
 

 

TECHNISCHE UNIVERSITÄT MÜNCHEN 
 

Institut für Wasserchemie und Chemische Balneologie 

Lehrstuhl für Analytische Chemie 

 

 

Applications of D2O Labelling Combined with Raman Microscopy for 
Mycobacteria Analysis and Application of SERS for the Investigation of 

Photocatalytic Reaction  

 

Li Qiu 

 

Vollständiger Abdruck der von der Fakultät für Chemie der Technischen Universität München zur 
Erlangung des akademischen Grades eines 

Doktors der Naturwissenschaften (Dr. rer. nat.) 

genehmigten Dissertation. 

 

 

 

Vorsitzender:                                Prof. Dr. Martin Elsner           

 

Prüfer der Dissertation:         1. apl. Prof. Dr. Christoph Haisch  

                                                   2. Prof. Dr. Ulrich K. Heiz 

 

 

Die Dissertation wurde am 30.06.2020 bei der Technischen Universität München eingereicht und durch 
die Fakultät für Chemie am 22.09.2020 angenommen 



 

 



Acknowledgements 

 
 

i 

Acknowledgements 
This thesis is based on research performed at the Institute of Hydrochemistry Chair of Analytical 

Chemistry and Water Chemistry, Technical University of Munich from October 2016 to October 

2019 with financial support from the China Scholarship Council (CSC). I would like to give my 

gratitude to everyone who helped me during my doctoral project, directly or indirectly. It is 

impossible to complete this thesis without the kind help of them.  

First of all, I would like to express my sincere gratitude to Prof. Dr. Christoph Haisch for his 

friendly supervision. The thesis could not have been completed without his patient guidance. He 

gave me great guidance and encouragement in the process of selecting research topics, writing 

manuscripts and improving my English expression. It is a pleasure to work and study under his 

guidance. I am very grateful for this. 

Also, Many thanks to Prof. Dr.  Reinhard Niebner and Prof. Dr. Martin Elsner for their discussions 

and academic comments on my experimental results at the institute seminars. 

Many thanks to PD Dr. Andreas Wieser, Dr. Anna-Cathrine Neumann-Cip, Niki Kriwull and Gabi 

Liegl who are from Max von Pettenkofer-Institute (MVP), Ludwig-Maximilians-University 

Munich for their microbiology support.   

I also would like to thank all my colleagues in the institute for the academic environment. In 

particular, a special thank you to the past and present colleagues in the Laser group. In particular, 

I thank my research partner David Bauer, PhD candidate, for the valuable discussions on 

experiments and data evaluation using of MATLAB. I thank Dr. Genny A. Pang for her help in 

paper preparation. Thanks for her friendship and patience. I also thank Dr. Karin Wieland and Dr. 

Klemens Thaler for their friendship and patience. 

Moreover, special thanks to Christine Benning for her kindness in scanning electron microscopy 

characterization.  

At last, many thanks go to my parents for their understanding of my stay abroad and not being able 

to accompany them often. And special thanks to my husband who helped me and shared my 

anxiety, depression and happiness in my work. Thanks for all the support from him, without which 



Acknowledgements 

 ii 

I would not keep fighting for three years. Many thanks also go to my two sisters and friends in 

China, for their continuing encouragement. 



Publications 

 
 

iii 

Publications 
The following articles were published during the period of my doctoral study. 

Journal papers 

Qiu, L., Pang, G. A., Zheng, G., Bauer, D., Wieland, K., & Haisch, C. (2020). Kinetic and 

mechanistic investigation of the photocatalyzed surface reduction of 4-nitrothiophenol observed 

on a silver plasmonic film via surface-enhanced Raman scattering, ACS Applied Materials & 

Interfaces.  

Bauer, D., Wieland, K., Qiu, L., Neumann-Cip, A. C., Magistro, G., Stief, C. G., ... & Haisch, C. 

(2020). Heteroresistant bacteria detected by an extended Raman-based antibiotic susceptibility test, 

Analytical Chemistry. 

Conference papers 

 Bauer, D., Qiu, L., Wieland, K., Neumann-Cip, A. C., Wieser, A., Magistro, G., ... & Haisch, C. 

(2020, February). Deuterium uptake in combination with Raman spectroscopy as a tool to 

investigate antibiotic susceptibility of bacteria. In Photonic Diagnosis, Monitoring, Prevention, 

and Treatment of Infections and Inflammatory Diseases 2020 (Vol. 11223, p. 1122302). 

International Society for Optics and Photonics. 

Pang, G. A., Qiu, L., Haisch, C., & Laufer, J. (2019, February). Towards biochemical sensing with 

gold nanoparticles through suppression of nonlinear photoacoustic signal generation. In Photons 

Plus Ultrasound: Imaging and Sensing 2019 (Vol. 10878, p. 108786Q). International Society for 

Optics and Photonics. 

 

  



Abstract 

 iv 

Abstract 
In this study, D2O labelling combined with single-cell Raman imaging (SCRI) was applied for the 

investigation of the metabolic mechanism of mycobacteria. Bacterial cells were fixed on a 

hydrophobic glass slide surface and measured in an aqueous environment. Numbers of single cell 

were randomly selected for Raman imaging. Multiple linear regression (MLR) was used for 

quantitative evaluation. The bacterial metabolic activity was evaluated by calculating the ratio 

between the deuterium-labeled macromolecules and the non-labeled macromolecules which is 

defined as the intensity ratio between newly appeared carbon-deuterium (C-D) band and the 

original carbon-hydrogen (C-H) band. Through the data evaluation, the C-D content distribution 

in individual cells can be visualized along the longest cell length. The metabolic heterogeneity in 

individual mycobacterial cells and the differential responses of mycobacteria to different 

antibiotics at single-cell level were determined. In addition, asymmetric growth of mycobacteria 

was observed through Raman imaging.  

In a second part, the reaction kinetics and mechanism of hydrogenation of 4-nitrothiophenol (4-

NTP) to 4-aminothiophenol (4-ATP) were systematically investigated via surface-enhanced 

Raman microscopy (SERS). The SERS measurements were performed using a new type of simple 

and cheap silver plasmonic film, which enables monitoring of the reaction under difference 

conditions. The reaction was observed as the concentration of H+ and Cl- were carefully controlled, 

and the formation of the aromatic azo specie 4, 4-dimercaptoazobenzene (DMAB) and other 

intermediates of the 4-NTP to 4-ATP reduction was detected only under conditions of low H+-

concentration or limited Cl--concentration. The reaction rate constant describing the disappearance 

of 4-NTP was quantitatively determined and was found to vary linearly with the H+-concentration. 

Based on the kinetic traces of the intermediates, a reaction mechanism for the 4-NTP to 4-ATP 

reduction is suggested, and rate constants for the individual reactions are presented that fit the 

measured kinetic traces. 
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Mycobacterium tuberculosis (M. tuberculosis) causes the disease tuberculosis (TB). TB is easy to 

catch, but difficult to diagnose. It is still endangering people’s health and millions of people die 

from TB each year.1 The high lipid and mycolic acid content of the mycobacterial cell wall enable 

the organism’s resistance to chemical damage and dehydration, which limits the effectiveness of 

drug treatment. It is known that heterogeneous growth and division in Mycobacteria cause the 

appearance of physiologically distinct subpopulations of bacterial cells.2 This population 

diversification enables heterogeneous metabolic activities in response to antibiotics. To understand 

the mechanism of action of different antibiotics, vibrational imaging method has been applied as 

a label-free method.  

In the past few years, Raman microscopy has been widely used in biological applications because 

of its characteristics in molecular structure information and quantification capabilities. Raman 

spectra of bacteria feature an intense carbon-hydrogen (C-H) band in a high wavenumber range 

(2800-3100 cm-1), which is generated by bacterial macromolecules, such as lipids, proteins, and 

DNA. The incorporation of D2O into bacterial macromolecules will lead to the appearance of a 

new Raman band which is carbon-deuterium bond (C-D). Thus, D2O labeling combined with 

Raman microscopy came into people’s sight to identify active microbial cells in a complex matrix 

in 2015.3 Since then, it has been used for different purposes, such as metabolic activities tracking 

in animal,4 characterizing the presence and activity of phosphate solubilizing bacteria (PBS) in 

complex soil communities,5 rapid antibiotic susceptibility testing,6 investigation of cellular 

metabolic activity in response to antibiotic treatment (NaF, chlorhexidine, and ampicillin),7 and 

investigation of the metabolic activities of bacterial persister cells.8 In these studies, incorporation 

of deuterium from D2O into bacterial macromolecules combined with Raman microscopy was 

demonstrated to be a universal technique in diverse biological applications. In imaging 

applications, the metabolic heterogeneity of animal cells (size of 100 µm × 100 µm) have been 

visualized.4, 9, 10 According to a quantitative calculation in single-cell Raman imaging (SCRI), the 

C-H to C-D band shift can be used as a powerful indicator correlating to bacterial intercellular and 

intracellular heterogeneous metabolic activity. 

In photochemical reactions, understanding selective surface photocatalytic reaction mechanisms 

is critical for optimizing many energy conversion applications. Measuring time-resolved 

concentration profiles of the reactants, products, and intermediates during such reactions is a key 
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step in elucidating these reaction mechanisms and understanding the role of hot electrons. Surface-

enhanced Raman scattering (SERS) is an interface-selective vibrational spectroscopic technique 

that uses light to excite surface plasmons of a metal surface, typically on metal nanostructures, to 

enhance Raman scattering. SERS is capable of in-situ detection of chemical reaction processes,11-

14 making it an ideal technique for monitoring selective surface photocatalytic chemical reactions 

because of the inherent presence of photons. Moreover, SERS does not require the complicated 

separation and purifying steps that are necessary in conventional analytical techniques, such as, 

gas chromatography, liquid chromatography and nuclear magnetic resonance.  

Aim of this work 

There are two main parts of this thesis. In the first section, the aim is to find a way to visualize the 

intracellular heterogeneity and intercellular heterogeneity in mycobacteria. This is beneficial for 

understanding the mechanism of antibiotic action in mycobacteria. To gain a deep understanding 

of mycobacterial metabolic activity within individual cells, SCRI combined with deuterium 

labelling was used for the observation. MLR was used for quantitative evaluation. Bacterial 

metabolic activity was evaluated by calculating the ratio between the deuterium-labeled 

macromolecules and the non-labeled macromolecules which is defined as the intensity ratio 

between newly appeared C-D stretching band and the original C-H stretching band. Through the 

data evaluation, the C-D content distribution in individual cells could be visualized along the 

longest axis. The metabolic heterogeneity in individual mycobacterial cells and the differential 

responses of mycobacteria to different antibiotics at single-cell level were determined.  

In the second part of this thesis, to have a better understanding of the model photoreaction 

(hydrogenation of 4-nitrothiophenol (4-NTP) to 4-aminothiophenol (4-ATP)), a simple method 

was described to inexpensively prepare a plasmonic film (AgPF) composed of silver nanoparticles 

(AgNPs) for SERS experiments. Using this AgPF as a catalyst, we were able to systematically 

control the concentrations of positive and negative ions in the reaction environment and observe 

the selective surface reduction of 4-NTP with SERS under different conditions. Using time-

resolved SERS measurements, we obtained concentration time histories of the reactants, 

intermediates, and products of the 4-NTP to 4-ATP reduction, and used these measurements to 

propose a reaction mechanism for the process and determine individual reaction rate constants. 
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2.1 Raman microscopy basics 

2.1.1 Theory of Raman scattering 

The phenomenon of inelastic light scattering was initially predicted by Adolf Smekal in 1923.15 

Afterward, it was experimentally proven by C. V. Raman and his coworkers in 1928.16, 17 Later on, 

the scattering was named Raman scattering after C. V. Raman. Raman scattering is a type of 

secondary radiation.17 It appears when light strikes and is inelastically scattered by molecules. 

When considering Raman scattering, there are two theories for interpretation, (1) the classical 

scattering theory18, 19 and (2) the quantum scattering theory.20 

Figure 2.1 Schematic diagram of Rayleigh and Raman scattering. The relation of hν0 indicates the energy 
of incident photons, hν0 ± hνv represents the Raman scattered photons (anti-Stokes Raman and Stokes 
Raman, respectively.)  

In the classical scattering theory, light is considered as electromagnetic radiation with an electric 

field (E). This electric field interacts with a molecule and distorts the molecule’s electron cloud. 

The term molecule polarizability (α) is used to indicate the extent to which a molecule’s electron 

cloud is affected by the electric field. The electric field induces an electric dipole moment (P) by 

interacting with molecule bonds. 

                                                                    P = αE                                                                     eq. 1 
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This moment deforms the molecule cloud. The deformation is periodic, and the molecules vibrate 

at characteristic frequencies. Thus, the molecule can be identified by frequency shifts. In the 

quantum scattering theory, light is described as a photon that strikes molecules and scatters 

inelastically. From Figure 2.1, we can see that there are two different kinds of scattered photons 

when incident monochromatic light strikes the molecule to a virtual energy state, they are elastic 

and inelastic scattering processes. In most cases, the scattered light is elastic (Rayleigh scattering) 

that has no energy exchange between incident photons and scattered photons. This elastic 

scattering does not provide useful information. The rest scattered light is inelastic (Raman 

scattering) due to molecule vibrational and rotational modes. Only very few of the incident light 

is Raman scattered. This part of Raman scattering results from energy exchange. The energy of 

Raman scattered light can be either higher or lower than the energy of incident light source. The 

higher one is anti-Stokes scattering and the lower is Stokes scattering (Figure 2.1). It should be 

noticed that the scattered light is in random directions and is different from the direction of incident 

light.                                        

Stokes Raman scattering and anti-Stokes Raman both provide useful information by revealing the 

shift of light frequency. In Stokes Raman scattering, incident photon (with the energy of hν0) 

excites a molecule to a virtual energy state. After the scattering process, this molecule relaxes to a 

vibrational energy state rather than entering its original ground state. A scattered photon (with the 

energy of hν0 - hνv) with less energy than the incident photon, is emitted simultaneously. In anti-

Stokes Raman scattering, the molecule is already in a vibrational energy state. As the incident 

photon strikes the molecule, it is excited to a virtual energy state. And then this molecule relaxes 

to the ground energy state, resulting in the emission of a photon with more energy (with the energy 

of hν0 + hνv) comparing to the incident photon. It is common that most molecules will be found in 

the ground energy state at ambient temperature, photons are much less likely to be anti-Stokes 

scattered. Thus, only the Stokes Raman scattered photons are considered in most Raman 

measurements. 

In conclusion, during the Raman scattering process, the inelastically scattered photons can be 

monitored and provide useful molecule band vibrational information.  
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2.1.2 Raman spectrum and Raman vibrations 

A Raman spectrum is a vibrational spectrum. A typical Raman spectrum consists of bands, 

indicating the wavenumber position and signal amplitude of the Raman scattered photons. As 

described in Raman scattering theory, the Stokes Raman bands are red shifted from incident 

photons and with higher energy. On the other hand, the anti-Stokes Raman bands are blue shifted 

from incident photons, with a lower energy level.17 The scattered photons from Rayleigh and 

Raman scattering (Stokes and anti-Stokes) processes are collected by a detector and finally 

presented in a computer as a figure indicating Raman signals. A schematic of a Raman spectrum 

is shown in Figure 2.2. Normally, the intense Rayleigh lines are filtered out before the detector. It 

can be seen that Stokes and anti-Stokes Raman bands are distributed symmetrically around 

Rayleigh lines, with a different energy.  

 

Figure 2.2 Schematic of a Raman spectrum. Strong Rayleigh lines and Raman bands (Stokes bands and 
anti-Stokes bands) are presented. 

In the spectrum, each band is corresponding to a specific Raman vibration. The spectrum is 

recorded as relative wavenumber in Figure 2.2, corresponding to the frequency shift between 

scattered photon and incident photon. Normally, this shift is referred to as Raman shift, described 

in units of wavenumber (cm-1). It is clear that Stokes Raman bands locate at positive wavenumber 
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range, while anti-Stokes Raman bands locate at the negative range. Thus, the vibrational 

information provided by the Raman spectrum is a unique fingerprint message for molecule 

constituents.  Basing on this specific spectral information, substances can be detected and 

identified. 

In a Raman spectrum, not all molecule vibrations are visible, because not all vibrations are Raman 

active. Molecule vibrations can give rise to a change either in dipole moment (µ) or in 

polarizability α. Only the vibrations with a change in polarizability are Raman active. For example, 

vibrations in CO2 molecule include three different functions, symmetric stretching vibration, 

bending and asymmetric stretching vibration as presented in Figure 2.3. Of these three vibrational 

modes, only symmetric stretching is Raman active. The other two modes are active in IR 

vibrational spectrum. It is to say the symmetric vibration is Raman active. 

