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• MWCO – Molecular weight cut-off 

• NAD(P)H - Nicotinamide adenine dinucleotide(phosphate) 

• NHase – Nitrile hydratase 

• NMR – Nuclear magnetic resonance 

• Ni-NTA – Nickel nitrilotriacetic acid 

• PAT – Process analytical technology  

• PC – Principal component 

• PCA – Principal component analysis 

• PLE – Porcine liver esterase 

• QbD – Quality by design 

• SAMs – Self-assembled monolayers 

• SEM – Scanning electron microscopy  

• SE(R)RS – Surface enhanced Raman spectroscopy (resonance) 

• SDS – Sodium dodecyl sulphate 

• SDS-PAGE - Sodium dodecyl sulfate-polyacrylamide gel electrophoresis 

• SI – Supporting Information 

• t-BuOH – tert-butanol  

• TERS – Tip-enhanced Raman scattering  

• TEV – Total explained variance  

• TFA – Trifluoroacetic acid 

• TRIS-HCl - Tris(hydroxymethyl)aminomethane hydrochloride 

• UHPLC – Ultra-high performance liquid chromatography  

• UHTS – Ultra-high-throughput screening 

• UVRR – Ultraviolet resonance Raman 

• UV – Ultraviolet  

• UV-Vis – Ultraviolet-visible 

• Vis – Visible  

• XO – Xanthine oxidase  
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ABSTRACT 
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Raman Spectroscopy for the Direct Monitoring of Microbial Biotransformations  
25th September 2017 
 

Interest in biocatalysts is increasing as they catalyse reactions under mild conditions and often 

provide enhanced control surrounding regio-, stereo- and enantio-selectivity. Yet, their use within 

the pharmaceutical industry is limited compared to regular chemocatalysts. Advances in protein 

engineering strategies are increasing the suitability of biocatalysts within industrial processes. 

However, these strategies produce huge variant libraries (106 – 108 is typical) and the availability of 

the high-throughput screening methods to rapidly assess the mutant’s fitness is currently lacking, 

ultimately slowing their development. Raman spectroscopy is a technique offering molecular 

specific information and is highly suited towards aqueous conditions, thus presenting itself as 

attractive alternative screening method. Raman scattering is inherently weak, thus enhancement 

techniques, such as surface-enhanced Raman scattering (SERS) and ultraviolet resonance Raman 

(UVRR) spectroscopy, can enhance the weak response. Discussed within, we successfully 

implement SERS and UVRR to monitor a wide range of biotransformations. 

Firstly, the regioselective activity of flavin-dependent halogenases (FDHs) were investigated using 

SERS. These studies identified that SERS could distinguish between regioisomeric products. 

However, the complexity of the biotransformation, involving essential cofactors, caused significant 

problems in the detection of substrate and product, rendering this approach unsuccessful. Next, 

we developed thiol-functionalised substrates to combat competition experienced by the cofactors. 

Exploiting sulfur’s high affinity towards silver proved to be extremely successful, resulting in a 

negligible cofactor response. However, FDHs did not display activity towards the sulfur-containing 

substrates, thus, we were unable to monitor activity. Furthermore, we implemented this thiol-

functionalisation approach to effectively distinguish between the enantioselectivity of a protease: 

α-chymotrypsin. Synthesis of novel pseudo-enantiomer substrates, incorporating different thiol-

linkers, led to easy, real-time discrimination of enantioselectivity using SERS.  

Lastly, an on-line UVRR approach was developed which allowed accurate and reproducible 

measurements of nitrile-hydrolysis, mainly nitrile hydratase. Additional development of a flow-cell 

set-up and introduction of whole-cells further established its aptness towards industrial processes, 

such as process analytical technology (PAT). The research presented within this thesis highlights the 

suitability of Raman enhancement techniques to rapidly analyse biotransformations, in some cases 

real-time measurements have afforded accurate and reproducible quantitative analysis.  
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PREFACE 
 

Overall, this thesis comprises of seven chapters. Throughout, the aim is to highlight the suitability 

of Raman spectroscopy, particularly SERS and UVRR, to monitor enzyme-catalysed reactions as an 

alternative screening technique. The first of these chapters is a general introduction to Raman 

spectroscopy and its enhancement techniques, specifically SERS and UVRR, along with an 

introduction to biocatalysis and current high-throughput screening methods.  

The second chapter introduces flavin-dependent halogenases, their optimisation, as well as the 

development of SERS to monitor the regioselective halogenation of substrates.  

Chapter 3 further investigates SERS to monitor flavin-dependent halogenases, yet this time 

incorporating thiol-functionalised substrates to overcome cofactor interactions which were 

problematic in the previous chapter. Chapter 4 implements a similar thiol-functionalisation type-

approach to monitor enantioselective hydrolysis. These studies involve pseudo-enantiomer 

substrates and in situ SERS analysis (real-time) to afford quantitative measurements of 

enantioselectivity.  

The next two chapters (Chapters 5 and 6) investigate UVRR to monitor the progression of 

biotransformations in real-time. Chapter 5 initially studies nitrile hydratase and xanthine oxidase 

catalysed reactions, producing reliable and reproducible quantitative measurements, in sync with 

off-line HPLC. Chapter 6 further explores UVRR to monitor nitrile hydratase activity combined with 

an amidase, to detect three analytes simultaneously. The development of a flow-cell apparatus and 

the introduction of whole-cells, as opposed to purified proteins, proved to be efficacious and 

further demonstrates the capabilities and versatility of Raman techniques to monitor 

biotransformations.  

Finally, Chapter 7 provides a discussion summarising the previous chapters, along with an outlook 

on the future perspectives of the work.  
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1.1 Electromagnetic Spectrum 

Throughout this thesis different spectroscopic and spectrophotometric techniques are discussed, 

with emphasis placed upon vibrational spectroscopy. Therefore, it is important to introduce the 

properties of light and its fundamental role within these techniques. Light is a form of 

electromagnetic radiation, which refers to electromagnetic waves that consist of oscillating electric 

and magnetic fields. These electromagnetic waves are perpendicular to one another and display 

properties of a sine wave (Figure 1.1) (Atkins and De Paula, 2006, Gupta, 2007). 

 

 
 

Figure 1.1. Diagram showing an electromagnetic wave. Oscillations of both magnetic (Z axis, horizontal) and 
electric fields (Y axis, vertical) occur in phase and perpendicular to one another with propagation 
through space (X axis, direction) (Sathyanarayana, 2015). 

 

The electromagnetic spectrum organises electromagnetic radiation based on their varying 

frequencies (𝜈) or wavelengths (𝜆) of electromagnetic waves. The relationship between frequency 

and wavelength is described by Equation 1.1, where 𝑐 = speed of light (299792458 ms-1), 𝜆 = 

wavelength (nm) and 𝜈= frequency (Hz).  

 

𝑐 = 𝜆𝜈          Equation 1.1 

 

The electromagnetic spectrum ranges from very high energy electromagnetic radiation, i.e. gamma 

rays (γ-rays), which have short wavelengths and subsequent high frequencies, to low energy 

radiation, i.e. radio waves, with long wavelengths and low frequency. Figure 1.2 shows the various 

types of radiation and their corresponding properties in relation to frequency, wavelength and 

energy. Throughout this thesis, focus is placed upon vibrational excitation comprising of infrared 

(IR), visible (vis) and ultraviolet (UV) radiation.  
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Figure 1.2. A diagram representing the electromagnetic spectrum. 

 

In the late 19th century, the original theory that light behaved as a wave of infinite energy did not 

account for a series of experiments performed at that time, including the photoelectric effect as 

observed by Albert Einstein in 1905 (Einstein, 1905). In brief, light was shone onto a metal surface 

with subsequent detectable electrically charged particles, now known as electrons, emitted from 

the surface. If these observations were consistent with the proposed theory that light behaved 

solely as a wave possessing any amount of energy, then one would expect that increasing the 

intensity of the incident radiation (hence the amplitude) would eventually provide enough energy 

for the metal to emit those surface electrons. However, this was the not the case. Alternatively, 

Einstein discovered that only when the frequency of the incident radiation was increased, it was 

then able to breach the threshold limit and emit electrons, independent of the intensity of the 

radiation. Thus, it was hypothesised that rather than a continuous wave of radiation, it was in fact 

arriving as discrete bundles of energy, known as quanta.  

At a similar time, Maxwell Planck also experienced a similar effect when studying black-body 

radiation (Planck, 1914). He developed a hypothesis that particles present within a metal would 

only ‘oscillate’ at certain frequencies, again with energy differences between frequencies i.e. 

quanta. Ultimately, these observations could be explained using Planck’s equation relating the 

energy (E) of particles, later named as photons, to the frequency (𝑣) of the electromagnetic 

radiation, by implementing Planck’s constant (h = 6.626 x 10-34 J.s), Equation 1.2 (Lin-Vien et al., 

1991). 
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E = h𝜈         Equation 1.2. 

