Q = 50 for 600 I/mm) based on initial experimental results, as depicted
in Figure 2 of Chapter 4. Figure S 2(b) further demonstrates the dependence of SR on
Raman shift for the two available gratings and three different excitation wavelengths
(442 nm, 532 nm, and 633 nm).

30
—_ (a) Neon lamp 9 (b) | — 600 l/mm
= e P~ L 1800 I/mm
G 20 — 600 I/mm 5
= 1800 I/mm 2
2 )
x 10 x
n n
oL ' ' 0 ' e '
200 400 600 800 0 2000 4000 6000 8000

Wavelength (nm) Raman shift (cm™)

Figure S 2: (a) SR as a function of wavelength for two available gratings 600 lines/mm
and 1800 lines/mm and (b) SR as a function of Raman shift for two avail-
able gratings and three different excitation sources (442 nm, 532 nm, and
633 nm).
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Figure S 3 provides a comprehensive view of the Raman mean spectra of normal sal-
ivary gland (green), warthin tumor (blue), and pleomorphic adenoma (red) within
900 — 1700 cm™'. The superposition of all three spectra reveals striking similarities,
with many identical Raman bands. However, it also highlights the subtle differences

between the tissue types, which are crucial for their identification.

]—Salivary gland —=\Varthin tumor =Pleomorphic adenoma
0.6

e
B
1

Normalized intensity (a.u.)
o
N

o
o
1

900 1000 1100 1200 1300 1400 1500 1600 1700
Raman shift (cm™)

Figure S 3: Superimposed Raman mean spectra of normal salivary gland (green),
Warthin tumor (blue), and pleomorphic adenoma (red) within 900 —
1700 cm™'. The spectral pattern of all three tissue types is very similar.

Only minor changes in band relations or manifestations are noticeable.

Figure S 3 illustrates the complete PCA evaluation with all used PCs (PC1 - PC5). It
displays the respective 2D score plots (a, ¢, e, g) and corresponding loadings (b, d, f,
h) of PC1 — PC5. The requirement of five PCs corroborates the complexity of the spec-

tral data and the significant information content obtained by Raman imaging.
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Figure S 4: 2D score plots and corresponding loading plots of the PCA model (a-h).
Five PCs (PC1-PC5) are required to enable a complete differentiation of
normal salivary gland (green circles), Warthin tumor (blue triangles), and
pleomorphic adenoma (red squares). PC1 describes 40 % of the total
model variance, whereas PC2, PC3, PC4, and PC5 account for 18 %, 10
%, 5 %, and 4 %, respectively. Two consecutive PCs are always plotted
against one another in the 2D score plots, which are PC2 vs. PC1 (a) with
related loading plot (b), PC3 vs. PC2 (c) with related loading plot (d), PC4
vs. PC3 (e) with related loading plot (f) and PC5 vs. PC4 (g) with related
loading plot (h)
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Figure S 4. 2D score plots and corresponding loading plots of the PCA model (a-h).
Five PCs (PC1-PC5) are required to enable a complete differentiation of normal sali-
vary gland (green circles), Warthin tumor (blue triangles), and pleomorphic adenoma
(red squares). PC1 describes 40 % of the total model variance, whereas PC2, PC3,
PC4, and PC5 account for 18 %, 10 %, 5 %, and 4 %, respectively. Two consecutive
PCs are always plotted against one another in the 2D score plots, which are PC2 vs.
PC1 (a) with related loading plot (b), PC3 vs. PC2 (c¢) with related loading plot (d), PC4
vs. PC3 (e) with related loading plot (f) and PC5 vs. PC4 (g) with related loading plot

(h).

The DA was computed using the PCA score values and the Mahalanobis distance
algorithm with five PCs. As a result, the confusion matrix of the PCA-DA is obtained
and presented in Table S 1. Raman mean spectra assignments, summarized in the
confusion matrix, represent an internal model validation in which each model spectrum
is allocated to one tissue cluster as if it was not included in the model. Based on this

outcome, performance parameters can be calculated.

Confusion matrix Actual
of the parotid tissue Salivary gland Pleomorphic Warthin tu-
PCA-DA tissue adenoma mor
Salivary 91 3 3
gland tissue
Predicted ' comorphic 3 31 1
adenoma
Warthin tu- 0 1 43
mor

Table S 1: Confusion matrix of the final PCA-DA model. An overall model accuracy of
94 % was achieved, represented by the high number of correctly assigned

models, including Raman mean spectra for all tissue types.
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Substrate 1

Substrate 2

Figure S 5: SEM images of different fabricated substrates (substrate 1 - red and sub-
Strate 2 - blue) at the same positions P1 and P5 to denote micro- and
nano-scale reproducibility.

(a) (b)

Area (a) — Area (b)

Symmetry factor = m

Extinction
Extinction

400 600 800

Wavelength (nm) Wavelength (nm)

Figure S 6: (a) Normalized extinction spectra at points P1, P8, and P9 (solid lines —
red, blue, black) compared to normalized simulated extinction spectra
from Mie theory for spherical Au NPs with radii of 10 nm, 15 nm, and 20
nm (dashed lines — red, blue, black), and (b) schematic and equation to

determine the symmetry factor of an extinction curve.
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a) b) 0o 0

OCH, OCHs

O "OH

oTTC
HO OH

OCHj; OCHg

Figure S 7: (a) Chemical structure of quercetin, (b) Keto/enol tautomerism of curcumin.