Figure 2.3 Vibrational modes of CO2. 21 

2.2 Stable isotopic labeling 
Stable isotopic labeling (SIL) is a powerful technique that enables tracking an isotope conduction 

process in a chemical reaction or in a metabolic process. Strictly speaking, stable isotope refers to 

isotope that does not or unlikely to undergo radioactive decay. In metabolic studies, ‘stable isotope’ 

is often used to refer to the stable isotope with relatively low natural abundance. For example, 1H 

and 2H are stable isotopes for hydrogen, 2H (deuterium) is the stable isotope with a minor natural 

abundance of 0.02%. The commonly used stable isotopes are 13C, 15N, 2H (D). The chemical 

compounds consisting of these stable isotopes, have stable physical and chemical properties and 

are normally used to introduce isotopes into a dynamic system. 
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2.2.1 Stable isotopic labeling in nuclear magnetic resonance 
and mass spectroscopy 
The SIL technique has been widely used in the study of microbial ecology, allowing for the 

identification of organisms,3,5-7 investigation of metabolic fluxes and metabolic pathways22-25 

within complex microbial communities. A typical example for the study of metabolic pathway 

using stable isotope labeling technique is presented in Figure 2.4. Stable isotope tracers 13C-labeled 

glucose (13C6-Glc) or 13C, 15N-labeled glutamine (13C5, 15N2-Gln) were fed to the cells, tissues or 

organisms, the biological systems were allowed to grow utilizing these labeled chemicals at a 

certain period. Related metabolites were extracted and characterized by nuclear magnetic 

resonance (NMR)22 and mass spectroscopy (MS)23-25. MS and NMR allow discrimination and 

quantify the stable isotope enriched products from their gyromagnetic ratio and mass, respectively. 

For the NMR and MS measurements, they are bulk technique providing average biomolecules 

information. Thus, they are unable to offer cell heterogeneity information. In addition, these 

techniques demand complex sample preparation steps. They are also time-consuming and cost-

effective. 
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Figure 2.4 A schematic diagram of stable isotopic labeling to resolve metabolism pathways. In the diagram 
stable isotope tracers 13C6-Glc or 13C5, 15N2-Gln were added to the culture medium as nutrition for cells, 
tissues, and organisms. The tracers can be metabolized by cells, tissue and organisms. After the tracer 
incubation for a certain time, targets were collected, and metabolites were finally extracted. The polar 
metabolites were characterized by NMR, and nonpolar metabolites were characterized by MS. Figure 
reproduced with permission from Ref.23  

2.2.2 Stable isotopic labeling in Raman spectroscopy (SIL-
Raman) 

SIL-Raman theory 

Raman spectra describe the chemical fingerprint and report vibrational modes of a molecule or 

system. It is easy to understand molecule band vibration by assuming a chemical bond as 

mathematical points held together by a massless spring.26, 27 The spring here represents the 
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chemical bond between two atoms. In this case, the frequency of vibrational bond (𝜈", 𝑐𝑚!") is 

described by eq. 2. 

																																																																																						𝜈" = 	
1
2𝜋𝑐

+
𝑘
µ 																																																								eq. 2 

In eq. 2, 𝑐 is the speed of light (m⸳s-1),	𝑘 is the force constant of a diatomic bond (N⸳m-1) and µ is 

the reduced mass (kg) given by eq. 3. 

																																																																																							µ =
𝑚" ∙ 𝑚#

𝑚" +𝑚#
																																																						eq. 3 

In eq. 3, 𝑚" and 𝑚#	are the masses of atoms. When one of the atoms is replaced by its heavier 

isotope, the reduced mass µ is increased and the corresponding frequency 𝜈" shifts to a smaller 

wavenumber position.  

SIL-Raman applications 

Currently, stable isotope labeling is used in combination with Raman microscopy for the 

characterization of an organism’s metabolic process due to the easy sample preparation and low 

price of Raman microscopy. To date, most studies using SIL combined with different Raman 

scattering techniques (SIL-Raman) have focused on the application of 13C, 15N, D.28-32 In SIL-

Raman, Compared to the spectra of organism cultivated in unlabeled substrate, the shift of isotope 

dependent Raman bands appears in the spectra of the organism cultivated in labeled substrate. The 

appearance of these bands is used to indicate the isotope incorporation after incubation in isotope 

labeled substrate.  
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Figure 2.5. Mean Raman spectra of Rhodococcus opacus bacterial cell: normal spectra without any isotopic 
labeling (a), isotopic labeled with 13C-glucose (b), isotopic labeled with D-glucose (c), isotopic labeled with 
both 13C-glucose and D-glucose (d). Figure reproduced with permission from Ref.26 

A typical example of Rhodococcus opacus investigation is shown in Figure 2.5. The Raman bands 

at 1004 and 1660 cm-1 (Figure 2.5a), corresponding to phenylalanine ring breathing and amide Ⅰ 

vibration of polypeptide backbone, are shifted to 969 and 1595 cm-1 (Figure 2.5b) in 13C-glucose-

labeled bacteria spectra. The Raman spectra of D-glucose-labeled bacteria also features a large 

redshift from 2800-3038 cm-1 C-H vibrational region to 1950-2300 cm-1 C-D vibrational region 

(Figure 2.5c-d). The redshift from D labeling is larger than the minor redshifts from 13C and 14N 

labeling. It is due to comparably high reduced mass µ change. Since the atomic mass of D is twice 

that of H,  µ is almost doubled resulting in a wider redshift from C-H to C-D vibrational region. 

Thus, the track of deuterium isotope in organism is easier to be observed in Raman spectra. 

Recently, labeling with deuterium involved isotope substrates has attracted increasing attention in 

the study of metabolic activity of various organisms. It should be noted that the Raman band shift 

occurs only when isotopes actually bind to individual molecules, within microorganisms. 

Depending on the type of isotope-labeled substrates and metabolic pathways expressed in the 

analyzed organism, different isotope-labeled substrates cause different Raman band redshifts 

which are listed in Table 2.1.  
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Table 2.1 Raman bands shifted due to different isotope-labeled subatrates.5, 10, 26, 30, 33-36 

SIL-Raman using different 13C, 15N, D labeled substrates can effectively be applied for direct 

observation of functional properties of individual microorganisms. The incorporation of 13C and 
15N SIL is normally combined with enhanced signal techniques, such as surface-enhanced Raman 

Raman bands of 

unlabeled cells / 

cm-1 

 

Isotope-labeled 

substrate 

Raman bands of 

labeled cells / cm-1 

Raman bands assignment 

1003.01 13C6-glucose 966.36 Phenylalanine ring breath  

    1001 13C-naphthalene  990, 978, 968 phenylalanine with    2, 4, or 6 13C 

atoms in the aromatic ring breath 

1128 13C-acetate 1123 C-N stretching  

1311 13C-acetate 1307 C-H bending 

1583 13C-acetate 1577 C-C antisymmetric stretching 

787 15N-NH4Cl 783 O-P-O breathing of cytosine or uracil 

1174 15N-NH4Cl 1164 C-H in plane bending of tyrosine or 

phenylalanine 

1578 15N-NH4Cl 1571 Ring stretching of guanine or adenine 

2845 [D7] -glucose 2142 C-H2 in lipid 

2845-2940 [D7] -glucose 2192 C-H3 in protein 

1001 D-acetate 988, 975, 960 Deuterated phenylalanine ring 

breathing (part and fully deuterated) 

1006 D2O 994 Phenylalanine aromatic ring stretching 

1126 D2O 1104 lipids 

2800-3100 D2O 2040-2300 C-H vibration 
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scattering (SERS) due to their minor redshifts (Table 2.1). Isotope-labeled substrate D2O has come 

into use recently due to its sufficient sensitivity to unravel general metabolic activity without cell 

reproduction. In addition, because D2O is a non-carbon tracer can be freely diffuse into 

microorganisms. Moreover, D2O is a cost-effective substance for SIL investigation of microbial 

community metabolic activity while many other commercially substrates are extremely expensive 

or some are not even commercially available. Also, the D2O within 50% has no significant effect 

on the growth of many microbial strains. 

2.3 Bacterial Raman microscopy combined with D2O 
labeling 
2.3.1 Basics of D2O labeling-Raman microscopy 

Water (H2O) is a universal solvent in living organisms. It participates in most biochemical 

reactions. For example, in all known lipid biosynthetic pathways, hydrogen from water is involved 

in the reduction step of the fatty acid synthesis.  Moreover, in the overall metabolic activity of 

microbial cells, the electron carrier nicotinamide adenine dinucleotide phosphate (NADPH) and 

nicotinamide adenine dinucleotide (NADH) can form C-D bonds via NADPH + H+ reaction using 

deuterium.  

 

Figure 2.6 Biochemical synthetic incorporation of D from D2O into macromolecules in living organisms 
via non-enzymatic exchange (a), and enzymatic incorporation (b). Figure reproduced with permission from 
Ref.4 
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It is shown in Figure 2.6 that the incorporation of a stable isotope D from water into living 

organisms can induce obvious Raman bands shifts due to the substitution of 1H (H) with D in 

chemical components by forming a variety of X-D bonds via non-enzymatic H / D exchange and 

enzymatic incorporation. The formation of O-D, N-D and S-D bonds on existing molecules via 

non-enzymatic H / D exchange is spontaneous and reversable, while the enzymatic incorporation 

to form newly synthesized microbial macromolecules such as proteins, lipids, and DNA is 

irreversible and slow. Therefore, in D2O based SIL-Raman (D2O-Raman), the redshifts caused by 

the gradual substitution of C-H by C-D bonds in microbial macromolecules can be tracked to 

monitor the microbial cells activity. The new Raman band of C-D stretching vibration can be 

observed in the silent Raman spectral region of 1950 to 2300 cm-1. For example, it can be seen in 

Figure 2.7 that the Raman spectra of Mycobacterium smegmatis (M. smegmatis) cultivated in D2O 

labeled medium for 270 min has an extra Raman band around 1950-2300 cm-1, compared to the 

Raman spectra that without cultivation in D2O labeled medium (0 min).  

 

Figure 2.7. Raman spectra of wild type M. smegmatis incorporated with D2O labeled medium for 
0 min (red line, control measurement) and 270 min (blue line). 

According to the enzymatic incorporation (see Figure 2.6), biochemical precursors of 

macromolecules can be labeled by deuterium from D2O, while the precursors are slowly 

incorporated into macromolecules. The incorporation is governed by cellular metabolic activities. 
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Thus, a new Raman band for M. smegmatis assigned to the C-D vibration is involves following 

bacterial metabolic. The ratio C-D/C-H can be used as a quantitative indicator of the metabolic 

activity of individual cells. Thus, D2O-Raman can provide straightforward and quantitative 

information on microbial metabolic activities.  

2.3.2 Applications 

In most cases, D2O-labeled SIL-approaches have been combined with various Raman scattering 

techniques for purposes, such as D2O labeling combined with stimulated Raman microscopy 

imaging for metabolic activities tracking in animals,4 D2O labeling combined with single-cell 

Raman microscopy for inorganic- and organic-phosphate-solubilizing bacteria investigation in a 

culture-independent way,5 and D2O labeling combined with single-cell Raman microscopy for 

rapid antibiotic susceptibility testing in clinical samples.6  

In 2015, D2O-Raman was initially used to identify active microbial cells in a complex matrix. It is 

a culture-independent analytical technique that incorporates deuterium into bacterial cells during 

all known reduction steps of fatty acid synthesis allows the identification of active fast-growing 

bacteria within 20 min, based on the newly appearing C-D Raman band at 2040-2300 cm-1. The 

addition of D2O in combination with different unlabeled substrates is used to study the responses 

of microbes to different nutrients on single-cell level. It has also proved that this method is a 

universally applicable technique that has been proved by cultivating various bacterial strains in 

D2O. D2O-Raman does not require cell division for labeling, and it is faster than some other SIL 

technique such as DNA-SIL.3 

In metabolic interaction studies of a two-species community (consisting of Acinetobacter baylyi 

ADP1 and Escherichia coli), D2O-Raman coupled with 13C-reverse was applied. This co-labeling 

technique is useful to probe any carbon substrates’ metabolism. In the 13C-reverse labeling process, 

bacterial cells were initially 13C-labeled by 13C-glucose. It is known that D2O-Raman can be used 

to sensitively and reliably identify metabolically active microbial cells but not quiescent cells. 

Thus, active cells can gradually metabolize 12C substrate where cells were reversed to 12C cells 

with the appearance of the C-D band. However, those inactive cells cannot metabolize this 12C 

carbon substrate without C-H band shifting. The reverse isotope labeling is a good tool when stable 

isotopic substrates are not available or super expensive.36 
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Figure 2.8 A standard workflow for antibiotic susceptibility testing (AST) toward clinical urine samples. 
Figure reproduced with permission from Ref.6  

Similarly, the D2O Raman is applicable for characterizing the presence and activity of phosphate 

solubilizing bacteria (PBS) in complex soil communities.5 D2O-Raman is also suitable for 

investigation of cellular metabolic activity in response to antibiotic treatment (NaF, chlorhexidine, 

and ampicillin) based on the redshift of the C-H band vibrations. The observation of the new 

Raman band in 2040-2300 cm-1 caused by C-D vibrations is used as a universal biomarker. As a 

result, using this technique, the antibiotic susceptible and resistant Streptococcus mutans strains 

can be discriminated in 0.5 h.7 The D2O-Raman has proven to be reliable and rapid for clinical 

applications. A standard workflow (Figure 2.8) has been successfully developed for antibiotic 

susceptibility testing (AST) toward clinical urine samples in 2.5 h.6 With this, the antibiotic 

susceptible and resistant clinical samples can be identified.  
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Figure 2.9 SRS microscopic imaging recordings of incorporation of deuterium from D2O in living cells 
and animals. (a) Sebocytes in living mouse ear skin and (b) Caenorhabditis elegans (C. elegans) larva 
growing in 25% and 20% D2O, respectively. The orange and white arrows are corresponding to blood flow 
in mouse and the movement of the C. elegans body. Scale bar is 20 µm. Figure reproduced with permission 
from Ref.4 

The above applications are suitable for single-point measurements with long integration time at 

the single-cell level. D2O-Raman is also applicable to imaging metabolic dynamics. In the case of 

SIL-Raman imaging of the metabolism in microbial cells, high spatial and temporal resolution are 

required for fast detection. It takes few milliseconds per pixel for a full window (3000 cm-1) 

spectrum of spontaneous Raman scattering that is slower than stimulated Raman scattering (SRS). 

For SRS, a spectrum can be acquired in microseconds, covering a window of hundred 

wavenumbers.37 Thus, SRS combined with D2O labeling (D2O-SRS) was developed for high-

speed and sensitive vibrational spectroscopic imaging in studies of cell metabolic activity. For 

example, D2O-SRS was already introduced to image macromolecule metabolism in living cells 

and animals (Figure 2.9). Based on the generation of C-D bonds from enzymatic incorporation of 

D2O contained deuterium into biosynthesized macromolecules, the biosynthesis in animal tissues 

can be tracked and imaged by SRS. Moreover, an unmixing method was developed to identify 

lipid-, protein-, and DNA- specific Raman shifts, which can visualize their different metabolisms 

(Figure 2.10).4, 38 Although D2O-SRS is suitable for metabolic activity observation, the equipment 

is not applicable in each research group. Very recently, D2O-Raman microscopic imaging has been 
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used to investigate the metabolic activities of bacterial persister cells.8 They did not delve into 

investigating the harmful bacterial strain Mycobacterium tuberculosis (M. Tuberculosis). 

 

Figure 2.10 SRS microscopic imaging of deuterium-labeled lipids (CD!"#"$), proteins (CD%&'()"*) and DNA 
(CD+,-) by spectral unmixing method. Scale bar is 10 µm. Figure reproduced with permission from Ref.39 

The above literature survey shows that D2O-Raman is very effective in organism metabolism 

research. However, it is limited in the application of single bacterial cell imaging. There is only 

one paper on the application of single-cell D2O-Raman microscopic imaging.8 Actually, they do 

not clearly show the results of microscopic imaging. Straightforward information extraction from 

Raman images should be studied carefully. 

In this thesis, deuterium incorporation from D2O into bacterial was investigated by a Raman 

imaging-based method. Within one bacterial doubling time, a new C-D bond, which can easily be 

distinguished from the original Raman spectra (no incorporation with D2O) appeared in bacterial 

Raman spectra. Therefore, the Raman spectral tracing of deuterium isotope can be performed by 

monitoring C-D bond. Using confocal Raman microscopy, a high-resolution imaging technique, 

the intracellular and extracellular heterogeneity are observed by tracing bacterial D2O metabolism. 

The fast-growing M. smegmatis and harmful M. Tuberculosis were studied.  

Appling the Raman imaging-based method, the effects of different antibiotics on M. smegmatis 

and M. Tuberculosis were also studied in single-cell resolution. Different modes of action were 

observed.  

2.4 Surface Enhanced Raman Scattering (SERS) 
The weak signal intensity of normal Raman spectrum limits the application of Raman microscopy. 