 

Planck’s constant helped to explain Einstein’s observation of the photoelectric effect, concluding 

that electromagnetic radiation comprises discreet quanta of light (photons), and that the energy of 

a photon was determined by its frequency (Fayer, 2010, Broglie, 1924). Wave-particle duality is the 

term given to describe these observations that electromagnetic radiation behaves as both a wave 

and particle. For simplicity, light will be referred to as behaving as a particle (photon), rather than 

a wave, when discussing the interactions of light with matter (Einstein and Infeld, 1966). 
 

 

1.2 Molecular Energy Levels  

Light can be categorised with regards to the type of interactions it has with a sample, these are 

seen in Figure 1.3. We are predominantly concerned with the scattering of light, with regards to 

Raman spectroscopy, and absorption, for IR spectroscopy. The analysis of light which is scattered, 

absorbed or emitted can generate detailed chemical information, as well as insights into the 

molecular composition of the compound(s) under investigation (molecular spectroscopy).  
 

 

Figure 1.3. Diagram depicting the different ways in which light can interact with matter.  

 

A free, quantum particle, i.e. an unbound electron, can have any energy. Whereas, a quantum 

mechanical system, i.e. a particle that is bound within part of an atom, ion or molecule, can only 

take on discrete energy values, known as energy levels. These energy levels consist of either 

rotational, vibrational or electronic states (Fayer, 2010). The interaction of light with matter may 

enable the molecule to transition between these distinct energy levels, when the appropriate 

amount of energy is given. There is a hierarchy between energy states, as shown in Figure 1.4; for 

Reflection 

Transmission 

Absorption 

Scattering 
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example, the energy difference between rotational levels (R) is less than that required for a 

transition between vibrational levels (V). Similarly, a much greater energy input is required 

transition between electronic energy levels i.e. to reach an excited electronic state (S1) from the 

ground state (S0) (Smith and Dent, 2005, Atkins and Friedman, 2011). 
 
 

 

Figure 1.4. A depiction of a molecular energy level diagram for a hypothetical molecule. Rotational energy 
levels (R) and vibrational energy levels (V) are depicted within the electronic ground state (S0) and 
first excited state (S1). 

 

1.3 Vibrational Spectroscopy 

Vibrational spectroscopy is a collective term to describe infrared (IR) and Raman spectroscopy, 

which measure vibrational energy levels associated to chemical bonds within a molecule 

(Sathyanarayana, 2015). Both techniques are non-destructive and non-invasive, providing detailed 

information about the molecular structure and its interactions. IR spectroscopy measures the 

specific frequencies of polychromatic IR light which are absorbed by a molecule, resulting in 

vibrational transitions. For absorption to occur, the energy of an incident photon must match the 

energy difference between vibrational ground state (V = 0) and the vibrational energy levels (V = 1, 

2, etc.), then the photon may be absorbed promoting it to the higher vibrational energy state. The 
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specific frequency of the IR light that is absorbed is characteristic of the functional groups that are 

present within the molecule, enabling functional group identification. IR frequencies are commonly 

divided into three spectral regions, these are near-, mid- and far-IR. Near-IR (NIR) (14,000 – 4000 

cm-1) is the highest energy region which can excite overtone or harmonic vibrations, often used to 

study C-H, N-H or O-H stretching. Mid-IR (4000-400 cm-1), the most utilised region, enables insights 

into fundamental vibrations and associated rotational-vibrational structure. Lastly, far-IR (400-10 

cm-1) is at the lowest energy and is used for rotational spectroscopy (Larkin, 2011). 

By contrast, Raman spectroscopy uses monochromatic light to irradiate the sample, promoting the 

molecule to a virtual excited energy state. As the virtual excited energy state does not correspond 

to any formal molecular energy level, it is not necessary for the incident electromagnetic radiation 

to match the energy difference of the electronic ground and excited states. The scattered photons, 

upon relaxation, are detected in Raman spectroscopy. If there is a change of at least one vibrational 

unit of energy between the incident light and scattered photons, it is detected and relays 

information about the molecule (Smith and Dent, 2005). Figure 1.5 illustrates the different 

interactions of electromagnetic radiation within a molecule.  

 
 

Figure 1.5. Jablonski diagram depicting the numerous mechanisms of electromagnetic radiation interacting 
with a molecule. Both infrared and fluorescence undergo absorption, whereas scattering 
processes can occur in either an elastic (Rayleigh, no change in energy) or inelastic manner (Raman 
scattering). The scattered photons may experience a reduction in energy of the incident light, 
known as Stokes Raman scattering. Alternatively, the molecule may lose energy, hence increasing 
the energy of the scattered photon, termed anti-Stokes Raman scattering. Fluorescence 
experiences non-radiative decay (black, dotted line), thus fluorescence emission is at a lower 
energy than the absorbed light. 
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There are two different types of scattering that can take place, these are elastic and inelastic 

scattering. Elastic scattering is the process whereby there is no change in the photon frequency, 

therefore the energy of the scattered light is identical to the incident beam (𝜈′= 𝜈). This is the 

dominant process known as Rayleigh scattering, yet this phenomenon does not provide any 

information regarding the vibrational state of the molecule. Lord Rayleigh was the first to discover 

that light could be elastically scattered in 1871, naming the phenomenon after himself. A much 

smaller proportion of light experiences inelastic scattering (typically only 1 in 10 million photons 

which scatter are inelastically scattered) (Smith and Dent, 2005). In 1928, an Indian physicist, C.V. 

Raman, and collaborator, K. S. Krishnan, first discovered the phenomenon of inelastic scattering of 

light, known as the Raman Effect (Raman and Krishnan, 1928). The associated net change in the 

photon energy can either be due to the excitation or deactivation of molecular vibrations, this is 

called Raman scattering. The basic equation for Raman scattering is shown in Equation 1.3. 
 
 

 

 

ℎ𝜈 + 𝐸i = ℎ𝜈′ + 𝐸f       Equation 1.3. 

 

 

Where ℎ is Planck's constant = 6.626 x 10-34 J.s, 𝜈 is the frequency of the incident photon, 𝜈' the 

frequency of the scattered photon, 𝐸i the initial energy state of the sample and 𝐸f being the final 

energy state of the sample.  

 

When the light interacts with a molecule, the electron cloud around the nucleus becomes polarised 

generating a short-lived state called the virtual state. This virtual state is very unstable, so the 

photon is instantly re-emitted (which is measured in Raman spectroscopy). If the interaction of the 

incident light leads to an increase in vibrational energy of the molecule from the photon, then the 

frequency of the scattered light from the incident beam will be lower in energy (𝜈′< 𝜈), this is 

known as Stokes scattering. However, if the photon gains vibrational energy from the interaction 

with the molecule, then the scattered light will be higher in energy than the incident light (𝜈′> 𝜈), 

known as anti-Stokes scattering (Figure 1.5). The intensity of Stokes scattering is greater than the 

anti-Stokes scattering as the populations of molecules in the vibrational ground state is always 

greater than in the vibrationally excited state, in accordance with the Boltzmann distribution law. 

Therefore, the Stokes shift is typically measured when performing Raman experiments (Wen, 

2007). 

Raman scattering may also undergo an additional phenomenon known as resonance, Figure 1.5, 

whereby a molecule experiences electronic absorption of UV/Vis excitation arising from 

chromophore bands within its structure, i.e. nucleic acids or aromatic amino acids. Excitation exceeds 
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that of the virtual state and is promoted to an excited energy state, S1, Figure 1.5. Thus, the scattered 

photon is at a greater energy than that of ‘normal’ Raman scattering, and the response is enhanced. 

Similarly, fluorescence also experiences excitation to the S1 excited state in the visible region, however 

this is an absorbance – emission based system. Both resonance Raman scattering (RRS) and 

fluorescence can/will occur, with fluorescence often dominating the response and complicating, or 

preventing, the detection of the Raman response. This is a consequence of fluorescence occurring 

over a longer period of time due to its mode of emission experiencing non-radiative decay, whereas 

RRS is instantaneous and much shorter lived. 

 

1.4 Comparisons of IR and Raman 

IR and Raman spectroscopy may differ in the measurement of absorbed/scattered energy, yet they 

are considered complementary techniques. A vibrational transition that is active in Raman may not 

necessarily be IR active and vice versa, therefore these techniques can be used concurrently for the 

generation of a molecular ‘fingerprint’ (Ellis and Goodacre, 2006, Ellis et al., 2007). To understand 

why a molecule may be IR or Raman active, there are basic selection rules. For a vibration to be 

Raman active there must be a change in polarisability (induced dipole moment) of the electron 

cloud around the molecule (Long, 2002). Symmetric vibrations cause the greatest change in 

polarisability and therefore are strong Raman scatterers. Electronegative functional groups, such 

as C-X (X = F, Cl, Br or I), C-NO2 or C-S, exhibit large polarisability changes, consequently giving strong 

Raman signals (Dijkstra et al., 2005). Alternatively, for IR active vibrations a change in dipole 

moment is required, hence asymmetric vibrations are the most intense (Colthup, 2012, Schrader, 

2008). Selection rules are further reinforced by the mutual exclusion principle: if a molecule has a 

centre of symmetry then it will be Raman active but not IR active and vice versa (Smith and Dent, 

2005). It is these selection rules that make IR and Raman spectroscopic techniques complementary 

as not all the vibrations present within a sample need to be/can be both IR and Raman active. Thus, 

the two techniques give different intensity patterns, but can be used simultaneously to provide 

more detailed information about the molecule(s) under investigation.  