Figure S 8: SEM (a,b) and STEM (c,d) micrographs of DCS1 patrticles.
Figure S 8 displays SEM (a,b) micrographs of a selected broken dumbbell particle of

DCS1.The images demonstrate the mesoporous shell's high porosity covering the
large lobe and the small hemisphere. Moreover, the images also give insight into the
hollow cavity covered by the small lobe. The STEM (c,d) images show an intact particle

in agreement with the broken one.
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Physisorption measurements

N2-physisorption measurements were performed on an ASAP2020 volumetric adsorp-

tion apparatus (Micromeritics Instrument Corp.) at 77 K (am (N2, 77 K) = 0.162 nm?2.).
The samples were degassed at 250 °C for four hours before analysis. The Brunauer—

Emmett-Teller (BET),[301] specific surface area was calculated from the nitrogen ad-

sorption branch of the isotherm in the relative pressure range of 0.07-0.15 for the pure

SiO2 and the hybrid materials. Pore size distributions (dV/dD) were calculated using
the Barrett—Joyner—Halenda (BJH) method from the nitrogen desorption branch.[302]
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Figure S 9: Nitrogen Adsorption and Desorption Isotherms and b) BJH Pore volume
and pore diameter for CS (¢), DCS1 (n), and DCS2 (e).

Confocal Raman measurements
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Figure S 10: Comparison between Raman spectra of the DCS1 patrticles with and with-

out drugs loaded.
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(b) ITO spectrometer

Laser source

Objéetive
Sxilt 2
Illuminatior Collection

—_—

Linkam stage
or

Sample holder _

Stepper motor

Figure S 11: Photograph of WiTec alpha300RAandS upright microscope fitted with

LINKAM Scientific instruments’ THMS600 heating and freezing stage,
and (b) Schematic of the optical path of WITec alpha300RAandS upright
microscope equipped with LINKAM Scientific instruments’ THMS600
heating and freezing stage with all the labeled parts, optical path, and

components.
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(b)

Objective, Zeiss/20x4

illumination collection

illumination collection

Figure S 12: (a) Schematics of top-excitation and detection configuration through an
objective lens (Carl Zeiss; EC Epiplan-Neofluar DIC MZ27, 100x,
N.A.=0.9) at WiTec alpha300RA&S, and (b) Schematics of bottom- exci-
tation and detection configuration through an objective lens (NIKON 60x,

N.A.=0.55) at WiTec alpha300RA&S.
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Figure S 13: The Raman spectrum of glycerin -MB solution is marked with its most

intense peaks.
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Figure S 14: Example 1 - (a) SERS spectra of glycerin and MB at different spatial
positions on SMP, position 1 (bright region), position 2 (low-intensity re-
gion), background (BG), (b) SERS image of a SMP immersed in glycerin-

MB solution at 1626 cm’. The marks show the positions where the
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spectra in (a) are acquired, Example 2 - (c) SERS spectra of glycerin
and MB at different spatial positions on SMP, position 1 (bright region),
position 2 (low-intensity region), background (BG), (d) SERS image of a
SMP immersed in glycerin-MB solution at 1626 cm~'. The marks show
the positions where the spectra in (c) are acquired, and Example 3 - (e)
SERS spectra of glycerin and MB at different spatial positions on SMP,
position 1 (bright region), position 2 (low-intensity region), background
(BG), (e) SERS image of a SMP immersed in glycerin-MB solution at
1626 cm™'. The marks show the positions where the spectra in (e) are

acquired.
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EF calculations

The calculated EF values for Figures 2(c) and 2(d) of chapter 10 are as follows:

Please note that the same data set shown in Figure 2(b) was used to calculate the EF
in Figures 2(c) and 2(d) of Chapter 10. Since the background (BG (acc)) was used to

calculate the EF:

For MB:

I I 1900
EF (fOT MB) — Hotspot — Hotspot MB — — 374
ISubstrate IBG (acc) 5

Therefore, 374 is the highest value on the z-color scale bar of Figure 2(c) of chapter

10

For the lowest EF value on the z-color scale of Figure 2(c) of chapter 10:

Since the intensity of MB is obscured by noise and not visible, the intensity is consid-

ered to be 0

ISubstrate _ ISubstrate MB 0 -0

ISubstrate Bl IBG (acc) 5

EF (for MB) =

Thus, 0 is the lowest value on the z-color scale of Figure 2(c) of chapter 10.
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Similarly, for glycerin:

[ I in 1700
EF (fOT' Glycerin) — Hotspot — Hotspot Glycerin — = 14.79 ~ 15
Substrate IBG (acc) 115

Hence, 15 is the highest value on the z-color scale bar of Figure 2(d) of chapter 10.

For the substrate:

I I i 85
EF (fOT' Glycerin) — Substrate — Substrate Glycerin _ —0.73 ~ 1
Substrate IBG (acc) 115
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