It is because most molecules have a very small Raman cross section. In the 1970s, SERS was 
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initially discovered, as it was found that small organic molecules (pyridine) adsorbed onto the 

surface of a roughed silver electrode exhibit enhanced Raman intensities (enhancement of 106).40 

Afterwards, people started to use SERS to detect low concentration molecules on nanostructured 

metal surfaces. Even single molecules can be detected by this technique.41 Since then, SERS has 

been widely used in electrochemical catalytic reactions,42 biological and chemical sensors,43 trace 

detection, imaging,44 and biochemical analysis. SERS has been developed experimentally and 

theoretically. The effects of surface morphology and electronic structure, interaction of light and 

rough surface, molecule orientation on the surface, surrounding environment of molecules and 

surfaces, incident light intensity, frequency, degree of polarization and polarization direction on 

the SERS spectrum are quite complex. These complexities of the SERS system lead to a diversity 

of SERS perceptions. Different mechanisms have been proposed from various directions and 

specific experimental conditions. The mechanism responsible for the SERS enhancement effect is 

still controversial.  

At present, there are two major SERS enhancement mechanisms generally accepted by the 

community. There is an electromagnetic enhancement mechanism and a chemical enhancement 

mechanism.45-47 The SERS signal intensity (ISERS) has the following relationship.47 

𝐼$%&$ ∝ [|𝐸9⃗ (𝜔')|#|𝐸9⃗ (𝜔()|#]∑ @(𝛼), 𝜎)*+@
#

),-                               eq. 4 

In the eq.4 , 𝐸9⃗ (𝜔') and 𝐸9⃗ (𝜔() are the surface localized electric field intensity with the frequency 

of 𝜔' and the surface localized scattered light field intensity with frequency of 𝜔(, respectively. It 

is obvious from eq. 4 that a higher intensity of the local electric field of incident and scattered light 

leads to a higher Raman signal intensity, which contributes to physical enhancement, normally 

addressed as an electromagnetic enhancement (EME). The ρ and σ are parameters are related to 

the electric field of the excitation light and Raman scattered light, respectively. The term (𝛼), 𝜎)*+ 

is related to the optical polarizability of the molecule. The sum of  (𝛼), 𝜎)*+ indicates that larger 

polarizability yields larger corresponding SERS signal, this is the contribution of SERS chemical 

enhancement (CE), as a result of chemical interaction between SERS substrate surface and 

molecule. 
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2.4.1 Electromagnetic enhancement  

In the enhancement of Raman signal, EME is considered to present the majority of the 

contributions, it has a higher enhancement factor (EF) than CE. The electromagnetic enhancement 

factor can reach values as high as 1010 to 1011 by electrodynamics calculations which is much 

higher than 103 in CE.48 It is commonly believed that the localized surface plasma resonance 

(LSPR) of plasmonic NPs dominates the EME. The schematic diagram of LSPR is shown in Figure 

2.11. The collective oscillation of free conduction electrons (in the metal sphere) can be produced 

due to the strong coupling with incident light of specific wavelength (electric field in Figure 2.11). 

 
Figure 2.11 Schematic diagram of the localized surface plasmon resonance effect.45 

In general, when the rough surface of plasmonic nanostructure is stimulated by an incident laser 

at a certain wavelength, the LSPR of plasmonic nanostructure causes great amplification of the 

electric field.49 Thus, an enhanced Raman scattering signal can be obtained from the molecules 

adsorbed on the surface of plasmonic nanostructure. As described in eq.4, the enhancement from 

EME is determined by the intensity of the local electric field of incident and scattered light (item 

of |𝐸9⃗ (𝜔')|#|𝐸9⃗ (𝜔()|# in eq. 4). In some cases where the surface plasmon width is larger than the 

Stokes shift, 𝐸9⃗ (𝜔') is assumed the same as 𝐸9⃗ (𝜔(). Hence, the SERS intensity (ISERS) can be 

described as 𝐼$%&$ ∝ |𝐸|..50-52 This is the widely used |𝐸|. approximation. In most applications, 

results produced from the |𝐸|. expression are useful to evaluate the order of magnitude of EF. 

This relationship clearly indicates that even a small change in the electromagnetic field makes a 

great change on ISERS.  

LSPR is a specific optical property of noble metal NPs and nanostructures. Only few metals can 

produce LSPR effect under laser excitation, such as noble metals (Ag, Au and Cu) and free electron 
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metals (alkali metals) with nanoscale features. The LSPR of NPs is generally related to the NPs 

size, morphology, arrangement and surrounding environment.53,54 Therefore, attempts have been 

made to search the maximum EME in Raman signal enhancement by tuning the NPs shape48 and 

arrangement54. For example, for Au nanosphere dimer, the SERS EF increases, when the gap size 

of the dimer is reduced from 10 to 2 nm.54 In addition, the frequency of incident laser is also 

considered to be a key element to achieve high enhancement. It is reported that better signal 

enhancement can be obtained when the frequency of incident laser is matched to the LSPR of 

plasmonic NPs.55 Above all, the theoretical mechanism studies of SERS EME provides useful 

principles to design effective SERS substrates.  

2.4.2 Chemical enhancement 

In contrast to the EME, chemical enhancement (CE) demands the target molecules to be close 

enough to metallic substrate surface. When the molecule binds chemically to the metal surface, 

the EF is particularly large. Signal enhancement caused by CE is about one to three orders of 

magnitude, which is much smaller than EME contribution. Theoretically, when studying the 

interaction between para- and meta- substituted pyridine and Ag clusters, the enhancement coming 

from CE can be as high as 103.56 It is much smaller than 1010 in EEM enhancement. And, unlike 

the long-range effect of EME, the CE is a short-range effect that is usually thought to be a ‘first-

layer-effect’.57, 58 The CE is often related to electrons transfer between the SERS substrate and the 

adsorbed molecule under laser radiation. A resonance effect can be caused by the electronic 

transition between the metallic SERS substrate and the adsorbed molecule lowest unoccupied 

energy level (LUMO). 

From a theoretical point of view, three different types of enhancement mechanisms can be 

identified in CE (Figure 2.12): (a) ground state chemical enhancement, which arises basing on 

ground state interaction between SERS substrate and molecules; (b) the resonance Raman 

enhancement comes from resonance between the excitation wavelength and molecular transition; 

(c) charge transfer resonance enhancement occurs from the excitation wavelength being resonant 

with charge transfer (CT) transition between the metal NPs and the absorbed molecules. The 

relative importance of these enhancements is difficult to determine experimentally, as they can be 

separated and stuied only under certain specific constraints. These three possible chemical 

enhancement effects are all related to the adsorbed molecules, as they reflect the chemical 
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interaction between absorbed molecules and SERS substrate.59-61  The chemical enhancement 

effects were systematically studied by Valley and his coworkers62 by caculating and comparing 

the CE EF values for a number of substituted benzene thiolates absorbed on Ag and Au cluster 

substrates. It has been shown that CE is moleculer specific. 

 
Figure 2.12 Schematic diagram of different types chemical enhancement. (a) Ground state chemical 
enhancement; (b) resonance Raman enhancement; (c) charge transfer resonance enhancement. Figure 
reproduced with permission from Ref.63 

It is important to realize that all the enhancement mechanisms are difficult to be isolate and studied 

experimentally. Therefore, it is difficult to determine which is more important. The CE mostly 

depends on the strong interaction between the molecule and SERS the substrate surface, while the 

EME can be applid to explain weak interaction with a long-range effect. In all, researchers 

generally believe that the EME plays a major role, and CM also has a certain contribution. The 

two together constitute in the final enhancement of SERS signal. However, researchers are still 

struggling to find a unified theory for SERS enhancement mechanism.64 

2.4.3 SERS active substrates 

An ideal SERS substrate should be chemically stable and be able to be prepared reproducibly in 

large scale at low cost. Importantly, the substrate should exhibit a high EF. The quality of the 

SERS substrates is critical to the success of any SERS experiment. It has been reported that high 

enhancement can be obtained at the nanogap of adjacent NPs or very sharp tips of single NP,65-68 
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which are normally named ‘hot spots’. Over the last few decades, researchers have been working 

hard to prepare SERS active substrates with a well-controlled structure. Generally, substrates 

based on gold (Au) and silver (Ag) are the most widely used due to their high EF and unique LSPR 

optical properties in the visible to near infrared (NIR) range.69-71 Generally, SERS substrates can 

be used either in the form of colloid or in the state of solid. Up to now, SERS substrates have gone 

through various fabrication methods which are presented in Table 2.2. The detail of theses 

substrates will be discussed later. 

Table 2.2 Different SERS substrates and their corresponding fabrication methods and applications.  

Among various kinds of SERS active substrates, the metallic colloid is the simplest one, normally 

prepared by a cost-effective wet chemical method. Wet chemical method synthesis of SERS active 

 Substrate Method Application  

AgNPs suspension  Wet chemical Single crystal violet molecule detection  72 

AgNPs clusters in 

suspension 

Wet chemical  Deep study of optical interaction 

between NPs  

 
73 

Ag superstructures 

in suspension 

Wet chemical Investigation of hot electron induced 

reduction 

 
74 

AuNP dimers A solid phase approach Synthesis various sized AuNP dimers   
75 

Ag film on Si 

substrate 

Electron-beam lithography and 

electroless deposition 

Detection of Rhodamanine 6G (10-20 M)  
76 

NP-polymer film Liquid-liquid film transfer Organic molecule and bacteria detection  
77 

highly ordered 

MNPs (Au, Pt) 

Talbot lithography combined 

with ion-beam etching 

Gas-phase catalysis study  
78 

AuNR arrays Focused ion beam lithography Distinguish cyanuric acid in milk  
79 

Au nanobipyramids 

(AuNBPs) 

AAO template assisted drop-

and-dry-method 

Determination of dopamine in spiked 

human serum 

 
80 

AuNP clusters AAO template assisted AuNPs 

self-assembly 

Investigation of plasmon-driven 

photocatalysis of 4-NTP reduction 

  
81 
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colloids is often prepared directly by reduction of an Ag or Au precursor salt in a liquid medium. 

The NPs size and shape can be tuned to the desired optical properties in suspension, which makes 

the colloid available for different conditions. The size of the NPs can be controlled by using 

different reducing agents, and the shape of NPs can be adjusted by adding different surfactants 

during synthesis. For colloidal SERS substrates, plenty of SERS hot spots can be easily achieved 

by using salt (such as NaCl, KCl) to cause NPs aggregation or clustering in suspension.82, 83 This 

kind of substrate still exhibits a high Raman EF. For example, single crystal violet molecule was 

able to be detected with an EF of 1014-1015 in a colloidal silver solution.72 It should be noted that 

the surface field and resonance enhancement EF ≈ 1015. However, reproducibility and quantitative 

analysis are a great challenge, when metal nanoparticles (MNPs) in the colloidal state are applied 

for real analytical samples. Addition of salt in NP suspension leads random arrangement of the 

NPs in aggregates. This aggregation is a dynamic process and the hot spots generated by the 

aggregation are randomly organized and cannot be controlled (Figure 2.13a). It is difficult to 

determine the right time for spectra acquisition and spectra collected at different points fluctuate a 

lot in intensity. In all, these limitations impede the identification of the exact structure of SERS 

hot spots and a depth study of the SERS mechanism. For reproducible and quantitative analysis, 

preparation of SERS substrates with controllable assembly is in high demand. Even this problem 

can be solved by directing NPs self-assembled as ordered layers or arrays (Figure 2.13b) around 

liquid-liquid (LL)84 or liquid-air (LA) interfaces.85 In my opinion, the metallic colloids are not the 

best choice for commercial purposes due to their limitations in long-term storage. 
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Figure 2.13 Examples of metallic colloid SERS substrates. SEM image of (a) random aggregated 
nanoparticles, (b) LL and LA assembly of SERS substrates. Figures reproduced with permission from 
Ref.86-89  

For solid SERS substrates, the main interest is to obtain highly ordered solid SERS substrates, 

yielding reproducible and stable SERS results. In this case, adjacent NP gap size,90 morphology,91, 

92 size93 and material of NPs are important factors for SERS measurements. With the rapid 

development of nanofabrication technology, large-area uniformed substrates presenting good 

reproducibility for SERS measurements can be easily fabricated. Generally, solid SERS substrates 

can be prepared by immobilizing NPs on a solid support (glass, silica, etc.) or directly by 

manufacturing NPs on these solid supports. In the next section, I will briefly explain solid SERS 

substrates in three categories: (1) MNPs immobilized in planar solid supports; (2) nanolithographic 

techniques; (3) template-assisted techniques.  
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Figure 2.14 Examples of highly ordered solid SERS substrates prepared by different methods: (a) MNPs 
immobilized in planar solid supports, (b) nanolithographic methods and (c) template-assisted techniques. 
Figure reproduced with permission from Ref.85, 94-110 

The first established method to obtain a solid SERS substrate was to immobilize MNPs onto 

polymer coated substrate.111 Since then, solid SERS substrates have been reported based on similar 

methods including Langmuir-Blodgett, electrophoretic deposition, gel trapping, in-situ chemical 

growth of MNPs,112 ect. Recently, SERS substrates fabricated based on liquid-liquid (LL) interface 

and liquid-air (LA) interface self-assembly technology has been widely investigated, in which a 

MNP array is pre-assembled on the interface and then transferred to a solid support. The typical 

procedure of MNPs immobilized on planar solid supports is presented in Figure 2.14a. It is shown 

that the solid supports were initially functionalized with some special molecules, such as (3-

Aminopropyl) trimethoxysilane, or (3-Mercaptopropyl) trimethoxysilane to obtain naked thiol or 

amine groups. Thus, MNPs can be self-assembled on the solid substrates through covalent bonding 

due to the interaction between the functional groups and the MNPs surfaces. This self-assembly 

method is easy and cost effective for preparing solid SERS substrates.  
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With the increasing development of nanotechnologies, advanced nanofabrication process has been 

developed for well controlled SERS substrate preparation. Nanolithographic techniques, electron 

beam (E-beam) lithography, focused-ion beam (FI-beam) lithography and photon lithography 

techniques can be applied. In nanolithographic techniques, desired nanostructures can be produced 

by writing directly on a silicon or glass slide using an E-beam, FI-beam or photon which can then 

be used as molds for fabrication of desired SERS nanostructure. Figure 2.14b represents two 

typical processes based on E-beam lithography. Firstly, the desired nanostructured pattern is 

developed by E-beam writing. Then, metal lift-off and plasma etching can be used for final SERS 

substrates preparation. The main advantage of these techniques is to obtain exact geometric 

controlled nanostructures, which enables high reproducibility and sensitivity in SERS 

measurements. Furthermore, it is easy to tune the localized surface plasmon resonance (LSPR) 

that matches with the laser wavelength to obtain optimized SERS enhancement. Moreover, it is 

easy to fabricate 3D SERS substrates using lithography with high enhancement. However, due to 

the use of high-energy FI-beam or E-beam to fabricate large area SERS substrates, the 

nanolithographic techniques are time-consuming and expensive, which limits their practical 

applications.  

Well-controlled SERS substrates can also be fabricated by template-assisted method. The template 

can be AAO, patterned PDMS stamp, carbon nanotubes, imprinted polymers, etc. A typical 

process for SERS substrates preparation based on a template-assisted technique can be seen in 

Figure 2.14c. In this technique, the specific pattern in the templates is the key element for the 

nanostructure. Huang et al.107 have developed highly ordered and vertically aligned AgNRs as a 

large-scale array of SERS substrates using an AAO template-assisted method. The array can 

provide a large number of uniformly distributed sub-10 nm gaps between adjacent AgNRs. The 

details of nanofabrication of solid SERS substrates from 2009 to 2013 have been clearly reviewed 

by Luo et al.113  

In all, solid SERS substrates are flexible for SERS quantitative applications and very convenient 

for in situ analysis. These advantages are expected to bring SERS technology closer to practical 

applications. Nowadays, how to fabricate large-area and uniform SERS active substrates with high 

density and controllable hotspots in a cost-effective and repeatable way remains the challenge in 

SERS applications. In this thesis, a simply prepared and cheap SERS substrate Ag plasmonic film 
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(AgPF) was developed. The AgPF can be used for stable observation of the photoreduction of 4-

nitrothiophenol (4-NTP) to 4-aminothiophenol (4-ATP). 

2.5 SERS applications in photocatalytic reaction 
SERS is powerful technique that can be applied in the field of chemical species identification and 

trace detection,80, 95, 114-117 discrimination of bacteria,118-120 pharmaceuticals,121 photocatalysis.13, 

122-125 Here, SERS applications in photocatalytic reaction observations are concentrated. The 

detection of photocatalytic reactions with SERS is mainly focused on model reactions. In recent 

years, reduction of 4-NTP to 4-ATP, catalyzed by MNPs, has been intensively studied as a model 

reaction using aqueous NaBH4 solution or H2 as strong chemical reducing agents. The 4-NTP and 

4-ATP molecules can chemically bind to Au/Ag NPs surface with their thiol groups. This enables 

the SERS observation very easy. In addition, it has been found that molecules having a 

combination of a nitro or amino group and an aromatic ring have a relatively high Raman cross 

section and the reaction can be observed with a short acquisition time.  