A molecule comprising of N number of atoms, will have 3N-6 normal modes of vibration if it is non-

linear (also called degrees of freedom), in contrast to a linear molecule where 3N-5 normal modes 

are possible. For example, BF3 a non-linear molecule has (3x4)-6 = 6 degrees of freedom, whereas 

linear CO2 has (3x3)-5 = 4 degrees of freedom (Smith and Dent, 2005, Long, 2002). The vibrational 

modes of CO2 are shown in Figure 1.6, the symmetric stretch (A) is IR inactive (no change in dipole 
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moment) but Raman active (distortion of the electron cloud). The opposite is true for the 

asymmetric stretch and degenerate bending modes, which are IR active yet Raman inactive.  
 

 

 
 

Figure 1.6. Normal vibrational modes of CO2 A) symmetric stretch (1480 cm-1), B) asymmetric stretch 
(2565 cm-1), C) bending in-plane (526 cm-1) D) bending out-of-plane (526 cm-1).  

 

Raman spectroscopy is less widely used in comparison to IR, predominantly a result of weak 

scattering signals, fluorescence interference and sample degradation. As mentioned before, Raman 

scattering is an inherently weak phenomenon as only 1 in 106 – 108 photons are inelastically 

scattered, significantly impacting the sensitivity of this technique. Water is a weak Raman scatterer, 

so it is a suitable medium for Raman investigations (i.e. biological studies which commonly use 

aqueous conditions). In contrast, water is a strong absorber of IR frequencies and often dominates 

an IR response, significantly reducing its compatibility towards aqueous environments. 

Fluorescence interference is common when using a radiation source in the visible region, as well as 

biological samples notoriously fluorescing. Adversely, fluorescence signals are much greater than 

that of Raman scattering, which may overwhelm the Raman signal (Figure 1.5). Infrared frequencies 

do not suffer fluorescence interference, thus this is not a consideration for IR spectroscopy.  
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1.5 Fluorescence  

Fluorescence is a type of luminescence which occurs when the energy of the incident light is 

absorbed, resulting in photons of the singlet ground state to be promoted to a real excited energy 

state. Once the electronic excited state is reached, it is followed by partial dissipation yielding a 

relaxed singlet excited state, known as non-radiative decay. Finally, the photon will emit its energy, 

returning back to the ground state (Figure 1.5). The dissipation of energy causes the emitted photon 

to be at a lower energy and longer wavelength than the excitation photon (Stokes shift). Because 

of the non-radiative decay phase, fluorescence occurs over a longer time period (~10-9 s) than the 

Raman scattering process (~10-12 s) (Nair, 2006). It is the combination of these observations that 

leads to fluorescence interference: the emitted photons are at greater energy than those 

undergoing Raman scattering (as they achieve an excited state over a virtual energy transition), the 

photons experience non-radiative decay and consequently a change in energy, thus permitting their 

migration through Rayleigh filters into the detector, along with fluorescence occurring over a longer 

time frame, often dominating the Raman response. Furthermore, fluorescence is increasingly 

problematic when investigating biological or organic samples.  

Consequently, investigations surrounding methods to quench fluorescence have been widely 

studied. Raman signal intensity is directly proportional to the fourth power of the inverse of the 

incident wavelength. Therefore, it is desirable to use a shorter wavelength to maximise the Raman 

scattering efficiency and increasing the number of detectable photons. However, the severity of 

fluorescence tends to increase with decreasing wavelengths, until deep-UV wavelengths are 

reached and fluorescence is less likely to occur (Asher and Johnson, 1984). Longer wavelengths, 

such as NIR, can help to avoid fluorescence interference, but this comes as a trade-off as the Raman 

intensity is significantly reduced. Alternatively, a Raman enhancement method, known as surface-

enhanced Raman scattering (SERS) spectroscopy, actively quenches fluorescence arising from 

interactions with a nanoscale, roughened metal surface.  

 

1.6 Enhancement of the Raman Response 

The probability of Raman scattering events taking place is very low, thus emphasis is placed on 

increasing the likelihood of these events and increasing the Raman response. As we have just 

discussed, a logical approach may be to increase the laser power by using a shorter wavelength, 

however fluorescence interference subsequently increases, potentially affording no real 

improvement. Alternatively, enhancement techniques of ‘normal’ Raman spectroscopy can be used 

to increase the scattering efficiency. Several different enhancement methods have been 
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developed, including tip-enhanced Raman scattering (TERS) and coherent anti-Stokes Raman 

scattering (CARS). For the purpose of this thesis, two enhancement techniques are discussed in 

detail, these are surface-enhanced Raman scattering (SERS) and resonance Raman scattering (RRS). 

 

1.6.1 Surface-Enhanced Raman Scattering (SERS)  

Raman spectroscopy can often lack sensitivity for the analysis of some sample types, particularly 

when studying solutions. Surface-enhanced Raman scattering (SERS) spectroscopy is a technique in 

which the Raman scattering efficiency is enhanced by a factor of ~104 – 106 (where even single 

molecule detection has been reported (Kneipp et al., 1997, Nie and Emory, 1997, Xu et al., 1999)), 

as a result of molecules being in close contact with metal surfaces. The phenomenon was first 

observed in 1974 by Fleischmann, Hendra and McQuillian, who reported a notable enhancement 

in the Raman scattering response of pyridine when absorbed on the surface of a roughened silver 

electrode (Fleischmann et al., 1974). At that present time, they hypothesised that the increased 

Raman response was a consequence of increased surface area arising from the roughed metal 

surface. Fast forward three years to 1977, two independent groups published successive findings 

of this enhancement effect, both proposing differing theories for the observed intensity, but 

neither attributing the effect to an increase in surface area. The first of these publications by 

Jeanmarie and Van Duyne (Jeanmaire and Van Duyne, 1977) proposed an electromagnetic effect, 

whereas Albrecht and Creighton (Albrecht and Creighton, 1977) hypothesised a charge-transfer 

effect. Despite these theories differing substantially by their mechanism of action, distinguishing 

between them experimentally has proven difficult over the decades, and consequently both are 

still considered today. These enhancement theories are described below.   
 

 

1.6.1.1 Electromagnetic Enhancement  

The first theory, electromagnetic enhancement, proposes that an interaction between the analyte 

and the plasmons of the metal surface results in an electromagnetic enhancement. The analyte 

absorbs onto or is in close proximity to the metal surface, whereby electrons covering the metal 

surface (plasmons) begin to oscillate when excited by the incident light. Surface plasmons have a 

resonance frequency at which they absorb and scatter light most efficiently; this is dependent on 

the metal and the nature of the surface. On application of the electromagnetic radiation, the 

plasmons are excited (referred to as localised surface plasmon resonances (LSPRs)) and result in 

the redistribution of the local field, generating enhancement of the electromagnetic field around 



41 
 

the nanoparticle (Figure 1.8) (Jeanmaire and Van Duyne, 1977, Moskovits, 1985). If Raman 

scattering is to occur, there must be an oscillation perpendicular to the surface plane, this is 

achieved by using a roughened metal surface or nanoparticles as they provide an area in which 

localised oscillations can occur (Jeanmaire and Van Duyne, 1977, Smith and Dent, 2005). ‘Hot spots’ 

is a term describing localised areas of high intensity local field enhancements. They are formed 

within the interstitial crevices of the roughened metallic nanoparticles, generating dramatic 

enhancements of the Raman response (enhancements of up to 1015 have been documented) 

(Kneipp et al., 1997, Nie and Emory, 1997, Xu et al., 1999). Generally, the degree of enhancement 

arising from ‘hot spots’ largely depends on the distance between nanoparticles, as well as their size 

and shape (Camden et al., 2008, Kruszewski and Cyrankiewicz, 2012). 

 

1.6.1.2 Chemical Enhancement (Charge-Transfer) 

The second theory, chemical enhancement, proposes that the absorbate chemically bonds to the 

metal surface. Excitation is said to occur via the transfer of electrons from the metal surface to the 

chemisorbed substrate and back again, forming a charge-transfer complex. This theory is both site 

specific and dependent on the analyte interaction with metal (functional group specificity) 

(Albrecht and Creighton, 1977). Consequently, and after a decade long debate, it is generally agreed 

that the electromagnetic enhancement theory is the more dominant contributor towards most 

SERS processes, as it is less molecular dependent than the charge-transfer mechanism (Stiles et al., 

2008). 

 

 

1.6.1.3 Parameter Optimisation in SERS  

Many different factors can contribute towards SERS responses and signal enhancement. Therefore, 

numerous parameters need to be considered during the experimental design process, these 

variables are detailed below. 

 

1.6.1.3.1  Choice of Metal  

Silver, gold and copper contain plasmons (LSPRs) that oscillate within most of the visible and NIR 

wavelength range, thus they are extremely good substrates for use within SERS investigations 

(Figure 1.7) (Tian et al., 2002, Smith and Dent, 2005). Silver substrates display a plasmon absorption 

maximum at ~400 nm, thus it has higher enhancement factors with visible frequencies. Whilst gold 
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has a maximum absorption of ~520 nm, which suffers a slightly lower enhancement factor in the 

visible region, yet it is most effective towards NIR frequencies (Kneipp et al., 2006). Other metals, 

such as copper, are less widely used as the roughened surface can often form layers of oxide, 

altering the nature of the surface and hindering the absorption/interaction of the analyte under 

investigation (Smith and Dent, 2005). For a metal surface to be SERS active, there must be effective 

adsorption of the analyte onto the metal surface, which at times may be difficult to attain, however 

the mechanism actively quenches fluorescence (McNay et al., 2011). 
 

 
 

Figure 1.7. Approximate wavelength ranges of copper (Cu), gold (Au) and silver (Ag). 

 

1.6.1.3.2  Type of Metal Substrate 

There are two main classes of metal substrates used in SERS which exhibit nanoscale roughness, 

either a solid surface or a colloidal suspension of nanoparticles. Both types of metal substrates are 

required to incorporate nanoscale roughness (generally within the range of 5 – 100 nm) to enable 

SERS responses (Bordo and Rubahn, 2008). Solid state SERS combines a flat surface with a 

perpendicular roughed metal surface. These formulations are often expensive and difficult to 

produce in a reproducible manner, yet they have substantially less optimisation requirements.   

On the other hand, colloidal suspensions are most commonly used due to their low cost, ease of 

preparation and disposal, stability, as well as providing strong enhancements for solution based 

assays (Figure 1.8) (Faulds et al., 2004, Smith, 2008, Dougan et al., 2011). There are several 

procedures that produce metal colloids, universally chemical reduction is used due to the simplicity 

of the method (Aroca et al., 2005). Many different reducing agents can be used (such as sodium 

citrate and hydroxylamine hydrochloride) to reduce the metal ions to the metal and control 

nanoparticle size (Lee and Meisel, 1982, Leopold and Lendl, 2003). Previous studies have 

established that colloidal solutions permit the use of less expensive and portable instrumentation 

(evading microscope requirements) (Cowcher et al., 2013, Mabbott et al., 2013, Westley et al., 
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2016). In addition, colloidal preparations present a truer indication of the analyte concentration. 

Suspended nanoparticles and the absorbed analyte(s) travel within the laser path under Brownian 

motion, therefore this generates an averaging effect rather than attempting to focus the laser on a 

fixed point manually, which would be required when using a roughened solid surface (Cowcher et 

al., 2013). Furthermore, the implementation of colloidal substrates tends to reduce sample 

photodegradation, allowing higher laser powers to be used and increasing Raman scattering 

efficiency (Schlücker and Kiefer, 2011). Solid metallic surfaces have been shown to be advantageous 

as they can be ‘tuned’ to a particular wavelength by changing the thickness of the surface, 

nevertheless, the enhancement effect in comparison to colloidal substrates is usually far less.  

 

 
 

Figure 1.8. An image depicting a colloidal SERS response. The electromagnetic field projecting from the 
nanoparticle (i.e. Au) is represented by the localised surface plasmon response (LSPR) edge. The 
analytes interact with the roughened nanoparticle and its electric field, experiencing 
enhancement of the Raman response. On the right, one can see mock responses for the analyte 
in regular Raman, SERS, SERS experiencing hot spots (further enhancement) and finally 
fluorescence, which experiences the greatest intensity response.  

 

1.6.1.3.3  Excitation Wavelength 

The choice of laser wavelength can have a significant impact on the experimental capability for 

Raman spectroscopy, and the same is true for SERS. As previously discussed, wavelength selection 

is likely to depend on its capabilities of enhancing the Raman scattering yet minimising fluorescence 

interference. Metal nanoparticles have been shown to actively quench fluorescence through 

analyte-metal interactions (McNay et al., 2011), thus increasing the flexibility in the excitation 

selection process. Visible wavelengths are typically used within SERS investigations (i.e. 488, 514.5, 
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532 and 633 nm) (Smith and Dent, 2005, Wen, 2007), yet examples in the literature include near 

UV (325 nm) (Ren et al., 2003) and NIR frequencies (785, 830, 1064 and 1280 nm) (Premasiri et al., 

2012, Kneipp and Kneipp, 2006, Greeneltch et al., 2012, Bedics et al., 2015). 

 

1.6.1.3.4  Factors Influencing Analyte Interaction/Adsorption with the Surface 

A careful consideration when optimising SERS parameters is the analyte itself. Not all analytes will 

be SERS active arising from the functional groups present amongst its molecular structure, and their 

subsequent interaction with the metal surface. In general, polar, ionic and polarisable chemical 

species are favourable functionalities which are likely to give positive SERS responses, namely thiols 

(-SH), alcohols (-OH) and amines (-NH2). Strategies to manipulate and modify the nanoparticle 

surface properties can be employed to promote favourable interactions. This may be achievable 

through the choice of the reducing agent, which influences the charge at the surface. For example, 

if the analyte and surface have the same charge, adsorption may be severely obstructed due to 

repulsion, which could cause the nanoparticles to aggregate and fall out of solution (colloidal 

preparation). To counteract charge repulsion, the analyte may be protonated or deprotonated by 

the addition of either acid or base to the SERS solution, promoting favourable interactions. 

Similarly, the addition of poly-L-lysine can be used as a method of charge neutralising the surface 

to promote favourable interactions and increase their stability (Marsich et al., 2012). 

 

1.6.1.3.5  Aggregating Agent 

An aggregating agent may be used in conjunction with the colloidal suspension to cause different, 

irregular colloid particles to aggregate together. As a result, an increase in interactions between the 

colloid particles gives rise to larger surface plasmons generating surface enhancement (Yaffe and 

Blanch, 2008). Aggregation also increases the likelihood of ‘hot spots’ to form which can amplify 

the intensity of the Raman scattering, Figure 1.8 (Camden et al., 2008, Kruszewski and Cyrankiewicz, 

2012). On the other hand, if too much aggregating agent is used, then the colloidal nanoparticles 

begin precipitating out of solution resulting in weak/no SERS observations (Aroca et al., 2005). 

Commonly used aggregating agents are sodium chloride, sodium nitrate and potassium chloride. 

 

1.6.1.3.6  Aggregation Time 

Finally, the time at which the SERS preparation is left to aggregate before being subjected to SERS 

analysis can have a significant impact on the reproducibility (Fisk et al., 2016). This is usually the 

final parameter to optimise after all other parameters have been considered. Interpretation of 
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these results may identify a time frame in which replicate data show the greatest similarity in terms 

of Raman intensity, hence improving reproducibility between data sets.  

 

1.6.1.4  Associated Advantages and Disadvantages of SERS  

SERS spectroscopy offers a rapid method of identification that requires minimal sample 

preparation, accepts many sample types and has very high sensitivity and spatial resolution due to 

enhancements in scattering. Despite this, SERS does experience some shortcomings in comparison 

to normal Raman spectroscopy. Different colloid batches or solid surface preparations can often 

cause fluctuations on observed spectral features, as well as changes in the reproducibility of the 

data. Stability can also be a limiting factor; hydroxylamine-reduced silver colloid (HRSC) has been 

shown to be stable over a period of at least 4 months, yet other metal substrates have significantly 

reduced shelf-lives (Larmour et al., 2012). Once the metal begins aggregating out of the colloidal 

solution, synthesis of a new colloid is required, again fluctuations are experienced within batch-to-

batch synthesis. There are many factors that are influential on the size and distribution of the 

nanoparticles during their synthesis, for example the speed at which the solution is stirred, the rate 

of addition, pH, concentration and the order of addition (Kahraman et al., 2007, Harrison et al., 

2008). Differing size and distribution of the nanoparticles can have inconsistent effects on the 

enhancement obtained with SERS, therefore the synthesis and experimental conditions must be 

carefully controlled to attain reproducible and consistent results. 

Multiplex can be defined as “to enable a line to carry several signals simultaneously”. SERS 

spectroscopy is extremely valuable when studying a mixture of analytes as it allows the detection 

of multiple species, meaning that a mixture of analytes can be simultaneously detected without the 

need for separation (Nie and Emory, 1997, Alharbi et al., 2015, Ngo et al., 2014). Other 

spectroscopic methods can require isolation of individual analytes which is a time consuming and 

(often) difficult procedure, frequently resulting in loss of product. Sharp ‘fingerprint’ peaks are 

obtained in SERS due to their enhanced scattering efficiency, therefore, it is possible to assign 

multiple species within a single sample if the analytes have distinct spectra allowing spectral 

separation (Dougan and Faulds, 2012). This offers an improvement over the traditional Raman 

approach, particularly when studying biological samples as they are often in complex sample 

matrices.  