 

Figure 2.15 Representation of the photoreduction of 4-NTP to 4-ATP by NaBH4 or H2 on photocatalyst 
NPs surface. Figure reproduced with permission from Ref.126 

The combination of SERS active plasmonic substrates and catalytically active MNPs has been 

widely used for experimental and theoretical SERS investigation of 4-NTP hydrogenation. For 

example, Au nanoclusters supported on a TiO2 array (AuNCs/TiO2 photonic array) was applied 

for SERS monitored reduction of 4-NTP using NaBH4 as reducing agent. In this 

metal/semiconductor format nanostructure, the laser irradiation induced dimerization of 4-NTP 

was not observed. 124 Rodal-Cedeira et al. studied the reduction of 4-NTP to 4-ATP on Au@Pd 
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core-shell nanorods, and demonstrated excellent plasmonic properties of Au@Pd hybrid particles, 

enabling monitoring of the catalytic conversion by SERS spectroscopy also in a reducing agent 

NaBH4.127 In these studies, complex hybrid nanostructures are used, and chemical reducing agents 

(NaBH4, H2) are needed for the hydrogenation. Very recently, reduction of 4-NTP to 4-ATP in the 

presence of acid halide media, such as HCl, HBr and HI was demonstrated. As can be seen from 

Figure 2.16, this hot-electron-induced reduction only occurs in the presence of protons and halide 

ions. 

 

Figure 2.16 Six-electron, six-proton photocatalytic reduction of 4-NTP to 4-ATP. The bottom SERS 
spectra show the reduction in the presence of different reaction media. Figure reproduced with permission 
from Ref.74  
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Scheme 2.1 Schematic illustration of reaction pathway for reduction of aromatic nitro compounds to the 
corresponding aniline.128 

 

Generally, the reduction of 4-NTP to 4-ATP can occur through two reaction pathways based on 

the electrochemical model presented by Haber (Scheme 2.1).128 In the direct reaction pathway, the 

aromatic compound is firstly being reduced to a nitroso compound and then to a corresponding 

hydroxylamine, finally reduced to its corresponding aniline. In the indirect reaction pathway, the 

reduction undergoes a condensation step to form an azo molecule species, before finally being 

reduced to the corresponding aniline. The indirect reaction pathway is favorable under a relative 

basic condition. In a theoretical study, Zhao et al129 proposed that the reaction of 4-NTP to DMAB 

occurs according to the hot-electron-driven photocatalysis mechanism on gold or silver surface. In 

a subsequent study, they further concluded that the laser irradiation from the SERS measurement 

can induce the formation of DMAB as an intermediate product during the six-hot-electron, six-

proton photo-reduction of 4-NTP to 4-ATP.130 Despite the numerous studies on the reduction of 

4-NTP, there is still no consensus on the detailed chemical mechanism which the reaction follows, 

and the available data is insufficient to provide a conclusive inference of photocatalytic pathways. 

Therefore, a conclusive study on the reduction of 4-NTP to 4-ATP is still necessary.  
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In this thesis, an easily prepared silver plasmonic film substrate which is suitable for the study of 

the hot electron-induced photoreduction of 4-NTP by SERS, were presented. The hydrogenation 

takes place on the surface of silver nanoparticles in the presence of protons and chloride ions rather 

than a reducing hydrogen source (such as NaBH4, H2). From the time-resolved SERS 

measurements, a reaction mechanism was proposed that correctly describes the formation of the 4, 

4-dimercaptoazobenzene intermediate under different conditions. The measurements also result in 

the determination of kinetic rate constants involved in this photocatalytic reaction. The results are 

critical in clarifying the mechanism for this commonly studied reaction. Moreover, it presents a 

new simple and cheap substrate for SERS studies that can be applied to other surface photocatalytic 

reactions that are critical for optimizing energy conversion applications. 
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3.1 Chemicals and materials 

3.1.1 Chemicals and solvents 

The following chemicals solvents were obtained from commercial sources and used without 

further purification, unless otherwise stated. 

Table 3.1 List of chemicals and solvents. 

 
Product 
 

 
Company 

 

   
Ammonia (25 %)  
 

Sigma-Aldrich 
 

Taufkirchen, Germany 
 

Bedaquiline 
 

Hycultec GmbH Beutelsbach, Germany 

Benzothiazinone 
 

  
 

Dichloromethane (DCM) 
 

Sigma-Aldrich Taufkirchen, Germany 

DMSO  
 

Merck Darmstadt, Germany 

D2O 
 

Sigma-Aldrich Taufkirchen, Germany 

Ethanol 
 

Sigma-Aldrich Taufkirchen, Germany 

Formaldehyde solution 
 

Sigma-Aldrich Taufkirchen, Germany 

H2SO4  
 

Sigma-Aldrich 
 

Darmstadt, Germany 

Hydrochloric Acid (37%, HCl) 
 

Sigma-Aldrich Taufkirchen, Germany 

Linezolid 
 

Sigma-Aldrich Taufkirchen, Germany 

Methanol  
 

Sigma-Aldrich Taufkirchen, Germany 

M7H9 Broth base 
 

Sigma-Aldrich Taufkirchen, Germany 

NaCl 
 

Sigma-Aldrich Taufkirchen, Germany 

NH2OH•HCl 
 

Sigma-Aldrich Taufkirchen, Germany 

Nitrothiophenol (4-NTP) 
 

Sigma-Aldrich Taufkirchen, Germany 

OADC Enrichment 
 

Becton Dickinson New Jersey, United States 

Polyvinylpyrrolidone  Sigma-Aldrich Taufkirchen, Germany 
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Rifampicin Sigma-Aldrich Taufkirchen, Germany  
 

Silver Nitrate Sigma-Aldrich 
 

Sigma-Aldrich 
 

Sodium Hydroxide (NaOH) 
 

Merck Darmstadt, Germany 

Sulfuric Acid (95%-98%, H2SO4) 
 

Sigma-Aldrich Taufkirchen, Germany 

Tetrabutylammonium Nitrate  Sigma-Aldrich Taufkirchen, Germany 
 

Trimethoxy(propyl)silane 
 

Sigma-Aldrich Taufkirchen, Germany 

TWEENâ 80 Sigma-Aldrich Taufkirchen, Germany 
 

 

Bacterial strains 

The mycobacterium strains Mycobacterium smegmatis MC2 15517 and Mycobacterium 

tuberculosis H37RV were used in our experiments. The two strains were both provided by Max von 

Pettenkofer-Institute, Ludwig-Maximilians-University Munich. 

3.1.2 Other materials 

Double side adhesive tape 

Polystyrene semi-micro cuvettes (Brand GmbH, Wertheim, Germany) 

Glass slide (26 mm × 76 mm × 1 mm, Carl Roth, Karlsruhe, Germany) 

Cover glass (18 mm × 18 mm, Paul Marienfeld, Lauda-Königshofen, Germany) 

Hellmanex solution for glass slide cleaning (Hellma, Muellheim, Germany) 

3.1.3 Instruments  

An Ultrospec 3100 pro (Amersham Biosciences, Little Chalfont, United Kingdom) was used for 

the optical density 600 (OD 600) measyrement. A Photometer Specord 250 plus spectrometer 

(Analytik, Jena, Germany) was used to record UV/Vis spectra of the samples. A Zeiss Sigma VP 

field emission scanning electron microscope (Carl Zeiss GmbH, Berlin, Germany), equipped with 

an EDS Quantax XFlash 6160 detector (Bruker Nano GmbH, Berlin, Germany) was applied for 

SEM image acquisition. Plasmonic films were fixed on precleaned glass slides for SERS 
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measurements. A WITec Alpha 300 R spectroscope equipped with an EM-CCD (WITec GmbH, 

Ulm, Germany), and a Cobolt DPL 532 nm solid state laser (Cobolt AB, Solna, Sweden) was 

employed for SERS spectra and Raman imaging collection, 5´  objective and 63´ (Carl Zeiss AG 

Jena, Jena, Germany) objective were used for focussing, respectively. A MFD-3D AFM (Asylum 

Research) equipped with a curvature radius of 7 nm were used to obtain AFM characterization. 

Double side-adhesive tape was cut by GRAPHTEC cutting plotter CE 6000-40. An ultrapure water 

purification system (Milli-Q plus 185 Millipore, Schwalbach, Germany) was used for the 

production of Milli-Q water. 

3.2 Experiments and methods for mycobacteria study 

3.2.1 Glass treatment 

Cleaning 

A previously reported method was used for glass slides cleaning.120, 131 Glass slides were cleaned 

in a chip reservoir. First, to remove all the possible contaminations, the glass slides were 

submerged subsequently in various solutions. It starts in 2 % Hellmanex III for 1 h with sonication 

and then shaking for 16 h. After washing with Milli-Q water and drying with an air flow, the glass 

slides were dipped in a methanol and hydrochloric acid (volume ratio of 1:1) mixed solution for 1 

h during continuous shaking at room temperature. Afterwards, the treated glass slides were 

thoroughly washed with Milli-Q water again. Afterwards, the slides were submerged in 

concentrated sulfuric acid for another 1 h under continuous shaking. It was finally cleaned with 

Milli-Q water, and dried under an air flow. 

Hydrophobic treatment 

The hydrophobic treatment was also carried out with a modified method.120 The pretreated glass 

slides were put in a chip reservoir and submerged in mixed solution containing 150 mL methanol 

and 150 mL Milli-Q water under continuously magnetic stirring. Afterwards, 2 mL 

trimethoxy(propyl)silane solution and 3 mL ammonia (25 %) was added to the mixture. Finally, 

absolute ethanol was used for the cleaning and an air flow for drying. These treated glass slide can 

be directly used as bottom glass slides in the measurement channels. 
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3.2.2 Preparation of measurement channels 

The Raman measurement were carried out by filling bacterial samples in a lab-made measurement 

channel. The channel contains three layers, hydrophobic treated glass slides of bottom layer, 

double side tape of the intermediate layer and the top cover glass layer. The schematic graph of 

measurement channels is depicted in Figure 3.1. 

 
Figure 3.1 Schematic illustration of the experimental set up used for preparation of measurement channels. 

3.2.3 Preparation of antibiotic stock solution 

Benzothiazinone, bedaquiline, linezolid and rifampicin solutions were prepared by dissolving 

their chemical compound in dimethyl sulfoxide (DMSO) solvent under a vigorous vortex. The 

stock solutions of different antibiotics were sterilized before using.  

3.2.4 Growth of bacteria in the presence of D2O and antibiotic 

Growth of Mycobacterium smegmatis (M. smegmatis) 

Wide type M. smegmatis (strain MC2 15517) was cultivated aerobically in a sterilized M7H9 

medium overnight, supplemented with OADC and 0.05 % Tween-80 (T80) at 37 ℃  under 

agitation (140 rpm in a shaker). This overnight culture was used for the following antibiotic 

treatment and deuterium labeling.  

An appropriate volume of the M. smegmatis overnight culture was used for centrifugation (4500 

rpm, 4 ℃). The supernatant was discarded, and the bacterial pellet was resuspended in fresh M7H9 

medium to an OD of 0.1. The medium contains 5 × MIC antibiotic and supplements with OADC 

as well as 0.05 % T80. For accurate measurements, the above bacterial suspension was 

preincubated with 5 × MIC antibiotic for 3 hours (3 h). Afterwards, the same volume amount of 

100% D2O contained M7H9 medium with OADC and T80 was added to the culture for deuterium 
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labeling of the bacteria. Thus, 50 % D2O was included in the merged culture. The bacterial cells 

then continued to grow at 37 ℃ under agitation. For the investigation of the relationship between 

deuterium uptake and bacteria growth, bacterial cell cultures (1 mL) growing in the presence of a 

50 % D2O medium for 0 h, 1.5, 3 h, and 4.5 h were taken for formalin fixation and then for SCRI.  

Growth of Mycobacterium tuberculosis (M. tuberculosis) 

M. tuberculosis (strain H37RV) cultivated in a sterilized M7H9 medium supplemented with OADC 

and T80 for 7 days. This culture was used for the following antibiotic treatment and deuterium 

labeling. 

An appropriate volume of the M. tuberculosis culture was used for centrifugation (4500 rpm, 4 ℃). 

The supernatant was discarded, and bacterial pellet was resuspended in a fresh M7H9 medium to 

an OD about 0.2. Similar treatment was done as performed for M. smegmatis, but with different 5 

× MIC antibiotic concentrations and different D2O durations. In Raman samples, duration of M. 

tuberculosis deuterium labeling are 0 h, 12 h, 24 h and 36 h. 

3.2.5 Bacterial growth curve measurement in the presence of 
D2O  
The bacterial growth was determined using optical density (OD) measurements at λ=600 nm with 

a spectrophotometer. Briefly, a fresh bacterial culture was diluted to a proper OD with a fresh 

sterile nutrient broth containing different percentages of D2O (0 %, 10 %, 25 %, and 50%). The 

bacterial OD was monitored at different time points. The medium M7H9 with the corresponding 

concentration of D2O was used as a reference. As a result, the growth curve of bacteria was 

presented by plotting OD (Y-axis) against cultivation time (X-axis). 

3.2.6 MIC determination 

The MIC (minimum inhibitory concentration) measurement was performed using the broth 

dilution method as described previously.132 In short, fresh mycobacterial cultures were grown in a 

M7H9 medium with increasing concentrations of antibiotics. The MIC value is defined as the 

lowest concentration that inhibits the growth of bacteria. The growth of bacteria is determined by 

optical density measurements at λ = 600 nm (OD 600) with a spectrophotometer. 
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3.2.7 Raman sample preparation and single cell Raman 
imaging 
Raman sample Preparation  

For Raman measurement, bacterial cells were initially fixed by formalin solution. In the formalin 

fixation, 900 µl mycobacterium culture collected in the presence of 50 % D2O and antibiotic, first 

mixed with 100 µl formalin (37 %) solution by vortexing. Afterward, the mixture was incubated 

for 20 min in an ice bath. Later on, a centrifugation step (4500 rpm, 4 °C and 10 min) was used to 

collect the formalin-fixed bacteria cells. The resulting pellet was washed twice by NaCl (0.9 %) 

solution for removing residual medium and formalin solution. After another centrifugation step, 

the bacterial pellet was dispersed and saved in 500µl NaCl (0.9 %) solution. After the treatment, 

the bacterial suspension can be directly filled in the measurement channels for Raman 

measurements. 

Single cell Raman imaging (SCRI) 

The bottom glass slides of the channel were specially treated for hydrophobicity beforehand. The 

slides were used for catching mycobacteria cells because of the hydrophobic interaction between 

the hydrophobic glass slide surface and intrinsic hydrophobic nature of the mycobacteria cell wall. 

The channels filled with formalin-fixed bacterial suspension were sealed with hot wax at its two 

sides allowing bacteria cells to stay in liquid during the measurement. Before the Raman 

measurement, the sealed channel was allowed to stand for 20 minutes to ensure that the bacteria 

cells sediment and are were fixed to the bottom hydrophobic glass slides. Thus, the bacteria cells 

will not move in the liquid; single cell can be selected for Raman imaging measurement. The 

bacteria cells fixed in the measurement channel enable the application of a confocal Raman 

microscopy with an oil immersion objective. The Raman measurement is performed with WITec 

Alpha 300 R equipped with a Cobolt DPL 532 nm solid state laser (Cobolt AB, Solna, Sweden) 

and 600 grooves/mm grating. A high numerical aperture (NA) oil immersion objective (63×, NA 

1.4, working distance 0.15 mm, Carl Zeiss AG, Germany) lens was used for imaging. The 

application of high NA microscopy allows a spatial resolution (spatial resolution 𝑑 = '.0"1
23

)133 

around 0.23 µm in the measurement.  In SCRI measurements, Raman images of different areas 

were selected depending on the size of different bacterium. For all single organism mapping, 30 

mW laser power, 0.5 s per spectrum and 0.25 µm step size were applied for image acquisition. The 
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spectral center was set at 2200 cm-1. Roughly, 100 single bacteria were measured for each D2O 

duration. 

 3.2.8 Raman data processing for single cell imaging 

After spectra acquisition, cosmic rays in the raw data of SCRI were initially removed from all 

spectra using a graph filter (filter size of 4 and dynamic factor of 7) of WITec project five software. 

For the quantification of deuterium uptaken by the cells from the growth media, the measured 

spectra were decomposed to extract the distinct spectral features of C-D and C-H stretching 

vibrations. The spectral region between 1900 to 3100 cm-1 was selected for multiple linear 

regression (MLR). As sketched in Figure 3.1, each measured spectrum is composed of C-D (1950-

2300 cm-1) and C-H (2800-3038 cm-1) bands from bacteria, Raman bands from bottom glass (the 

bottom hydrophobic glass where bacteria are fixed) and medium (0.9 % NaCl, bacteria are 

measured in 0.9 % NaCl solution). Raman spectra of these four independent components (C-D, C-

H stretching vibrations, bottom glass, and liquid in the channel) were taken as references for the 

MLR. The reference of C-D bands are fitted by a Gaussian function 𝑦 = 1.1	 ×	𝑒!4
!"#$%&
'( 5

#

, with 

a full width at half maximum of 139.8 cm-1 and a fitting tolerance of 0.010. Raman spectra of these 

four references are displayed in Figure 4.4. Thus, a linear combination of these four components 

(𝑖678((,	𝑖9:;+8, 𝑖<= and 𝑖<>) with their corresponding response coefficients (ß678((, ß9:;+8, ß<= 

and ß<>) were calculated to predict their amount in the overall spectra by the following eq. 5. 