In addition, SERS spectra are often difficult to assign; the analyte binding to/interacting with the 

metal surface can change any conventional symmetry which may have previously been seen in the 
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Raman spectra. As a consequence, an increase, as well a loss of some peaks is observed within the 

SERS spectral pattern (Smith and Dent, 2005). 

 

1.6.2 Resonance Raman Scattering (RRS) 

In 1972, Strekas and Spiro observed that chromophoric haems of haemoglobin and myoglobin 

resulted in an enhanced Raman spectrum, coining this observation resonance Raman (Spiro and 

Strekas, 1972). This method can enhance Raman scattering when the frequency of the incident 

laser coincides/lies close to the frequency of the electronic transition (i.e. the energy difference 

between the electronic ground state and electronic excited state), as shown in Figure 1.5. UV 

wavelengths are frequently used within resonance Raman studies as the UV frequency overlaps 

with an electronic transition of the resonant analyte under study - this technique is referred to as 

UV resonance Raman (UVRR), whereby enhancements in scattering intensity are typically in the 

range of 102 - 106 (Asher, 1993). As the resonance Raman enhancement is several orders of 

magnitude greater than normal Raman scattering, much lower sample concentrations are required, 

frequently on the order of 1 mg/mL, in addition to shorter acquisition times (Couling et al., 1998). 

Fluorescence is less likely to occur below 260 nm, therefore deep-UV wavelengths can be used and 

will not suffer from fluorescence, unlike all other commonly used Raman wavelengths mentioned 

earlier (Asher and Johnson, 1984). 

A limitation of this method is the requirement of absorption of the laser light by a chromophore 

contained within the analyte under investigation, restricting its application towards structures that 

contain aromaticity or conjugation. On the other hand, RRS is very well-suited for studying complex 

biomolecules and biological materials. The resonant enhancement of the chromophore moieties 

permits the isolation of its corresponding Raman bands and structural units located in close 

proximity. This limits the amount of structural information that is generated and simplifies the 

analysis arising from enhancement of specific sites within the molecule, consequently, this may be 

considered advantageous when studying very large and complex biomaterials (Sathyanarayana, 

2015). The requirement of a high-power UV laser may cause photochemical degradation of the 

analyte, so careful considerations must be taken as to avoid sample degradation, such as 

continuous stirring (liquid) or rotation (solid) of the sample. UVRR instrumentation and lasers are 

generally very expensive to purchase and often require regular maintenance, which is likely to be a 

contributing reason to its limited use in the Raman community (Jarvis et al., 2006). 

Another resonant technique is surface-enhanced resonance Raman scattering (SERRS). SERRS is a 

technique further built on SERS: a metal surface is used to generate large scattering enhancements 

as beforementioned, however the analyte is chromophoric and lies close in energy to the laser 
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excitation wavelength (Stacy and Van Duyne, 1983). These resonant chromophores give a 

significant enhancement over SERS and have been shown to reach, or exceed, the sensitivity that 

is achievable with fluorescence (McNay et al., 2011). The analyte must absorb onto the metal 

surface, as well as contain chromophores that are close to the laser frequency, otherwise SERRS is 

unattainable. Conversely, if an analyte does not possess these properties, SERRS active labels can 

be attached to enable SERRS responses. Labelling strategies present an advantage as a specific 

analyte within a biological matrix can be labelled, therefore the SERRS signal will exceed that of the 

non-specific SERS signals from other components. The capability of this approach within a 

multiplexed environment has been demonstrated within the literature, with six different SERRS 

labelled species identified in combination with chemometric analysis (Enright et al., 2004, Laing et 

al., 2016).  

 

1.7 Chemometrics  

Chemometrics is fundamentally the discipline of using mathematics to help improve the 

interpretation of data, which is aided by the application of computers. It can be defined as “the 

application of mathematical and statistical methods to chemical measurements” (Kowalski, 1980, 

Otto, 2016). The most straightforward approach to analysing Raman spectra is to use univariate 

methods, for example identifying characteristic peaks within a sample and then measuring the area 

under the peak. This information can be used as a qualitative and quantitative measure to make 

direct comparisons between samples. However, Raman spectra can often become difficult to 

interpret due to the multivariate nature of the data, as well as important changes in a sample often 

manifested in subtle modifications in their spectra (i.e. inconspicuous broadening of a peak) 

(Slutsky, 1998, Gouadec and Colomban, 2007). Therefore, simple univariate analysis may no longer 

be sufficient, consequently, the use of chemometric methods and algorithms have extensively 

assisted the interpretation, comparison and assignment of Raman spectra. Multivariate analysis 

methods can be used to show relationships between observed spectral changes and variables, such 

as concentration or binding studies (López-Díez and Goodacre, 2004, Ashton et al., 2011). 

 

1.7.1 Data Pre-Processing 

When conducting Raman investigations, the spectral data set may experience physical distortions 

due to fluctuations associated with the instrumentation (i.e. spectral resolution or laser power) or 

the nature of the samples (i.e. fluorescence). These distortions cause nonlinearities to the Raman 

spectra model, so it may be appropriate to apply pre-processing to enable multivariate analysis to 
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perform effectively (Lasch, 2012). Data pre-processing is a method proven to resolve uncontrollable 

events that lead to errors in the data by transforming the raw data into an understandable format, 

removing these distortions so that true changes in the data set can be analysed. Common pre-

processing methods include baseline correction (minimising fluorescence/background 

interference), normalisation (correcting for intensity differences between samples) or smoothing 

(to reduce noise) of the data set (Butler et al., 2016).  

A combination of pre-processing techniques may be applied to the data which can significantly 

affect the results of the multivariate analysis. Similarly, the order in which the pre-processing is 

applied can equally affect the overall outcome, therefore careful considerations must be taken as 

to avoid bias in the subsequent results (Brewster et al., 2011).  

 

1.7.2 Principal Component Analysis (PCA) 

There are two main chemometric classification methods: supervised and unsupervised. 

Unsupervised classifications do not need a priori information about the samples being studied and 

results are generated based on the Raman data alone. Principal component analysis (PCA) is a 

popular unsupervised method designed to reduce complex data sets into lower dimensional data, 

often revealing hidden relationships (Wold et al., 1987, Abdi and Williams, 2010).  

 

 

Figure 1.9. Illustration of an original data set represented by variables 1 and 2 (axis). The PCA model identifies 
suitable PCs (1 and 2) to uncover hidden relationships within the dataset.  

 



49 
 

This is achieved by the PCA algorithm extracting the important information from the data set and 

expressing this information as new orthogonal variables, referred to as principal components (PCs). 

The PCs identify directions along which the variation is greatest, whereby plots of these results 

enable visual interpretation of the variance within the data set, Figure 1.9. If one observes tight 

clustering between data points in the PCA, this indicates that the spectra are highly similar. 

Conversely, trends or outliers (an observation point that lies an abnormal distance from all other 

observations within the population) may be identifiable based on separation along the PC axes, for 

example the conversion of a starting material to its corresponding product may separate within the 

PCA due to spectral differences (Jolliffe, 1986).    

 

1.7.3 Multivariate Curve Resolution-Alternating Least Squares  

Multivariate Curve Resolution-Alternating Least Squares (MCR-ALS) is a soft-modelling method, and 

is used mathematically to deconvolve a spectroscopic response into the pure contributions of 

individual components present within a mixture (Garrido et al., 2008, Azzouz and Tauler, 2008). The 

input of pure spectra (prior information) of each component of the mixture is an initial requirement. 

The iterative method works until the best solution is generated, acting to deconvolve the complex 

mixture and provide concentration profiles of each individual component. This multivariate model 

is particularly useful for the analysis of complex, biological samples such as an enzyme-catalysed 

reaction.  

 

1.8 Applications of Raman Spectroscopy  

Raman spectroscopy is an extremely useful vibrational technique allowing quantitative and 

qualitative analysis. Since its discovery in 1928 (Raman and Krishnan, 1928), it has enabled advances 

in many scientific fields including applications within polymer analysis, forensic science, 

geosciences, materials science and pharmaceuticals. Raman spectroscopy has been used to follow 

chemical and biochemical reactions, which has been made possible by the coupling of microscopy 

with Raman spectrometers. However, the Raman effect is inherently weak thus collection times 

can be slow. Methods which enhance signals, such as UVRR and SE(R)RS as introduced earlier, are 

continually being developed for high-throughput bioanalysis. Moore et al. successfully 

demonstrated that the activity of hydrolases could be monitored at ultra-low levels using SERRS 

reporter molecules (Moore et al., 2004). Within this study, enzymatic substrates were designed 

with reporter groups that initially ‘masked’ SERRS signals, yet after biocatalytic hydrolysis, the 
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substrate released a surface targeting dye. This dye behaved as a reporter molecule, which bound 

strongly to the metal nanoparticles, generating SERRS signals and hence indicating enzyme activity. 