𝐼( = 𝐼' + 𝑖678((ß678(( +		 𝑖9:;+8	ß9:;+8 +	𝑖<=ß<= +	𝑖<>ß<> +	𝐼: 	                                    eq. 5 

In eq. 5, 𝐼' and 𝐼: are the intercept to the y-axis and residue, corresponding to the background 
and spectra difference (residue) from MLR and measured spectrum, respectively.  

The distribution of each component in Raman imaging can be presented by calculating 𝑖+ß+ 

(subscripted 𝑖 represents each component) images. It is known that the  C-D band intensity is 

proportional to D2O concentration and D2O duration.3-6 Thus, the ratio between the amount of C-

D and C-H (𝑖<>ß<>/𝑖<=ß<=, recorded as CD / CH) can be used for indicating bacterial metabolic 

activity. All Raman images were evaluated by MLR.  

A complete Raman spectrum was acquired at every image pixel. Theoretically, for image pixels 

located at the background area (not bacteria), their regression coefficients for C-D and C-H should 

be zero. But, in the real calculation, these coefficients are very close to zero, but not zero. Therefore, 
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we use the following calculation to define whether a pixel belongs to bacteria in each image. For 

each pixel, if  𝑖<=ß<= is larger than the two times standard deviation of all pixels of each image, 

then it is defined as a bacterial pixel (spectrum containing bacteria C-D and C-H bands). Otherwise, 

it is part of the background. In boxplots, the average 𝑖<>ß<>/𝑖<=ß<= of all bacterial pixels in each 

image were used as one data point.  

To calculate the spatial CD / CH distribution, images of individual bacteria labeled with deuterium 

were analyzed with MATLAB using the 'convhull' (select the long axis of bacteria based on  CD / 

CH matrix of each imaging) and 'imrotate' (rotate the long axis of bacteria parallel to x-axis in each 

CD / CH imaging frame) function to place bacterial cells on the long axis parallel to the x-axis in 

each image. For each bacterium, the CD / CH at each pixel were plotted to its position along the 

long axis of the bacterium. The 'pcolor' plot was used to present the results on the listed number 

of individual bacteria from shortest bacterium to the longest bacterium using 'sort' function in 

MATLAB. 

3.3 Experiments and methods for the observation of 
photocatalytic reaction 
3.3.1 Silver colloid preparation  

Silver colloid preparation was performed according to the Leopold-Lendl method.34 In this 

preparation, AgNO3 is reduced by NH2OH•HCl. First, reducing solution was freshly prepared with 

NH2OH•HCl (11.6 mg, 0.17 mmol) and NaOH solution (3.3 mL, 0.1 M) diluted by Milli-Q water 

to a volume of 100 mL. Each time, Ag colloid was newly prepared from 45 mL of the above 

reducing solution with the addition of AgNO3 (5 mL, 10 mM) solution with a greenish yellow 

color.  

3.3.2 Ag plasmonic film (AgPF) preparation 

The prepared silver colloid (4 mL) was centrifuged, and the supernatant was discarded. The pellet 

of the 4 mL silver colloid was redispersed in 1 mL Milli-Q water. Because of the low stability of 

above silver colloid, PVP (1 mL, 0.01 mg/mL) was primarily added to four times the concentrated 

silver colloid in a 2 mL centrifugation tube which has hydrophobic surface. After, DCM (500 μL) 

was added. For interfacial nanoparticle film promotion, tetrabutylammonium nitrite (TBAN, 200 

μL, 10-2 M) was used in the mixture. After about 1 min under vigorous shaking, free silver 
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nanoparticles migrated to the interface and formed a metallic layer wrapped around the upper 

aqueous phase. That is the target metal liquid-like film (MeLLF). The tip of a polymer tube, 

carrying a circular piece of double side adhesive tape (diameter: 7 mm), was placed horizontally 

on top surface of MeLLF, thus picking up a fraction of the MeLLF on the adhesive tape. Finally, 

a plasmonic film was obtained. To ensure the MeLLF build up around the upper aqueous phase, 

the MeLLFs were prepared in hydrophobic tubes made of polypropylene (PP). 

3.3.3 4-NTP reaction test 

The 4-NTP was adsorbed onto the AgPF before starting the hot electron-induced reaction test. The 

AgPFs were submerged into 1 mL aqueous solution of 4-NTP (7.0 × 10-2 M) for two hours to 

allow for its absorption. Afterwards, the hot electron-induced reduction of 4-NTP was promoted 

by addition of 100 μL aqueous droplet including NaCl and HCl or H2SO4 on 4-NTP modified 

plasmonic film. Different proton concentrations were generated by the hydrochloric acid 

concentration.  Then, the reaction was initiated and processed by continuous irradiation of a Cobolt 

DPL 532 nm solid state laser (Cobolt AB, Solna, Sweden). The SERS spectra recorded by a WITec 

Alpha 300 R microscope (WITec GmbH, Ulm, Germany). using a solid-state laser (532 nm) and 

5´ objective (with a NA of 0.25). The laser beam size is approximately 2.6 µm. The maximum 

laser power used in the measurement is 5 mW, corresponding to 0.94 mW µm-2. 
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4.1 Growth and antibiotic sensitivity investigation of 
mycobacteria by Raman spectroscopic imaging of 
deuterium incorporation at single cell level 
4.1.1 Deuterium incorporation in bacteria growth using single 
cell Raman imaging 
To start the experiments, the mycobacterial growth sensitivity to D2O was tested by cultivating 

them in the presence of different amounts of D2O. The bacterial concentration was determined by 

an OD 600 measurement. It can be seen in Figure 4.1a that D2O ≤ 50 % (with respect to the normal 

water in bacterial medium) in the medium does not significantly affect the growth of M. smegmatis. 

A certain toxicity is present for M. tuberculosis in 50 % D2O (Figure 4.1b). It is clearly shown that 

D2O significantly inhibits the growth of M. tuberculosis. In this thesis, a medium containing 50 % 

D2O was applied for the observation of mycobacterial metabolic activity using Raman microscopic 

imaging.  

 

Figure 4.1 Growth cure for M. smegmatis and M. tuberculosis observed by OD 600 measurement in 
different amounts of D2O containing medium. 
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Figure 4.2 Experimental illustration for SCRI protocol. 

 

Figure 4.3 Raman spectra of M. smegmatis. (a) Average spectra of measured data from 95 to 101 Raman 
images at each D2O duration, (b-e) estimated bacterial spectra containing deuterium labeling C-D and non-
deuterium labeling C-H bands at different D2O durations (0.0 h, 1.5 h, 3.0 h, and 4.5 h) and their 
corresponding regression residue (blacks lines in each figure). The translucent areas in each mean spectrum 
correspond to their standard deviation from 95, 95, 101, 98 single cell images for 0 h, 1.5 h, 3.0 h and 4.5 
h deuterium labeling, respectively.  

In bacterial deuterium labeling, overnight M. smegmatis culture was preincubated for 3 h. Then, 

the same amount of pure D2O prepared medium was added. Thus, bacteria continue to grow in the 

M7H9 medium containing 50% D2O. The deuterium-labeled bacteria were collected after labeling 

with D2O for 0 h, 1.5 h, 3.0 h and 4.5 h, and then fixed with 3.7% formalin solution to stabilize all 

proteins, so that the integrity of membranes would not change. This fixation step enables bacteria 

to be measured with a long integration time (minutes for one cell). The formalin-fixed samples 
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were then filled in the measurement channels (shown in Figure 3.1) and ready for Raman imaging. 

Due to the hydrophobicity of the M. smegmatis cell wall, bacteria cells were fixed to the bottom 

hydrophobic treated glass slide of measurement channels. Then, a single cell was selected and 

measured in a liquid environment. The advantage of performing bacterial Raman measurements 

in 0.9% NaCl solution is that they are close to their original physiological shape. The workflow is 

presented in Figure 4.2. For SCRI, bacteria were fixed on the surface of the bottom hydrophobic 

glass slide (Figure 3.1) and numbers of single cells were randomly selected for Raman imaging. 

For each cell, Raman spectra were collected from each image pixel. A typical Raman shift caused 

by deuterium incorporation is presented in Figure 4.3a. At the beginning (0 h incorporation with 

D2O), there is no C-D band signal. Overtime, the C-D signature, whose Raman frequency is 

assigned at range 1950-2300 cm-1 emerges and the intensity increases with increasing deuterium 

duration. The incorporation of D2O into M. smegmatis cells during the reduction steps of fatty 

acids synthesis causes deuterium to replace hydrogen in the bacterial macromolecules (such as 

lipids, proteins, and DNA), which is based on bacterial metabolism. Thus, the C-D amount in 

bacterial Raman spectra can be detected as a general indicator of bacterial metabolic activity. For 

the quantification of the C-D content, our Raman spectra were evaluated by the MLR at 

wavenumber region of 1900 to 3100 cm-1, as described in data processing section. In a single-cell 

image, the MLR can decompose the measured Raman spectra (Figure 4.3a) which contain signals 

coming from the background (bottom glass and 0.9 % medium) bacteria (C-D and C-H stretching 

bands). The unmixed bacterial spectra (without signals from bottom glass and medium) can be 

estimated by combining the MLR regression coefficients of the deuterated (C-D stretching band) 

and non-deuterated (C-H stretching band) bacterial bands which can be seen in Figure 4.3b-e. In 

the regression, the spectra in Figure 4.4 are the four reference spectra used for MLR analysis. The 

reference spectra were normalized before being used for regression. The residual plots (Figure 

4.3b-e, black lines) show the difference between measured spectra and the estimated spectra from 

MLR. The small residuals in Figure 4.3b-e (black lines) and large coefficient of determination (R2 

at each image pixel is larger than 0.90.) indicates that the overall accuracy of the MLR is 

remarkable, the decomposition of different components in the measured spectra is successful. 

However, the residuals at the C-D band region increases slightly as the duration of labeling 

increases. This phenomenon is assumed due to the minor variation in the real Raman spectrum of 

C-D bond. It has been reported that in the bacterial Raman spectra, the C-H stretching region 
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contains three main bands, which are derived from lipid-related CH2 stretching, protein-related 

CH3 stretching and DNA-related CH stretching. Thus, the appearance of the C-D band, based on 

newly synthesized lipids, proteins and DNA, also contains three main bands. However, in our 

spectra, the C-D stretching frequencies do not allow the separation of the different deuterium-

labeled macromolecules, even with the highest C-D intensity (Figure 4.3a of deuterium duration 

4.5 h). In all, the C-D band used in the refences of MLR is acceptable.  

 

Figure 4.4 Reference spectra for MLR evaluation. Raman spectra of C-H stretching vibration (blue), 
medium (red), bottom glass (yellow), and C-D stretching vibration (purple). 

In the MLR results, the amount of labeled and unlabeled macromolecules can be separately 

analyzed, based on the regression coefficients of C-D band and C-H band at each bacterial pixel 

in single cell. Thus, the regression coefficient ratio of C-D band to C-H band (recorded as CD / 

CH) can be used as an indicator of bacterial metabolic activity. The growth is different from the 

common symmetric growth of rod-shaped bacteria (such as, E. coli), M. smegmatis is reported to 

grow asymmetrically (shown in Figure 4.5a) which has been proved by live cell imaging.2 

Representative Raman images of CD / CH at different D2O incorporation time are presented in 

Figure 4.5b, and their corresponding average regressed spectra are shown in Figure 4.5c. Figure 

4.5c describes the average regressed bacterial spectra at all bacterial pixels and their standard 

deviation also presented. The C-D band is visible after 1.5 h with D2O incorporation. The newly 

synthesized macromolecule (deuterium-labeled) can be clearly discriminated in our CD / CH 

image. In these CD / CH images (Figure 4.5b), the yellow pattern indicates high CD / CH area, 
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which does not show after 0 h of D2O incorporated image. That pattern appears from one bacterial 

pole at 1.5 h of D2O incorporation to two poles at 3.0 h of D2O. Moreover, it can be clearly seen 

that the yellow pattern in cell two poles are different, one polar has colored more than the other 

one. To some extent, we can conclude that M. smegmatis asymmetrically metabolic at their poles. 

It is obvious that longer D2O exposure leads higher ratio of CD / CH. Each average CD / CH for 

all pixels of single cell image corresponds to its metabolic activity. During bacterial growth, CD / 

CH increased significantly in a large cell population (Figure 4.5d).  In Figure 4.5d, each CD / CH 

value of individual scatter represents bacterial metabolic ability in a cell. The variation of 

metabolic activity between individual cells is clearly shown. Clear subpopulations are present in 

Figure 4.5d by shown kernel density simulated distribution curve (red outlines). It is clearly shown 

in Figure 4.5b that the newly synthesized macromolecules are preferentially distributed at bacterial 

poles. It can summarize that using Raman imaging combined with D2O labeling enables the 

visualization of macromolecule metabolic activity by calculating their CD / CH value at the single 

cell level. Only active cells will consume D2O for their metabolism, while inactive (dead cells) 

will not. Thus, the CD / CH of dead bacteria is very small (Figure 4.6), even with a very long 

incubation time. Above all, the active mycobacterial cells can consume D2O and incorporate the 

deuterium into their biomass that can be visible within single cell resolution by Raman imaging 

measurements. In this way, the heterogeneous response of bacteria to four different antibiotics 

were investigated at single cell level.    

 

Figure 4.5 (a) Schematic diagram of asymmetric growth of M. smegmatis. Before bacterium division, the 
cell elongates from its two poles. (b) Representative CD / CH ratio images at each labeling duration and (c) 
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their corresponding average spectra (with standard deviation in translucent color). (d) Temporal dynamics 
of CD / CH of M. smegmatis. Each point represents the average CD / CH of one image. 95, 95, 101, 98 
images for 0 h, 1.5 h, 3.0 h and 4.5 h of D2O incorporation were tested, respectively. The red line in box 
represents mean CD / CH of these amounts of images in each group. 

 
Figure 4.6 CD / CH of dead M. smegmatis for different duration of labelling.  

4.1.2 Raman imaging of M. smegmatis exposed to different 
antibiotics 
The bacteria division and elongation would be inhibited with antibiotic treatment. Bacterial cells 

response differently to antibiotics. Here, we exposed bacteria to different antibiotics, then tracked 

the responses of individual bacterial cell metabolic ability by single cell Raman imaging. The 

rarely pathogenic mycobacterial strain M. smegmatis were tested firstly as our modal organism. 

Following the strategy in Figure 4.2, a pre-incubation time of 3 h with antibiotics was used before 

D2O addition. This preincubation with antibiotic is to ensure that the bacteria have time to respond 

to the antibiotic before deuterium uptake. Thus, the monitoring of the C-D band can 

representatively describe bacterial metabolic activity in the presence of antibiotics. Prior to 

antibiotic pre-incubation, the concentration of bacterial dispersion was adjusted to an OD 600 of 

0.1 for all M. smegmatis tests.  
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Figure 4.7 Boxplots of mean CD / CH for each single cell Raman image under (a) RIF, (b) BTZ, (c) BDQ 
and (d) LZD. The analysis here includes more than 90 single cell images at each deuterium incorporation 
time under different antibiotics. Bacteria were randomly selected for Raman imaging measurement. The 
red outlines around boxplot are the distribution curves estimated from the kernel density of each group. 
Each scatter in the plots corresponds to average CD / CH of each image. 

Rifampicin (RIF), linezolid (LZD), benzothiazinone (BTZ), and bedaquiline (BDQ) were used to 

study the effects of antibiotics on M. smegmatis and M. tuberculosis. It is important to appreciate 

that different antibiotics have different mechanisms of action. BTZ and BDQ inhibit the cell wall 

and ATP production in bacteria, respectively. RIF and LZD work by inhibiting the synthesis of 

RNA and protein, respectively. The minimum inhibitory concentration (MIC) is defined as the 

minimal dose at which no visible bacterial growth (normally measured at OD 600) is detected 

within 24 h of antibiotic exposure. The values of MIC are determined using the broth dilution 

method, the values are listed in Table 4.1. The CD / CH under the influence of different antibiotics 

with increasing duration of D2O exposure are displayed in Figure 4.7. For each of the antibiotics, 

there is an increasing CD / CH ratio with increasing time of deuterium incorporation. That means 

the bacteria are still metabolically active under the stressor of five times of the MIC value of 

antibiotic after 4.5 h. Compared to the bacteria without antibiotic treatment in Figure 4.5d, the CD 

/ CH are smaller at same incorporation time. That means the bacterial metabolic activity slowed 
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down upon antibiotic treatment. Moreover, this slowing effect is different between the four 

antibiotics. Moreover, it is clear from Figure 4.8 that C-D bands are observed in M. smegmatis 

spectra of RIF and BTZ (0.046 µg/mL and 0.0215 µg/mL in the bacterial suspension, respectively) 

treated cells with short D2O duration (1.5 h). A weak C-D band is presented in BDQ and LZD 

(0.046 µg/mL and 2.1 µg/mL in the bacterial suspension, respectively) treated cells, even with a 

longer D2O duration (4.5 h). It could conclude that M. smegmatis is more sensitive to BDQ and 

LZD. 

Table 4.1 MIC of antibiotics for M. smegmatis and M. tuberculosis. 

 

 

 

 

 

 

 

Figure 4.8 Average spectra from more than 90 Raman images of M. smegmatis under treatment with (a) 
RIF, (b) BTZ, (c) BDQ and (d) LZD for different duration of labeling (0 h, 1.5 h, 3 h, and 4.5 h). The 
translucent areas in each average spectrum correspond to their standard deviation.  

Antibiotic 

 

MIC for M. smegmatis  

(µg/mL) 

MIC for M. tuberculosis 

(µg/mL) 

RIF 0.0092 0.015 

BTZ 0.0043 0.001 

BDQ 0.0092 60 

LZD 0.42 1.3 
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Figure 4.9 Spatial CD / CH ratio distribution along the long axis of M. smegmatis at each D2O durations 
without (a) antibiotic treatment for the control and with (b) RIF, (c) BTZ. (d) BDQ, (e) LZD treatment. 

From the Raman images, not only the CD / CH variation between each individual cell can be 

obtained, but also insight into the spatial information of CD / CH distribution of each cell is 

achieved, as shown in Figure 4.5b. Form the Raman images (such as Figure 4.5b), we can see that 

each position of the long bacterial axis has several bacterial pixels along the short axis of bacteria. 

To directly view the individual bacterial CD / CH distribution in a population, the average CD / 

CH ratio along the short axis of bacteria were initially calculated. These average CD / CH represent 

bacterial metabolic activity at their bacterial long axis position. Then, bacterial spatial information 

was compacted by plotting these average CD / CH along the long axis of bacterial cell, and all the 
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results are shown in Figure 4.9. The side with higher CD / CH values is placed on the left. Each 

heat map presents a set of measurements. Form this figure, we clearly see CD / CH distributions 

along the long axis of each bacterial cell. The higher the ratio of CD / CH, the more active the 

biosynthesis. Without an antibiotic-treated group was recorded as a control measurement which is 

presented in Figure 4.9a. The color bar in Figure 4.9a indicates the CD / CH ratio. The color 

displayed in yellow represents a larger CD / CH ratio value than blue. Comparing the distribution 

collected for 0, 1.5, 3 and 4.5 h of D2O incorporation, it can be seen that deuterium incorporation 

from D2O into M. smegmatis occurred initially in bacterial one pole at a time of 1.5 h. After that, 

the incorporation increases and expands into the middle of the same pole. We also noticed that the 

length of yellow pattern is determined at each D2O duration. It has nothing to do with the individual 

bacterial length. For example, in most cells, the length of the yellow pattern at the left side of 1.5 

h D2O incorporation in Figure 4.9a is 0.75 µm. The length of the yellow pattern expanded in 3.0 h 

D2O incorporation in most cells is also similar (around 2 µm). In addition, significant differences 

in bacterial cell length were observed. In the presence of BTZ (0.0215 µg/mL) and BDQ (0.046 

µg/mL), the overall cell length is shorter than in the presence of RIF (0.046 µg/mL) and LZD (2.1 

µg/mL). This is in accordance with different antibiotic response mechanisms. In summary, the 

sensitivity of a single bacterium to antibiotics can be identified by calculating the average CD / 

CH in each single cell. Based on the distribution of CD / CH in a single cell, we can visualize 

metabolic activity at bacterial poles and in the middle. From Figure 4.9a-b, we can also see that 

the yellow pattern in bacterial two poles is asymmetric. This further proves the heterogeneous 

metabolism within individual bacterial cells. Our observation is based on the separation of highly 

deuterium-labeled and lightly deuterium-labeled macromolecules in a single bacterial cell which 

has not been investigated previously.  

4.1.3  Raman imaging of M. tuberculosis exposed to different 
antibiotics 
The above study shows the successful incorporation of deuterium from D2O into the biomass of 

M. smegmatis for single-cell metabolic imaging. Applying the same technique to the dangerous 

mycobacteria (M. tuberculosis), we also can distinguish the highly deuterium-labeled bacterial 

patterns from low deuterium-labeled patterns during bacterial metabolism. Its susceptibility to 

different antibiotics was also tested at single-cell resolution, following the same workflow. For the 

temporal dynamic measurements, 0 h, 12 h, 36 h, and 48 h for D2O incorporation were applied, 



4 Results and Discussions 

 59 

based on the longer (doubling time of 24 h for M. tuberculosis compared to a doubling time of 3-

4 h for M. smegmatis) doubling time of M. tuberculosis. Prior to antibiotic pre-incubation, the 

concentration of the bacterial solution was adjusted to an OD 600 of 0.2 for all M. tuberculosis 

tests. Figure 4.10 presents the spectra of M. tuberculosis collected at different D2O duration in the 

absence of antibiotics. We can see in Figure 4.10 that the spectrum of M. tuberculosis is similar to 

that of M. smegmatis in Figure 4.3a. The difference between these two mycobacterial strains 

locates at the C-H band. The bacterial Raman bands at 2855 cm-1, 2882 cm-1, and 2936 cm-1 

correspond to lipid-related CH2 stretching, protein-related CH3 stretching, and DNA-related C-H 

stretching, respectively.10 In M. smegmatis, the intensity of DNA-related C-H stretching band is 

the highest among these three bands (Figure 4.3a, C-H bands), while the intensity of protein-related 

CH3 stretching band is the highest in M. tuberculosis (Figure 4.10, C-H bands). The emergence 

and enrichment of the C-D band in Figure 4.10 means the deuterium incorporation from D2O into 

M. tuberculosis cells is also sensitive enough to identify active and inactive M. tuberculosis cells. 

The metabolic heterogeneity within individual cells will be presented in the following spatial 

information analysis part.  

 
Figure 4.10 Each spectrum corresponds to an average Raman spectrum of M. tuberculosis (measured in 
liquid) from 92 to 99 Raman images at different D2O duration (0 h, 12 h, 24 h, and 36 h). The bacteria 
cultivated in the presence of 50 % D2O medium. The translucent areas in each average spectrum correspond 
to their standard deviation. 

For M. tuberculosis, five times of the MIC value of each antibiotic was used. The concentrations 

of RIF, BTZ, BDQ, and LZD are 0.075 µg/mL, 0.005 µg/mL, 300 µg/mL, and 6.5 µg/mL, 
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respectively. The CD / CH variation between cells was presented in Figure 4.11. It is clear that the 

CD / CH at the same time point is smaller in the presence of antibiotics (Figure 4.11a-d) than in 

the absence of antibiotics (Figure 4.11e). The standard deviation (SD) increases with increasing 

incubation time in the presence of D2O and without antibiotics. When M. tuberculosis cells were 

incubated in D2O for 4.5 h, the percentage SD could reach 240 % (Figure 4.11e). This number 

indicates the difference in bacterial metabolic activity between individual cells. Clear 

subpopulations can be defined by kernel density estimation. 

 
Figure 4.11 Boxplots of average CD / CH for each single cell Raman image under different antibiotics (a) 
RIF, (b) BTZ, (c) BDQ and (d) LZD, and (e) the control group without antibiotic treatment. The red outlines 
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around boxplot are the distribution curves estimated from the kernel density of each group. Each point in 
the figure presents one average CD / CH of one Raman image. The analysis here includes numbers of single 
cell images at each deuterium incorporation time. Bacteria were randomly selected for Raman imaging 
measurement. Each scatter in the plots corresponds to average CD / CH of each image. 

 

Figure 4.12 Spatial CD / CH ratio distribution along the long axis of M. tuberculosis at each D2O durations 
(a) without antibiotic treatment and treated with (b) RIF, (c) BTZ. (d) BDQ, (e) LZD. Numbers of single 
cells were randomly selected for the Raman imaging measurements. 
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Figure 4.13 Bacterial length of M. smegmatis (a) and M. tuberculosis (b) in the presence of different 
conditions. 
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For the observation of metabolic heterogeneity in individual cells, the CD / CH distribution in M. 

tuberculosis is also plotted along the long axis of individual cells in Figure 4.12. The deuterated 

molecules are still in higher amounts at the two bacterial poles and expand to the bacterial middle. 

However, the CD / CH distribution in M. tuberculosis cells is not as clear as the CD / CH in M. 

smegmatis. This is because the spatial resolution of normal confocal Raman microscopy is not 

enough for very small bacteria. When bacteria were exposed to different antibiotics, the inhibitory 

effect of each antibiotic on bacterial metabolism is obvious, but the effect on the size of the bacteria 

is not as obvious as the change in the size of M. smegmatis, bacterial length in different conditions 

was calculated and shown in Figure 4.13. The bacterial length was calculated from the CD / CH 

maps, length of the longest axis in each CD / CH map was calculated as bacterial length. In the 

control group (Figure 4.12a), significant differences between the bacterial two poles and the 

middle were observed. However, this heterogeneity is not that obvious in the presence of 

antibiotics (Figure 4.12b-e). For M. tuberculosis, bacterial cells are quite sensitive to BDQ. It can 

hardly observe the enhancement in CD / CH with increasing incubation time in the presence of 

D2O. This means that M. tuberculosis becomes inactive in the presence of BDQ. It is not sure if 

the bacteria have been killed, because mycobacteria can transition to a dormant state to protect 

themselves from antibiotics. Compared to the other antibiotics (RIF, BDQ, and LZD), BTZ has a 

smaller decrease in CD / CH with increased incorporation time. That means M. tuberculosis is less 

sensitive to BTZ.  

4.2 Kinetic and Mechanistic Investigation of the 
Photocatalyzed Reduction of 4-Nitrothiophenol 
4.2.1 Silver plasmonic film (AgPF) fabrication 

It is shown in Figure 4.14a that silver nanoparticles (AgNPs) wrapped around the upper aqueous 

phase in a hydrophobic container, signify the self-assembly of AgNPs at LL interface during the 

synthesis process of the AgPF. A fraction of the ensuing metal liquid like film (MeLLF) picked 

up by a circular piece of double side adhesive tape (diameter: 7 mm) is shown in Figure 4.14b, 

illustrating a stable homogeneous AgPF. The absorbance spectra of the MeLLF compared to that 

of AgNPs is shown in Figure 4.14c, where a shift from the LSPR of AgNPs can be seen from 405 

nm to 436 nm. The red shift indicates the formation of the MeLLF. Figure 4.14d shows a scanning 

electron microscopy (SEM) image of the AgPF, illustrating that AgNPs are closely packed on the 



4 Results and Discussions 

 64 

adhesive tape. The preparation of AgPF is sketched in Figure 4.15. Atomic force microscopy 

(AFM) images are shown in Figure 4.16, revealing a surface roughness of the AgPF of 1.88±0.28 

nm. To assess the SERS uniformity of the AgPF, the SERS signal from two randomly selected 

areas were detected using 4-Mercaptobenzoic acid (4-MBA) on the AgPF as a Raman probe. The 

two Raman images (at band 1585 cm-1) in Figure 4.17 demonstrate a good uniform SERS intensity, 

where the coefficient of variation at the 1585 cm-1 band is 11%. The SERS measurement sensitivity 

was tested on AgPF using 4-Mercaptobenzoic acid (MBA); the SERS signals shown in Figure 4.18 

are indicative that the close packing of the AgNPs yields good sensitivity for Raman active 

molecules. This simple method of preparing the AgPF requires only 2 hours, which is less time 

intensive than methods for other substrates, such as the cellulose filter membrane dipping method 

of Zheng et al.11 

 

Figure 4.14. Photos of MeLLF formed in a 2 mL centrifugation tube (a) and AgPF (b). (c) UV-vis 
absorption spectra of AgNPs colloid solution (red line) and MeLLF (black line). (d) SEM image of AgPF. 
(Inset: highly magnified SEM image of the AgPF, scale bar 200 nm) 
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Figure 4.15 Schematic diagram showing the metal-like liquid film (MeLLF) formation and its 
transformation in the fabrication of the AgPF. (a) The mixture of aqueous phase and DCM organic phase. 
(b) Addition of TBAN which is used as promoter. (c) The formation of MeLLF. (d) The double-sided 
adhesive tape-assisted film transposition process. (e) As-prepared AgPF. (f) SERS monitoring of chemical 
reaction. 

 

Figure 4.16 AFM characterization of AgPF. (a) 2D image (the blue, red, and light blue lines on the image 
are used for the calculation of surface roughness). (b) 3D image. 

 
Figure 4.17. SERS images (at 1587 cm-1) of two randomly selected areas (20 ´ 20 µm) of 4-MBA (10-4 M) 
absorbed on AgPF. Laser power of 0.1 mW, integration time of 0.05 s, step size of 2 µm, and excitation 
wavelength of 532 nm were used for this detection. 
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Figure 4.18 SERS spectra measurement of MBA on AgPF substrate with different concentrations to 
demonstrate the high SERS enhancement sensitivity of our AgPF. 

In the SERS experiments of 4-NTP adsorbed on AgPF, the photocatalyzed reduction of 4-NTP 

can be studied with controlled H+ and Cl--concentrations by varying the concentration of HCl or 

NaCl, respectively, in the aqueous solution placed on the AgPF with adsorbed 4-NTP. The H+-

concentration can also be controlled by using a controlled amount of H2SO4 in the aqueous solution 

on the AgPF. Because the AgPF is dried after the adsorption of 4-NTP, the exact concentration of 

H+ and Cl- ions in the reaction environment is known from the solution properties. The SERS 

spectra were continuously recorded directly after the addition of the aqueous solution on the AgPF 

with a time resolution chosen depending on the speed of the reaction under the specific conditions 

of interest. 

4.2.2 Hot-electron-induced dimerization of 4-NTP 

The reduction of 4-NTP was first analyzed in the absence of H+ ions.  The SERS spectra at different 

time intervals after starting the reduction in different environments on the AgPF is shown in Figure 

4.19. The formation of DMAB is clearly observed through the emergence of three new SERS 

bands at 1144 cm-1, 1390 cm-1, and 1432 cm-1 (named νDMAB1, νDMAB2, and νDMAB3, 

respectively). The concentration of DMAB is assumed to be proportional to the intensity of the 

SERS band, which unless otherwise noted is the SERS intensity at the given wavelength of the 

band. Results of the 4-NTP reduction in an H+-free environment where no aqueous solution was 
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present on the AgPF are shown in Figure 4.19a and 4.19c. In this case, it can be observed that 

DMAB is formed, although a much smaller amount compared to in the environment with 1 M 

NaCl (repeated in Figure 4.19b and 4.19d for comparison). It has been previously shown using 

ultrafast SERS that the dimerization of 4-NTP to DMAB is induced by plasmon-generated hot 

electrons.27 Our observations of the formation of DMAB in this H+-free environment is consistent 

with this four-electron dimerization. The observation of increased DMAB with the addition of 

NaCl is consistent with the argument that halide ions (Cl-, Br-, I-) have been proven to recycle the 

hot-electron generation during the photoreduction of 4-NTP via Ag substrate.18, 28 This azobenzene 

species is one of the intermediates during the condensation pathway of aromatic nitro compounds 

to its corresponding anilines.20, 21, 25 In the absence of H+ ions, the formation of 4-ATP is not 

observed, which is commonly observed at a SERS bands at 1595 cm-1. Table 4.2 summarizes the 

expected SERS bands for 4-NTP, DMAB, and 4-ATP, and the key SERS bands are also marked 

in Figure 4.19 as well as all subsequent figures of Raman spectra. 