This method was shown to be applicable to a range of different hydrolases, including lipases, 

esterases and proteases. More recently, Westley et al. developed a SERS bioassay to monitor the 

enzyme-catalysed conversion of hypoxanthine to xanthine to uric acid using xanthine oxidase 

(Westley et al., 2016). This research identified that SERS could directly quantify each component 

within the biotransformation, using a label-free and rapid method, achieving reproducible results 

that were in excellent agreement with off-line HPLC analysis. These investigations highlight the 

huge potential of Raman spectroscopic techniques as rapid methods for screening biochemical 

reactions. 

 
 

1.9 Biocatalysts: Their Importance and Applications 

Over recent years, interest and the development of biocatalysts has significantly grown due to their 

wide-ranging applications within industry, their practicality and low environmental impact (Schmid 

et al., 2001, Leresche and Meyer, 2006, Turner and Truppo, 2013, Reetz, 2013, Patel, 2017). 

Biocatalysis can be defined as ‘the use of natural substances, enzymes or microbes, as catalysts to 

carry out chemical modifications in synthetic chemistry’. Humans have been exploiting enzymes to 

perform chemical modifications for thousands of years, the fermentation of grapes into wine is an 

example dating from 4100 BC (Fernandes, 2010). A landmark discovery was made in 1897 by Eduard 

Buchner who reported the first incidence of using cell free yeast extracts for sugar fermentation. 

This discovery was irrefutable evidence that a biotransformation does not necessarily need a living 

cell for the reaction to occur (Buchner, 1897). More recently in 1950, pharmaceutical companies 

(Upjohn, Schering, Merck and Pfizer) unearthed another fundamental finding that microbes 

catalysed the oxidative hydroxylation of steroids in a regioselective and stereoselective manner, 

demonstrating their stringent control capabilities (Reetz, 2013). By the 1990s many enzymes were 

commercialised (i.e. biological detergents), and were increasingly incorporated within industrial 

processes such as the production of fine chemicals and chiral compounds.    

At present, biocatalysts are mainly used within technical applications in industry, such as detergents 

and textiles. Other growing applications include the food and feed industry, production of fine 

chemicals within pharmaceutical and agrochemical industries, as well generating biofuels and 

bioplastics (Illanes et al., 2013). Despite increasing interest and their rising achievements, 

biocatalysts are met with several long-standing limitations, as described on the following page:  
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• Enzymes have high substrate specificity, therefore a narrow substrate scope   

• There are a finite number of enzymes that exist, limiting the types of chemical 

transformations 

• Their availability and accessibility may be restricted 

• Enzymatic products can often bind to the enzyme resulting in product inhibition 

• Protein stability is often poor when compared to traditional chemocatalysts, and  

• Proteins often require complex and costly co-substrates, such as co-factors (Bommarius 

and Riebel-Bommarius, 2004, Choi et al., 2015). 

 

Despite enzymes having narrow substrate specificity which is often considered as a disadvantage, 

their high stereo-, enantio- and regio-selectivity is extremely advantageous (Patel, 2011, Patel, 

2017, Truppo, 2017). Some enzymes can successfully distinguish between the R- and S-enantiomers 

(L- and D-) and diastereomers, with many exhibiting >99 % enantiomeric excess (ee). The ability to 

distinguish between enantiomers is extremely important within pharmaceutical synthesis. Often, 

one enantiomer of a drug molecule can have the desired effect, whereas the other form may cause 

undesirable and harmful side effects. The most notable example being thalidomide, prescribed as 

a racemic mixture in 1957 to expecting mothers to alleviate morning sickness. The R-enantiomer 

was effective in nausea treatment, whereas the S-enantiomer is teratogenic, which resulted in birth 

defects.  

Biocatalysts commonly operate at mild conditions with respect to temperature (frequently 20 –            

40 0C), pH (neutral) and within aqueous media. In comparison, chemocatalysts regularly require 

harsh reaction conditions (high temperature and pressure), are less selective and experience poor 

atom economy by producing unwanted side products, thus often need protection/deprotection 

steps during synthesis. Furthermore, enzymes are biodegradable and are sourced from sustainable 

resources. This enables the use of greener chemistry and sustainable processes which have reduced 

environmental impact. In addition, proteins have high catalytic efficiency, therefore very small 

quantities of biocatalyst are required, further reducing costs (Wohlgemuth, 2010).    

In spite of these advantages, in many cases the naturally occurring enzymes are insufficient at 

performing the industrial application of interest, which is unsurprising as they have evolved in 

nature for a specific function. However, their properties may be further tailored through the 

application of recombinant DNA methodology and directed enzyme evolution. There are three 

main approaches to protein engineering: (1) directed evolution (DE) is a method which mimics 

natural selection by making random mutations to the gene of interest and then assessing the results 

of such modifications. An advantage of DE is that there is no requirement of previous structural 
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information (i.e. crystal structure) and that mutations may be introduced at sites distant from the 

active site which has proven to bring about desirable traits (Saen-Oon et al., 2008, Jiménez-Osés et 

al., 2014). The combination of DE with high-throughput screening (HTS) techniques enable the rapid 

screening of vast gene libraries and subsequent selection of functionally improved mutants. These 

improved variants may be subjected to further rounds of mutagenesis, or selected as the end gene 

if the desired traits are reached (Figure 1.10). (2) Rational design, in which site-specific changes are 

made in accordance with previous knowledge about the protein structure, function and 

mechanism. An advantage of rational design is that the probability of beneficial mutations is 

increased and a substantial reduction in the number of variants significantly decreases the time and 

effort which is placed on screening. Lastly, (3) is the bioprospecting approach, which is the search 

for novel enzymes with improved performance that are isolated from living organisms often from 

unusual habitats (Arnold, 1998, Zhao et al., 2002, Sheryl and Huimin, 2006, Bornscheuer et al., 

2012). 

 
 

 

Figure 1.10. Overview of directed evolution (DE), a mutation strategy for the development of biocatalysts. 
Beginning with the lead gene, it experiences diversification by mutations in the gene sequence, 
generating many different variants (gene library). The best variants are selected, through the 
application of screening techniques, which are then subjected to iterative rounds of subsequent 
mutagenesis, or the process is stopped as the desired traits are achieved.  
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1.10  High-Throughput Screening (HTS) Methods 

DE approaches are widely used throughout industry and academia, often favoured over rational 

design and bioprospecting methods. Major advancements in DE mutagenic strategies, for example 

error-prone polymerase chain reaction (ep-PCR) and gene shuffling, has led to significant reductions 

in the time needed to produce such large genetic libraries. However, the success of any DE process 

is reliant on the capabilities of the HTS method to rapidly screen and select the favourable variants. 

Despite there being a variety of well-established HTS methods capable of assessing biocatalytic 

processes, this step is the bottleneck of all DE programs. Their relative speed of analysis compared 

to the generation of the variants is hampering the overall effectiveness of the process, and 

ultimately the widespread application of biocatalysts within industrial synthesis (Leresche and 

Meyer, 2006, Whittall and Sutton, 2009, Reetz, 2013, Guazzaroni et al., 2015). 

HTS is an approach towards both biocatalyst and drug discovery that has gained increasing 

popularity over the past few decades and is now a standard technique for discovery investigations 

in the pharmaceutical industry. To summarise HTS, it is the process of screening and analysing a 

large number of experiments within a short period of time. Parallel tests may be performed on a 

small scale to achieve the desired speed to be considered as high-throughput (Szymański et al., 

2012). HTS methods can screen up to 10,000 compounds per day, with ultra-high-throughput 

screening (UHTS) techniques conducting in the region of 100,000 analyses per day (Martis et al., 

2011, Szymański et al., 2012). HTS assays are used by both industrial scientists and academic 

researchers, with their widespread use facilitated by reductions in equipment costs. Several 

different types of libraries are screened, including many of the "omics" disciplines, such as genomics 

and proteomics, combinatorial chemistry, as well as protein and peptide libraries. HTS approaches 

often utilise robotics, detectors and sophisticated software that help to regulate and speed up the 

overall process. The main goal is to be able to identify active compounds ("hits") rapidly and 

accurately from vast volumes of chemical libraries.  

Over the last three decades, industry has experienced a three-fold increase in the spending of 

research and development sectors for the ongoing search of ‘blockbuster’ drugs (Service, 2004, Liu 

et al., 2014). Drug discovery is a time-consuming, expensive and inefficient process; therefore, the 

requirement of HTS methods that are fast, reliable and sensitive is essential. Commonly used HTS 

techniques include fluorometric and colorimetric assays, nuclear magnetic resonance (NMR) 

spectroscopy, liquid chromatography-mass spectrometry (LC-MS) and high performance liquid 

chromatography (HPLC) (Bornscheuer, 2013, Grunwald, 2014). A brief description of these 

methods, along with their associated advantages and disadvantages are in Table 1.1.
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Table 1.1.  Common HTS techniques used within industry and academia, with a brief description about each technique and its associated advantages and disadvantages 
(Kumar and Clark, 2006). 

Assay Principle of Method Advantages (+) and Disadvantages (-) 

Fluorometric Assays 
Optical-readout technique which relies on a non-
fluorogenic substrate being converted to a fluorescent 
product.  

+ Simple to use with rapid detection 
+ Easily automated 
+ Does not require purification 
-  Limited application due to the requirement of a fluorogenic substrate 

Colorimetric Assays 
An assay which uses reagents that undergo a 
measurable colour change in response to an analyte. 

+ Simple to use with rapid detection 
+ Easily automated 
-  Sample recovery is restricted  
-  Limited scope due to essential colorimetric reagent-analyte interaction 

Nuclear magnetic resonance 
(NMR) Spectroscopy 

Technique that exploits the interaction of 
electromagnetic radiation with the atomic nuclei. The 
intramolecular field around an atom in a compound 
provides detailed information about its structure, 
chemical environment and reaction state.  

+ Non-destructive 
+ Flexible 
+ Detailed and quantitative information 
-  Low sensitivity  
-  Purification often necessary 
-  Expensive equipment 

High-performance liquid 
chromatography 

(HPLC) 

A method which physically separates a mixture into its 
individual components due to their polarity. Relies on 
pressurised solvents (mobile phase) containing the 
sample mixture to be passed through a column 
(stationary phase), with differences in components 
affecting their flow rates.  

+ Sensitive and selective 
+ Good reproducibility  
+ Automated  
-  Little chemical information obtained 
-  Considerable sample preparation 
-  Expensive equipment 
-  Commonly, large volumes of organic solvents required (excluding UPLC) 

Mass spectrometry 
(MS) 

A technique which analyses chemical species by initially 
ionizing them, then these ions are sorted by their mass-
to-charge ratio which are subsequently detected. 
Fragmentation patterns enable further confirmation of 
the molecular structure.  

+ Highly sensitive and selective 
+ High resolution 
+ Good reproducibility  
+ Automated  
-  Considerable sample preparation 
-  Expensive equipment 
-  Internal standards necessary for quantification 
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The screening methods mentioned in Table 1.1 all have differing strengths and weaknesses, 

selecting an appropriate HTS method would vary depending on the type of library/reaction 

that was under study. With regards to screening biocatalytic activity, HPLC is often a 'go-to' 

method for quick identification of new product peaks. HPLC experiences high sensitivity, so 

only small sample volumes and concentrations are necessary, however this technique relays 

minimal structural information. Thus, it cannot provide enough evidence alone to identify if 

the desired product has been formed. Combining LC separation with MS (LC-MS) is 

advantageous as it can separate the mixture into its individual components, ensued by 

detection of their molecular weights and fragmentation patterns, enabling confirmation of 

the detected products molecular weight. Its shortcomings are experienced when similar 

masses are present within the same sample (i.e. regio- or stereo-isomers) or if the sample 

suffers from poor ionisation. Fluorometric and colorimetric based assays are popular HTS 

methods as they are robust, quick to detect 'hits' and are convenient to use. However, their 

application is very limited due to the requirement of a fluorescent/colour 

producing/activating product. Finally, NMR can generate a vast amount of detailed 

information about the compound under study and is quantitative, however the amount of 

sample required for analysis is much greater than other HTS methods, a consequence of its 

low sensitivity.  

In summary, current screening methods used in academia and industry are not capable of 

rapidly screening large libraries in a universal manner. There are shortfalls experienced by 

the most popular methods (Table 1.1), consequently failing to meet the demands of 

experiments which generate large numbers of variants within a short period of time, such as 

in DE processes. Preferably, a method which experiences high sensitivity and selectivity, low 

sample volumes/concentrations and is robust and reproducible would greatly improve 

current screening capabilities. If it could generate molecular specific information (akin to 

NMR) rapidly and avoid the requirement of a specific reporter molecule (i.e. fluorophore or 

coloured reagent), it would greatly benefit discovery projects. In addition, if it were 

compatible with automation and sample miniaturization, this would further increase the 

speed of analysis and its overall utility.  
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1.11  Aim of the Thesis  

Within this thesis, the overall aim is to introduce and discuss Raman spectroscopy as an 

alternative screening method within biocatalytic applications. Emphasis is placed on its 

enhancement techniques, mainly SERS and UVRR, as described in the previous section. Their 

suitability is demonstrated throughout, showcasing fast acquisition times, information rich 

analysis and reproducible, quantitative measurements. 

The main points I wish to address throughout this thesis are:  

• The development of both SERS and UVRR to monitor enzyme-catalysed conversions 

of substrate to corresponding product(s).  

• The use of chemometric analysis, such as MCR-ALS, to enable quantitative 

measurements about the reaction components.  

• Explore Raman enhancement methods to monitor enzyme reactions in real-time, as 

opposed to quenched, off-line analysis.  

• Perform biotransformations using both in vitro (purified enzyme) and in vivo 

(bacterial whole-cells) preparations.  

• Investigate the sensitivity and selectivity of these approaches, such as regioisomer 

identification and enantiomer discrimination.  
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2016. A Structure-Guided Switch in the Regioselectivity of a Tryptophan Halogenase. 

ChemBioChem, 17, 821-824 
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2.2 ABSTRACT 

There has been increasing interest in the application of halogenase enzymes to insert halogen 

atoms into small molecules in selective positions, using benign reagents and mild conditions. 

Their widespread use in industry and academia has been hampered by their relatively low 

activity and substrate scope. Evolutionary approaches (i.e. mutagenesis) to further the 

development and optimisation of flavin-dependent halogenases has been hindered by the 

lack of high-throughput screens enabling fast quantification and assignment of regioselective 

products. To attempt to develop a rapid technique that would meet these requirements, 

surface enhanced Raman scattering (SERS) spectroscopy was investigated.  

First, the activity and substrate scope of a flavin-dependent tryptophan halogenase, SttH, 

was assessed. These results aided the optimisation process required for SERS method 

development, demonstrating that we can successfully distinguish between regioisomeric 

products. Initially, in vitro biotransformations were investigated using SERS, however their 

cofactor requirements and associated complexity led to unsuccessful detection of 

halogenase substrates and subsequent products. To simplify the enzymatic reaction, in vivo 

conditions were explored to exploit cofactors inherent to the bacterial cells; one could omit 

the addition of cofactors (FAD and NADH), reducing the complexity of the biotransformation 

and effectively aiding SERS detection. However, the low in vivo activity and consequent 

requirement of bacterial cells in high density led to the demise of this approach; specifically, 

discriminant peaks of substrate and product(s) were difficult to detect amongst the bacterial 

supernatant SERS response. Further optimisation to increase the inherently low in vivo 

activity of this class of enzyme would aid successful SERS detection and quantification of 

halogenated products.  
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2.3 INTRODUCTION 

Organohalogen moieties are present in a vast number of pharmaceutical and agrochemical 

products (estimated at 20 % and 30 %, respectively) along with other valuable synthetic and 

chemical products (Herrera-Rodriguez et al., 2011). The presence of carbon-halogen bonds 

has been shown to have a profound effect in altering the physicochemical properties and 

bioavailability of a multitude of drug compounds, examples include rebaccamycin 

(antitumour agent) and vancomycin (antibiotic), which display significantly reduced potency 

when dechlorinated (Harris et al., 1985, Rodrigues Pereira et al., 1996). Furthermore, the 

utilisation of halogen atoms within synthesis has become an indispensable tool for the 

generation of complex molecules; a result of their participation in transition metal cross-

coupling reactions, such as the Pd-catalysed Suzuki-Miyaura cross-coupling (Miyaura et al., 

1979). Despite their widespread use throughout numerous industries, the synthetic method 

of installing halogens currently remains toxic and harmful to the environment, with very little 

regiocontrol, thus affording many unwanted by-products. Consequently, interest has shifted 

towards the implementation of halogenase enzymes that can insert halogen atoms within a 

molecule (both natural and synthetic scaffolds) at ambient temperature in aqueous 

conditions, whilst utilising benign reagents and demonstrating regioselective control.  

 

 
 

Figure 2.1. Cycle of NADH-dependent reduction of FAD by a flavin reductase. Hypochlorous acid (HOCl) 
is generated within the active site.   