 

Figure 4.19 Continuous time-dependent spectra of the SERS spectra recorded during the reduction of 4-
NTP in (a) dry conditions (absence of NaCl), and in (b) presence of NaCl (1 M) solution. Both cases are 
with 0 M HCl. (c), (d) The corresponding SERS spectra at discrete time points. In both cases (absence and 
presence of NaCl), the bands at 1144 cm-1, 1390 cm-1, and 1432 cm-1 (νDMAB1, νDMAB2, and νDMAB3) are 
formed, and the band at 1595 cm-1 (νATP) is not visible. The measurements were carried out with a laser 
power of 0.5 mW and 1s integration time. 
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Table 4.2 The representative bands assignment of the SERS spectra during the reduction. 13, 134-136 

 

4.2.3 H+-concentration-dependent reduction of 4-NTP 

Another SERS experiment of the 4-NTP reduction was carried out in excess H+ ions. To start the 

photocatalytic reaction under these conditions, 100 µL aqueous solution containing 0.1 M HCl and 

1 M NaCl were applied on AgPF as a hydrogen source and to promote hot-electron generation, 

respectively. The corresponding time-resolved SERS spectra are shown in Figure 4.20. We 

observe that the band intensities at 1346 cm-1 (νNTP1) and at 1573 cm-1 (νNTP2), corresponding to 

the stretching vibration of the R-NO2 group and the stretching vibration of the benzene ring in the 

4-NTP molecule, respectively, gradually decrease. At the same time, the band at 1595 cm-1 (νATP), 

assigned to the phenyl ring modes in the 4-ATP, appears and increases in intensity. The time-

resolved intensities of the SERS bands corresponding to 4-NTP and 4-ATP at νNTP2 and νATP, 

respectively, are shown in Figure 4.20c. The 4-NTP intensity time history follows an exponential 

decay, as shown through the exponential fit shown in Figure 4.20c, indicating that under these 

conditions the 4-NTP reduction is a pseudo-first-order reaction. The time-resolved intensity 

corresponding to 4-ATP also increases as would be expected assuming it is the product of the 4- 

NTP reduction with rapidly reacting intermediates. This is shown through the fit in Figure 4.20c, 

which shows that the rate of 4-NTP depletion is approximately equal to the rate of 4-ATP 

formation.  These results agree well with previous reagent-induced (NaBH4 and H2) studies,11, 29 

indicating that low-cost AgPF performs comparably to other SERS substrates used for observing 

the 4-NTP to 4-ATP reaction. There is no observation of SERS bands corresponding to DMAB, 

as expected based on the results of previous studies with similar reaction conditions. 

Assignment   
 4-NTP 

Raman shift (cm-1) 
      DMAB 

 
    4-ATP 

Phenyl ring mode   1083                                       1087              1081 

C-N symmetric stretching      1144(νDMAB1)                   

N-O stretching     1346 (νNTP1)   

N=N stretching      1390 (νDMAB2)  

C-H in-plane bending mode      1432 (νDMAB3)  

Stretching coordinate of the benzene   1573 (νNTP2)    1575              1595(νATP) 
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Figure 4.20 Results for conditions of 1 M NaCl and 0.1 M HCl concentration. (a) Continuous time-
dependent spectra of the SERS spectra. (b) Corresponding SERS spectra at discrete time points. (c) SERS 
intensities over time at 1573 cm-1 (νNTP2) and 1595 cm-1 (νATP). Exponential fits to the data are drawn and 
the respective exponential rates is shown. 

To determine how the reaction progresses in environments with intermediate H+-concentration, 

the reduction of 4-NTP was monitored with successively lower H+-concentrations by using six 

different concentrations of HCl from 0.01 M to 0.0001 M in the 100 µL droplet, while maintaining 

a fixed concentration of 1 M of NaCl. This varied the H+-concentration while keeping the 

concentration of Cl- nearly constant (the contribution of HCl to the overall Cl--concentration is in 

all cases1 % or less). An example of time-resolved SERS spectra of the 4-NTP reduction with 

0.001 M HCl is shown in Figure 4.21a. It can be clearly seen that the three SERS bands at 1144 

cm-1, 1390 cm-1, and 1432 cm-1 (νDMAB1, νDMAB2, and νDMAB3, respectively) are clearly visible at 

early reaction times, and their intensities gradually decrease over time. Moreover, a clear band 

shift from the initial 4-NTP band at 1346 cm-1 (νNTP1) to 1334 cm-1 can be observed during the 

reaction process. This shift was not observed in the reaction conditions without H+ ions, nor was 

it be seen in excess H+-concentration. Figure 4.21a marks this shift at 1334 cm-1 (which we denote 

as νI2) with a purple line. A similar red shift has also been observed by Choi et al.137, who assumed 

that this was caused by the appearance of the 4-NTP anion radical (NTP•−) intermediate from the 

first elementary step of one electron transfer.  We observe a shift of 11 cm-1, compared to their 6 

cm-1. The appearance of an intermediate, hereafter denoted by I2, with a strong SERS band so 

close to νNTP1 prevents the direct correlation of the concentration of the respective species to the 
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SERS intensity at the wavenumber of the band. Therefore, to characterize the concentration of 4-

NTP and I2, a six-parameter double Lorentzian is performed fit to the SERS spectra between 1310 

cm-1 and 1360 cm-1, fixing the center of the Lorentzian functions at 1346 cm-1 and 1334 cm-1, for 

4-NTP and I2, respectively. An example of the double Lorentzian fitting to the SERS spectra is 

shown in Figure 4.21b. The concentration of 4-NTP and I2 is assumed to be proportional to the 

magnitude of the respective Lorentzian function. The time-resolved behavior of the concentration 

of 4-NTP, I2, and DMAB for the condition of 0.001 M HCl are shown in Figure 4.21c. The inset 

of Figure 4.21c enlarges the first 100 seconds of the reaction, showing that both I2 and DMAB are 

quickly formed then depleted.  

 

Figure 4.21 (a) Overall SERS spectra measured in conditions of 0.001 M HCl and 1 M NaCl concentration 
in the aqueous solution at different times after starting the reaction and SERS measurement. (b) SERS at 
time 0 s showing the wavenumber range where two SERS bands νNTP1 and νI are present. The individual 
SERS bands for νI (red, Peak 1) and νNTP1 (blue, Peak 2) determined with a double Lorentzian fit are shown 
as well as the sum (Peak 1 + Peak 2). (c) The SERS intensities over time at 1334 cm-1, 1346 cm-1 and 1432 
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cm-1 corresponding to I2, 4-NTP, and DMAB, respectively. The inset enlarges the first 100 seconds of the 
reaction. (d-f) Normalized concentration profiles (as described in the text) corresponding to 4-NTP, I2, 
DMAB, respectively as a function of time at different reaction H+- concentration (0.0005 M, 0.001 M, 
0.0025 M, 0.005 M, 0.01 M). The SERS intensities in each case were normalized to the initial 4-NTP 
intensity. The grey parallel lines in (d) mark values where the intensity of the 4-NTP band is e-1, e-1.5, and 
e-2 of its initial value.   

A comparison of the time-resolved concentrations of 4-NTP, I2, and DMAB for the reaction in 

different HCl concentrations (0.0005 M, 0.001 M, 0.0025 M, 0.005 M, 0.01 M) is shown in Figure 

4.21d-f, respectively. Each concentration, represented as C in arbitrary units, is represented by the 

respective Lorentzian magnitude (for 4-NTP and I2) or SERS intensity (for DMAB), normalized 

by the initial value of 4-NTP. Figure 4.22 and 4.23 show the corresponding time-dependent SERS 

spectra for all the HCl concentrations investigated.  

 

Figure 4.22 Continuous time-dependent spectra of the SERS spectra for the reduction of 4-NTP in reaction 
conditions of different HCl concentration (0.0001M, 0.0005M, 0.001M, 0.0025M, 0.005M, 0.01M, in a-f, 
respectively). The NaCl concentration in all cases is 1M. 
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Figure 4.23 SERS spectra at discrete time points during the reduction of 4-NTP in reaction conditions of 
different HCl concentration (0.0001M, 0.0005M, 0.001M, 0.0025M, 0.005M, 0.01M, in a-f, respectively). 
The NaCl concentration in all cases is 1M. 

The lowest HCl concentration (Figure 4.22a and Figure 4.23a) investigated exhibits very high 

SERS intensity (in comparison to the other conditions) around the bands νNTP1, νI2 ,νDMAB1, νDMAB2, 

and νDMAB3 with no clear baseline to be detected, indicating the possible appearance of additional 

intermediates not considered in the analysis for the other HCl concentrations. As a result, our 

double Lorentzian fitting could not be applied to this data, and no conclusive information on time-

resolved species concentration could be obtained for the concentrations of HCl ≤ 0.0001 M. The 

time-resolved 4-NTP concentration for all the other HCl concentrations studied is shown through 

the natural logarithm of its value in Figure 4.21d to illustrate that the decay of the reactant follows 
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a near-exponential function (where a perfect exponential would be linear in Figure 4.21d). At low 

H+-concentrations, there is some deviation from the exponential decay, possibly indicating 

deviation from the pseudo-first order approximation as the change in H+-concentration may not be 

negligible during reaction. The concentration of 4-NTP can be clearly seen to decrease faster with 

higher H+-concentration, indicating that the first step in the reaction mechanism is dependent on 

H+-concentration. For the same initial amount of initial 4-NTP, the maximum concentrations of I2 

and DMAB are both higher for lower H+-concentration (Figure 4.21e-f). At concentrations of HCl 

> 0.001 M, negligible DMAB is observed, whereas I2 was observed in all conditions (though the 

peak concentration decreases with increasing HCl concentration, indicating that at some HCl 

concentration limit no I2 will be observed), with a rate of decay that appears to increase with 

increasing H+-concentration. For all H+-concentrations investigated, the time of the peak DMAB 

concentration generally occurs before the time of the peak I2 concentration. This suggests that I2 

is not a precursor to DMAB, and based on the reaction mechanism shown in Scheme 1, this means 

that I2 does not contain two oxygen molecules. This indicates that the intermediate that we observe 

is not the 4-NTP anion radical (NTP•−) as suggested by Choi et al.137 According to our 

measurements, I2 must be formed through a separate reaction pathway from the pathway 

producing DMAB, and we proposed the reaction mechanism shown in Scheme 4.1. Our data 

supports that intermediates I2 and DMAB are formed in two separate parallel pathways and they 

have a same intermediate precursor (denoted by I1). This mechanism is also consistent with the 

previous data in an H+-free environment and in excess H+ ions. In the H+-free, no reaction occurred 

via the direct path (Pathway 1), therefore no I2 was formed and no red shift was observed near 

νNTP1 (Figure 4.19). In excess H+ ions, where no DMAB was observed, the reaction occurs 

primarily via the direct path, but the depletion of I2 is rapid due to the high H+-concentration, 

therefore no I2 was observed and no red shift was observed near νNTP1 (Figure 4.20b). In the cases 

of no red shift near νNTP1, the concentration of 4-NTP can be represented by the SERS intensity at 

νNTP1.  
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Scheme 4.1. Proposed reaction mechanism of the photoreduction of 4-NTP based on the current 

experimental observations. The direct pathway is the top row of reactions (k2 and k3) and the 

indirect pathway is the bottom branch (k4 and k5). 

 

4.2.4 Numerical Simulation of Reaction Mechanism 

Definition of reaction rate and rate constants 

Scheme 4.1 describes a reaction mechanism with the following reactions: 

4-NTP     ®  I1   (k1) 

I1   ®  I2   (k2) 

I2   ®  4-ATP               (k3) 

2I1   ® DMAB   (k4) 

DMAB  ®  2(4-ATP)   (k5)  

The time-resolved concentrations of 4-NTP, I2, and DMAB according to this mechanism were 

computed numerically assuming that all of the reactions are elementary, which means the rate of 

the reaction is proportional to the product of the concentration of the reactants, and the 

proportionality constants are the respective rate constants (which label the reactions above). The 

derivative of each species concentration in time was set as the contribution from all reaction rates 

as follows: 

?
?@
[4NTP] = −𝑘1[4NTP]  

?
?@
[I1] = 𝑘1[4NTP] − 𝑘2[I1] − 2𝑘4[I1]#  
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?
?@
[I2] = 𝑘2[I1] − 𝑘3[I2]  

?
?@
[DMAB] = 𝑘4[I1]# − 𝑘5[DMAB]  

To solve the simulated species concentrations in time, the derivatives were solved numerically in 

Matlab using a finite difference approximation with time step of 5 ms. The initial conditions were 

set that the reaction occurred with respect to a concentration of unity for 4-NTP. 

The reaction rate constants of the individual reactions in Scheme 4.1 can be determined from the 

kinetic traces shown in Figure 4.21d-f. We simulated the time-resolved concentration profiles 

according to the mechanism in Scheme 4.1 numerically, assuming that each reaction depicted is 

an elementary reaction (indicating that the reactions corresponding to k1, k2, k3, and k5 are first 

order, or pseudo-first order if the rate constant depends on the H+ concentration which is assumed 

to be in excess, and the reaction corresponding to k4 is second order).  Based on this numerical 

simulation of the mechanism, the sensitivity (Si) of each time-resolved species concentration to 

reaction n is numerically computed, defined as 𝑆+ = (𝜕𝑥+ 𝜕𝑘A⁄ ) ∗ (𝑘A 𝑥+⁄ )  for each species i 

(where i = 4-NTP, I2, or DMAB and 𝑥+ refers to the corresponding species concentration). All the 

calculations are shown in Figure 4.24. The 4-NTP sensitivity shown in Figure 4.24 proves that the 

rate constant of the first step (k1) can be determine through the kinetic trace of 4-NTP alone (as 

the concentration of 4-NTP is only sensitive to k1). To determine the rate constant k1, an 

exponential decay was fit to the kinetic traces of 4-NTP, using only the initial data before the 

reaction deviated too much from the pseudo-first order assumption. Figure 4.25 shows the 

determined values for k1 at the different HCl concentrations investigated, where k1 is the rate of 

exponential decay of a least squares exponential fit to the 4-NTP kinetic trace using all data points 

until the concentration of 4-NTP reached e-1.5 times its initial value. The error bars indicate the 

dependence of k1 on the number of data points used for the exponential fitting, where the upper 

limit uses all data until the concentration of 4-NTP reached e-1 times its initial value, and the lower 

limit uses all data until the concentration of 4-NTP reached e-2 times its initial value. As in all 

analysis of a pseudo-first-order reaction, the reaction will deviation from pseudo-first-order 

behavior at longer times, therefore, a limit to the points used for the fitting was needed. The error 

bars thus are partly an indication of the deviation of the reaction from pseudo first order. As can 

be seen from Figure 4.25, the rate constant k1 depends linearly on the H+-concentration, suggesting 
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that one H+ ion is involved in the reaction of 4-NTP to form I1, not two as suggested by the initial 

reaction step shown in Scheme 2.1.  

 

Figure 4.24 Time-resolved sensitivity of the concentration of 4-NTP, I2, and DMAB (left to right) to the 
different rate constants in the reaction mechanism computed numerically with the rate constants determined 
with the least squares fitting procedure for different concentrations of HCl (0.01M, 0.005M, 0.0025M, 
0.001M, 0.0005M in a-e, respectively). 
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Figure 4.25 Reaction rate constant k1 for the initial step in the reduction of 4-NTP. A linear fit is shown 
illustrating that k1 depends linearly on H+-concentration. 

The determination of k2 to k5 is more complex, because the concentration of I2 and DMAB have 

a complex dependence on these rate constants as seen in Figure 4.24. These rate constants were 

determined through a fit to a numerical simulation of the mechanism shown in Scheme 4.1, with 

the detailed procedure for the rate constant determination described in the following section.  

Procedure to determine Raman cross sections and reaction rate constants from measured 

kinetic traces 

Certain assumptions were made to fit the measured kinetic traces of I2 and DMAB from Figure 

4.21e-f, respectively, to a numerical simulation of the respective concentration according to the 

mechanism shown in Scheme 4.1. The data used for all fitting included all data points until the 

time that the concentration of 4-NTP reached e-2 times its initial value. The value for k1 was also 

assumed to be the exponential decay rate fit to the 4-NTP data in this time. For the determination 

of the other rate constants, first, a SERS cross section (SERS cross section is expressed as the 

transverse area that the incident light hits the molecules absorbed on a SERS substrate) for I2 σI2 

(relative to the SERS cross section for 4-NTP σ4-NTP) was assumed based on the data from 0.01 M 

HCl, where negligible DMAB was observed. The SERS cross section was needed to determine the 

concentration through x=C/σ. For the determination of σI2 a least squares three-parameter fit 

(σI2/σ4-NTP, k2, k3) was performed numerically to match the simulated I2 concentration to the 

measured I2 kinetic trace. This was done because for these conditions, the I2 concentration is only 

sensitive to k2 and k3 (see Figure 4.24). The results indicate that σI2/σ4-NTP must be greater than or 

equal to 50 to reasonably fit the measured I2 kinetic trace. A value of 50 was assumed for σI2/σ4-
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NTP which was kept constant for all other concentrations of HCl, though a subsequent analysis with 

σI2/σ4-NTP = 100 supports the conclusion that the final trends of the rate constant determination is 

not highly sensitive to the value of σI2/σ4-NTP assumed. Using σI2/σ4-NTP = 50, a value for σDMAB/σ4-

NTP = 60 was determined, and this is relatively insensitive to the value of σI2/σ4-NTP assumed (a 

factor of 2 change in σI2/σ4-NTP only changes σDMAB/σ4-NTP by 25%). While this relative SERS cross 

section for DMAB is larger than the relative Raman cross section estimated through theoretical 

calculations by Choi et al.137,138, who suggested σDMAB(1432 cm-1)/σ4-NTP(1346 cm-1) = 3.7, it was 

found that using this Raman cross section ratio as the SERS cross section ratio suggested a relative 

concentration of DMAB that was far too high to be fit by our suggested mechanism in Scheme 2. 

Our determination of σDMAB/σ4-NTP is, however, consistent with the conclusion of Choi et al. that 

DMAB is significantly more Raman active than 4-NTP (at the respective wavenumbers of interest). 

From our 3-parameter fit, we were also able to determine k2 and k3 for the aforementioned 

conditions of 0.01 M HCl. We made the assumption that k2 is linear with respect to the H+-

concentration, as the formation of I2 is clearly slower with lower H+-concentration (see Figure 4b 

where for high H+-concentration, I2 is formed immediately, and for low H+-concentration, I2 

gradually forms) indicating that this an H+ ion could be involved during the course of the reaction. 

With this, we could determine the value of k2 for all concentrations of HCl. With this additional 

assumption, a two-parameter fit (k3, k4) to the I2 kinetic trace for 0.0005 M HCl was carried out 

to determine k3 and k4 (because I2 is sensitive to k1, k2, k3, and k4, but k1 and k2 were previously 

determined). Using these same conditions of 0.0005 M HCl, we determined a value for the Raman 

cross section for DMAB σDMAB (relative to the Raman cross section for 4-NTP σ4-NTP) from a two-

parameter fit (σDMAB/σ4-NTP, k5) to the DMAB kinetic trace. We determined that with, our 

assumptions, σDMAB/σ4-NTP = 60, and this is relatively insensitive to the value of σI2/σ4-NTP assumed 

(a factor of 2 change in σI2/σ4-NTP only changes σDMAB/σ4-NTP by 25%). After our determination of 

σDMAB/σ4-NTP, we obtained k3, k4, and k5 for the remaining HCl conditions through a least squares 

3-parameter fit to the I2 and DMAB kinetic traces. In this case, the least squares minimization was 

the sum of squares of the residuals from both traces. For the 0.01 M HCl concentration, where k2 

and k3 were already determined, a two-parameter least squares fit (k4, k5) to the measured DMAB 

kinetic trace (albeit with very low concentration) was carried out to obtain k4 and k5 for these 

conditions.  
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The values for k2 to k5 were determined through the abovementioned least squares fitting method, 

and the results are shown in Figure 4.26. Figure 4.27 shows the numerical computation of the 

concentrations of 4-NTP, I2, and DMAB using these determined rate constants, compared to the 

respective measured kinetic traces. It was found that the trends determined in the rate constants 

shown in Figure 4.26 was not considerably sensitive to the SERS cross section ratio, as shown by 

the open symbols in Figure 4.26 which were determined with the relative SERS cross section of 

σI2/σ4-NTP perturbed by a factor of two.  

 

Figure 4.26 Reaction rate constants as a function of H+-concentration for k2-k5 (a-d, respectively) for the 
reaction mechanism shown in Scheme 2. Filled symbols represent the rate constants determined with the 
σI2/σ4-NTP = 100 as described in the text. Open symbols represent the rate constants determined with σI2/σ4-

NTP perturbed by a factor of 2.    
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Figure 4.27 Comparison of measured time-resolved concentrations of 4-NTP, I2, and DMAB (left to right) 
to the respective simulated values using the mechanism in Scheme 2 with the rate constants determined 
with the least squares fitting procedure for different concentrations of HCl (0.01M, 0.005M, 0.0025M, 
0.001M, 0.0005M in a-e, respectively). 

From Figure 4.25, we can see that k2 and k5 also increase approximately linearly with increasing 

H+-concentration, suggesting that these reactions also consume H+ ions in the course of the 

reaction. The reaction rate for k3 appears to have a dependence on the H+-concentration squared, 

suggesting that two H+ ions are involved in the reaction, consistent with the first step in the direct 

pathway branch shown in Scheme 1. While the magnitude of k2, k3, and k5 have some dependence 
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on the relative SERS cross section used in the analysis (comparison of the open and filled symbols 

in Figure 4.25), the linear relationships to H+-concentration and H+-concentration squared is 

independent of the SERS cross section. There does not appear to be a systematic dependence of 

k4 on the H+-concentration. It should be noted, however, that this reaction is a second order 

reaction (requiring two reactant molecules to its dimer), thus the rate of this reaction depends on 

the initial concentration of the reactants (hence the units of the determined rate constant are 

arbitrary, based on the initial concentration of 4-NTP), unlike the other reactants that are pseudo-

first order. Thus, small changes in the initial concentration of 4-NTP (which could result due to 

random fluctuations even though the same initial 4-NTP amount is used in the synthesis) could 

result in changes of the observed reaction rate. Moreover, the sensitivity of both I2 and DMAB to 

k4 is the lowest compared to sensitivity of the other rate constants, therefore the determination of 

k4 through these measured kinetic traces is not as precise. It can conclude that with increasing H+-

concentration, the observed concentration of I2 decreases because its depletion (though k3, 

dependent on H+-concentration squared) speeds up faster than its formation (through k2, dependent 

linearly on H+-concentration). The decreasing observed DMAB seen with increasing H+-

concentration is largely due to the decreasing competition from the direct pathway (through k2) as 

k2 speeds up with increasing H+-concentration. Another contributing factor is the increased speed 

of consumption of DMAB (through k5). It can be concluded that DMAB is a stable product of 4-

NTP photoreduction under a relative basic condition on Ag surface. The results of the determined 

rate constants k2 to k5 support that at high H+-concentration, the 4-NTP reduction occurs primarily 

through the direct pathway, and at low H+-concentration, the indirect pathway with DMAB 

formation plays a larger role. At H+-concentrations lower than 0.0005 M, the SERS spectra 

indicate that other intermediates may be formed (Figure 4.22a and Figure 4.23a) and Scheme 4.1 

may not completely describe the reaction mechanism. Additional methods may be needed for 

molecular species discrimination in order to make conclusion about the reaction mechanism for 

such low H+-concentrations. 

4.2.5 Cl--concentration-dependent reduction of 4-NTP 

 To investigate the influence of Cl- on the reaction, the photoreduction of 4-NTP was investigated 

under conditions of different NaCl concentration (0 M, 0.5 M, 1 M) with a fixed concentration of 

0.005 M H2SO4 (0.01 M H+). The selected SERS spectra and the continuous time-dependent SERS 
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spectra are shown in Figure 4.28, respectively. In conditions with this fixed H+-concentration, no 

DMAB was observed in the previous experiments (indicating that the direct reaction pathway is 

dominant), and this remains consistent with higher NaCl concentrations as seen in Figure 4.28 b-

c and e-f. However, Figure 4.28a and 4.28d shows that a high concentration of DMAB is now 

observed in the Cl--free environment (0 M NaCl), and a resulting in a SERS spectra similar to that 

measured in conditions of low H+ concentration (<0.0005 HCl, shown in Figure 4.22a and Figure 

4.23a). Our results indicate that DMAB production via the indirect pathway becomes more 

dominant in the absence of Cl- ions.  

 
Figure 4.28 Continuous time-dependent spectra of the SERS spectra for the reduction of 4-NTP in reaction 

conditions with different NaCl concentration (0.0 M, 0.5 M, 1.0 M, a-c, respectively). The H2SO4 

concentration all cases is 0.005 M. And their corresponding selected spectra from the time-dependent SERS 

measurement (d-f).  

We performed an additional experiment that provides evidence that the presence of Cl- is necessary 

for formation of 4-ATP from DMAB. After generation of DMAB formed from the dimerization 

of 4-NTP after laser illumination, SERS spectra (shown in Figure 4.29) were collected under laser 

illumination over 600 s after 100 μL H2O, 0.05 M H2SO4, or 0.1 M HCl aqueous solution were 

dropped on the AgPF. In the presence of water or sulfuric acid, no reduction of DMAB is observed. 

Only HCl was able to induce the reduction of DMAB (seen through a reduction of the intensity of 
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the DMAB-related bands after 10 minutes, and the appearance of the 4-ATP band at 1595 cm-1) 

due to the presence of Cl-. As described above, halide ions are a key element to cause the formation 

of 4-ATP from DMAB. This could be explained in that the hot electrons formed in the presence 

of Cl- have a higher energy due to the formation of AgCl, which reduces the Fermi level of Ag, 

increasing the energy of the hot electrons generated.139,140 As a result, these hot electrons have 

sufficient energy to overcome the energy barrier to break N=N bond leading to the formation of 

4-ATP from DMAB, whereas in the absence of Cl-, the hot electrons lack sufficient energy for the 

reaction to proceed. The first generation of hot electrons directly formed by the decay of excited 

surface plasmons of AgNPs can only reduce 4-NTP to DMAB. 

 

Figure 4.29 After 4-NTP converting to DMAB, H2O, 0.05 M H2SO4 and 0.1 M HCl aqueous solution was 
dropped onto the AgPF and spectra were collected before at t = 0 min (red line) and after t = 10 min (blue 
line) 10 min, respectively. 

4.2.6 Laser power-dependent reduction of 4-NTP 

The role of hot electrons was also investigated in the reaction progress by observing the 4-NTP 

photoreduction with constant 0.01 M H+- concentration and 1.0 M Cl--concentration under 

different laser power settings. Figure 4.30 shows the time-resolved SERS spectra for laser power 

of 0.5 mW, 1 mW, 2 mW and 5 mW. Figure 4.31 shows k1 derived from this data as a function of 

laser power, illustrating that a higher laser power results in a faster reaction of 4-NTP. Because a 

higher laser power results in the generation of more hot electrons, the observation supports that 

hot-electrons consumed in the initial step of the 4-NTP reduction mechanism. With decreasing 

laser power, a longer delay is observed before 4-ATP formation, and in all cases no obvious 

DMAB bands are observed. This indicates the direct pathway is dominant regardless of laser power 

under these conditions which further supports the role of Cl- in hot-electron recycling. The 
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reduction product, therefore, is dependent on both free hydrogen source (H+) and hot electrons (Cl-

). 

 

Figure 4.30 Continuous time-dependent spectra of the SERS spectra during the reduction of 4-NTP with 
laser power of 0.5 mW, 1 mW, 2 mW and 5 mW (a-d, respectively). The corresponding SERS spectra at 
discrete time points are shown in (e-h). In all cases, HCl and NaCl concentration in aqueous are 0.01 M and 
1 M, respectively. 
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Figure 4.31 Rate constant k1 describing the 4-NTP decay as a function of laser power. In all cases, HCl 
and NaCl concentration in aqueous are 0.01 M and 1 M, respectively. 
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5.1 Summary  
This thesis contains two main parts. In the first part, we presented the application of SCRI 

combined with D2O labeling to investigate the metabolic dynamics in mycobacteria (M. smegmatis 

and M. tuberculosis) and their responses to four different antibiotics. Incorporation of deuterium 

from D2O in living cells induces the generation of C-D band in bacterial Raman spectra. Our 

findings indicate D2O-Raman microscopic imaging is sensitive enough within a short corporation 

time and it can be used in individual mycobacterial cell imaging to sensitively visualize the 

heterogeneity of bacteria growth in individual cells. A linear combination of different components 

in the Raman spectra was carried out using multiple linear regression in MATLAB. Thus, the 

bacterial metabolic activity can be determined by calculating the ratio of deuterium-labeled 

macromolecules to non-deuterium-labeled macromolecules (CD / CH). By calculating the single-

cell CD / CH Raman image, we found the metabolic heterogeneity between the bacterial poles and 

the bacterial middle. The metabolism is more active on the bacterial two sides than the metabolism 

in the bacterial middle. Importantly, with D2O labeling combined with SCRI, it can not only 

observe the metabolic heterogeneity in the individual cell, but also the metabolic heterogeneity 

between different cells. Moreover, asymmetric and heterogeneous growth were both observed in 

M. smegmatis and M. Tuberculosis. Using the same technique, the variation in bacterial antibiotic 

sensitivity was also investigated and it found that the heterogeneous metabolic activity between 

the bacterial poles and the bacterial middle will decrease in the presence of antibiotics.  

In the second part, a simple and low-cost method is proposed to fabricate a AgPF for SERS 

investigation of selective surface photocatalyzed reactions, and this is used to study the 

photoreduction of the photoreduction of 4-NTP to 4-ATP in a systematic set of controlled 

environments. In addition to the controlled concentrations possible through deposition of aqueous 

solutions on the chemical reactant absorbed on the AgPF, selective surface photocatalyed reactions 

could be observed without a chemical reducing agent. With AgPF, the first experimental evidence 

of the formation of the DMAB intermediate is presented in the photocatalyzed reduction of 4-NTP 

in the absence of a chemical reducing agent. Moreover, the influence of different H+- and Cl--

concentrations on the kinetics of the reaction were quantitatively studied and a reaction mechanism 

was proposed for the reduction reaction that is consistent with the experimental measurements. 

The first reaction step which consumes 4-NTP follows a pseudo-first order assumption, though 
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deviations from this assumption appear at low H+-concentration when the H+ ions are no longer in 

excess. This observation in addition to the data showing that the reaction rate for this step increases 

linearly with respect to H+-concentration implies that the initial reaction step involves one H+ ion. 

In a strong acidic environment (H+-concentration is 0.1 M), no SERS bands of DMAB were 

detected. When the H+-concentration decreased below 0.01 M, considerable levels of DMAB were 

detected, and an increasing amount of DMAB was observed with decreasing H+-concentration. In 

addition to observing the DMAB intermediate, we observe another strongly Raman active 

intermediate that is also formed only when the reaction progresses in low H+-concentration 

environments. The results indicate that two reaction pathways coexist, and the dominating pathway 

depends on the H+-concentration and the presence of Cl- ions. This is consistent with the 

explanation that hot electrons generated from the photoexcitation participate in the reaction 

mechanism. The experiments using different laser powers also support this conclusion. The 

reaction in environments with extremely low H+-concentration (≤ 0.0001 M) progresses to yield 

very high SERS spectra in the region near the DMAB bands, indicating the possible formation of 

additional intermediate species. Further investigation is needed to understand the reaction 

mechanism at ultralow H+-concentration conditions. The study of reaction kinetics and mechanism 

is useful for better understanding of hot-electron transformation during surface photoreactions. 

5.2 Outlook 
The results of D2O combined Raman imaging offer valuable insights into single bacterial 

metabolism. To extend the work, efforts should be paid on the establishment of a standard 

procedure for fast Raman imaging acquisition and spectra processing. The reduction of Raman 

imaging acquisition might be obtained by using stimulated Raman. In addition, the large number 

of Raman spectra requires the development of advanced statistical techniques to extract valuable 

information. The improved procedure should be applicable for any other single bacterial cell.   

For the mechanistic investigation of photocatalytic reactions, it is interesting to study the reaction 

behavior on a SERS substrate which can response to polarized laser. First, a suitable SERS 

substrate should be developed. The idea is to use small chiral molecules to obtain the chirality of 

AgNPs or nanostructures. In addition, this kind of SERS substrate is applicable for chiral sensing. 
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4-ATP                                                 4-aminothiopenol 

AFM                                                   Atomic force microscopy 

AgNPs                                                Silver nanoparticles 

AgPF                                                  Silver plasmonic film 

a. u.                               Arbitrary unit 

BDQ                                                   Bedaquiline    

BTZ                                                    Benzothiazinone                                  

13C6-Glc                                              13C labeled glucose 

13C5-Gln                                              13C glutamine                                       

C-D                                                     Carbon-deuterium 

CE                                                       Chemical enhancement  

C-H                                                     Carbon-hydrogen 

CT                                                       Charge transfer  

DCM                                                   Dichloromethane NA 

DMAB                                                4, 4-dimercaptoazobenzene 

DMSO                   Dimethyl sulfoxide   

E-beam                                               Electron beam  

EME                                                   Electromagnetic enhancement  

EF                                          Enhancement factor 

FI-beam                                              Focused-ion beam  

h                                                          Hours 

ISERS                                                    SERS intensity 

LA                                                       Liquid-air  

LL                                                       Liquid-liquid 
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LSPR                                                Localized surface plasma resonance  

LUMO                                              Lowest unoccupied energy level  

LZD                                                  Linezolid   

MBA                                                 4-Mercaptobenzoic acid                  

MeLLF                                              Metal liquid like film        

MIC                                                   Minimum inhibitory concentration 

MLR                                                  Multiple linear regression 

MNPs                                                Metal nanoparticles 

MS                                                     Mass spectroscopy  

M. smegmatis                                    Mycobacterium smegmatis        

M. tuberculosis                                  Mycobacterium tuberculosis        

4-NTP                                                4-nitrothiopenol 

NA                                                     Numerical aperture  

NTP•−                                                 4-NTP anion radical  

15N2-Gln                                             15N-labeled glutamine 

NA                                                      Numerical aperture 

NMR                                                   Nuclear magnetic resonance  

OD 600                                               Optical density at wavelength of 600 nm 

RIF                                                      Rifampicin    

SCRI                                                   Single-cell Raman imaging        

SD                                                       Standard deviation   

SEM                                                    Scanning electron microscopy   

SERS                                                   Surface-enhanced Raman microscopy 

SIL                                                      Stable isotopic labeling  
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SRS                                                     Stimulated Raman scattering  

TB                                                       Tuberculosis   

TBAN                                                 Tetrabutylammonium nitrite 

T80                                                      Tween-80               

µ                                                          Dipole moment  
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