 

A variety of halogenating enzymes have been discovered, initially chloroperoxidase from the 

fungus, Caldariomyces fumago (Morris and Hager, 1966), followed by a range of vanadium- 
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and heme-dependent haloperoxidases (Vilter, 1984), yet these halogenases lack 

regioselectivity and substrate specificity (the generated chlorinating species are released 

from the active site to react freely with the substrate, without enzymatic control). More 

recently, Fe2+/α-ketoglutarate (αKG)-dependent and flavin-dependent halogenases (FDHs) 

have been recognised as further examples of natural halogenating agents which show 

regioselectivity (Vaillancourt et al., 2005). FDH enzymes make up part of the flavin-

dependent monooxygenase superfamily (Dong et al., 2005, Mascotti et al., 2016). A main 

feature of this class of enzymes is their activation of molecular oxygen and reduced flavin 

(FADH2), generating the highly reactive flavin hydrogen peroxide species (FAD-OOH). A 

chloride ion, located nearby, is oxidised to form free hypochlorous acid (HOCl), Figure 2.1. It 

is at this point that FDHs demonstrate regiocontrol as HOCl cannot diffuse and react 

uncontrollably, instead, it is directed through a tunnel towards the substrate binding site 

where halogenation ensues in a regiospecific manner, Figure 2.2 (Dong et al., 2005, Yeh et 

al., 2006). FDHs can be subdivided by their natural substrate: tryptophan, pyrrole or phenolic 

FDHs.  
 

 

 

 

Figure 2.2. The electrophilic addition of chlorine to tryptophan within the active site of FDHs. A lysine 
residue (K79) leads HOCl to the tryptophan substrate, whereby chlorine reacts through 
electrophilic addition to the π-system of the aromatic ring. A glutamate residue (E346) 
deprotonates the intermediate leading to the final chlorinated product. 

 

Flavin-dependent tryptophan halogenases are the most extensively studied and 

characterised class, displaying halogenation (chlorination and bromination) of the indole 

moiety of tryptophan at one of C-5, C-6 or C-7 (Figure 2.3). Those that have been 

characterised and their regiocontrol investigated include 7-halogenases, PrnA (Dong et al., 

2005, Shepherd et al., 2015) and RebH (Bitto et al., 2008), along with a 5-halogenase PyrH 

(Zhu et al., 2009) (Figure 2.3). To date, little information has been elucidated about the 6-
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halogenase SttH as no crystal structure and investigations into substrate scope have been 

explored (Zeng and Zhan, 2011). 

 

 

Figure 2.3. Reactions of flavin-dependent tryptophan halogenases with L-tryptophan and their 
respective regiospecific products (X = Cl/Br). 

 

Despite obvious advantages associated with regiocontrol demonstrated by flavin-dependent 

halogenases, their application has been hindered by their low efficiency and inherent 

instability. Advancements have been made to improve these pitfalls, such as cross-linked 

enzyme aggregates (CLEAs) (Frese and Sewald, 2015) and mutagenesis (Lang et al., 2011, 

Poor et al., 2014, Shepherd et al., 2015), yet there is still a large obstacle to overcome before 

their widespread application. A contributing factor towards their limited development is the 

lack of a high-throughput screen that can rapidly screen for halogenase activity, as well as 

discriminating between regioselectivity. Commonly, low-throughput methods requiring 

UHPLC separation have been employed for initial observations of activity, however, full 

characterisation of regioselectivity needs more information rich techniques, such as NMR, 

requiring a much larger amount of sample and purification steps (Kumar and Clark, 2006). 

Progress into the development of faster halogenation screens has been made in the form of 

a quinone-amine coupling that can be used to colorimetrically monitor arylamine 

halogenation (Hosford et al., 2014), as well as a fluorescence screen that can quantify 

halogenation after the generation of the fluorescent species via a cross-coupling Suzuki-

Miyaura reaction (Schnepel et al., 2016). Colorimetric and fluorescent techniques are 

frequently favoured as high-throughput methods arising from their ease of use and rapid 
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acquisition times (Bronson et al., 2001, Bornscheuer, 2013, Grunwald, 2014). Nevertheless, 

these methods for monitoring halogenation are restricted as they have limited substrate 

scope, indirectly quantify product generation and require an extensive cross-coupling 

reaction, respectively.  

Owing to the limited scope and extensive preparation of these approaches, we explored the 

development of a rapid and robust screen which would not only quantify the generation of 

product(s), but also differentiate between regioisomers. Raman spectroscopy, primarily its 

enhancement technique, surface enhanced Raman scattering (SERS), is an attractive 

technique arising from its compatibility towards aqueous conditions, its capacity for 

multiplexing (cofactor requirement of the halogenase biotransformation) and the speed of 

analysis (seconds). SERS demonstrates significant enhancements of Raman signals when 

analytes are adsorbed onto (or in close proximity to) a roughened nanoscale metallic surface. 

Typically, enhancements in the order of 104 – 106 are experienced, generating characteristic, 

molecular specific information about the molecule(s) of interest (Fleischmann et al., 1974, 

Jeanmaire and Van Duyne, 1977, Albrecht and Creighton, 1977, Campion and Kambhampati, 

1998). Recently, SERS has successfully been used to monitor biotransformations, further 

highlighting its suitability for this application (Westley et al., 2016, Morelli et al., 2017). 

Herein, we investigate the suitability of SERS for quantifying flavin-dependent halogenation, 

as well as determining regioselective activity. Initially, the substrate scope, corresponding 

activity and regiospecificity of SttH (C-6, Figure 2.3) was determined using flavin-dependent 

tryptophan halogenases, enabling comparisons at all regiospecific positions. Next, SERS was 

explored to identify spectral differences arising from the position of the halogen around the 

aromatic structures. Clear spectral separation of regiosiomers led us to investigate the 

application of SERS to monitor flavin-dependent halogenase biotransformations towards 

both in vitro and in vivo systems.  
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2.4 EXPERIMENTAL 

 

2.4.1 Reagents and Materials.  

All chemical reagents were of analytical grade and used with no additional purification unless 

otherwise stated. Full details of cloning, expression and protein purification is described in 

the SI section ‘Protein Expression and Purification’.  

 

2.4.2 Halogenase Biotransformation Sample Preparation. 

In vitro (purified enzyme). SttH (1 x 10-5 M) was incubated at 30 °C with agitation for 1 h with 

Fre (1 x 10-6 M), GDH (6 x 10-6 M), FAD (7.5 x 10-6 M), NADH (2 x 10-4 M), MgCl2 (5 x 10-2 M), 

glucose (2 x 10-2 M) and substrate (5 x 10-4 M) in a total volume of 100 µL in potassium 

phosphate buffer (1 x 10-2 M, pH 7.0). Details surrounding biotransformation optimisation 

are described in the SI, section ‘Optimisation of SttH Biotransformation’.  

In vivo (whole-cell). Arctic Express (DE3) E. coli cells enclosing two vectors (pACYC Duet-1 

vector containing Fre and GDH genes, along with RadH pET 28b(+)) were transformed and 

expressed using protocols as stated in the SI section ‘Protein Expression and Purification’. 10 

equivalents of bacterial culture (v/v ratio) were resuspended in potassium phosphate buffer 

(1 x 10-2 M, pH 7.0), followed by the addition of substrate (5 x 10-4 M), MgCl2 (1 x 10-2 M) and 

glucose (1 x 10-2 M), total volume of 1 mL. The reaction was incubated at 30 °C with shaking 

for up to 1 h. 
 

 
 

2.4.3 SERS Sample Preparation. 

Tryptophan halogenases. SERS analysis using borohydride-reduced silver colloid (BRSC): 350 

L of the silver colloid was pipetted into an 8 mm glass vial, followed by 50 L of the sample 

(total sample concentration 2.5 x 10-5 M in HEPES buffer (1 x 10-2 M, pH 7.0)). The vial was 

capped and vortexed for 7 s and allowed to aggregate for 30 s before recording a 20 s SERS 

spectrum using 633 nm irradiation. A colour change from yellow to purple indicated 

successful aggregation. BRSC was prepared using a slightly modified procedure as reported 

by Lee and Meisel (Lee and Meisel, 1982), and is provided in the SI, Supplementary Methods. 

Phenolic halogenases. SERS analysis using citrate-reduced silver colloid (CRSC): 200 L of the 

silver colloid was pipetted into an 8 mm glass vial, followed by 200 L of the sample (total 

sample concentration 2 x 10-5 M) and 50 L of KNO3 (1 x 10-1 M). The vial was capped and 
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vortexed for 7 s, left to aggregate for 30 s before collecting a 10 s SERS spectrum using 785 

nm laser irradiation. CRSC was prepared according to the method of Lee and Meisel (Lee and 

Meisel, 1982).   
 

2.4.4 Raman Instrumentation. 

Tryptophan halogenase substrates. SERS spectra were recorded using a DeltaNu Advantage 

200A portable spectrometer (DeltaNu, Laramie, WY, USA) equipped with a HeNe 633 nm 

laser with ~3 mW of power on the sample. 

Phenolic halogenase substrates. SERS spectra were recorded using a DeltaNu Advantage 

200A portable spectrometer (DeltaNu, Laramie, WY, USA) equipped with a HeNe 785 nm 

laser with ~60 mW of power on the sample.  
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2.5 RESULTS AND DISCUSSION 

2.5.1 Biotransformation Optimisation 

We began the development of a Raman-based assay by exploring the substrate scope of SttH 

(C-6) flavin-dependent tryptophan halogenase. Extensive investigations into substrate scope, 

optimisation of reaction conditions and the assignment of regioisomers have previously been 

conducted within the Micklefield group, along with others, for PyrH (C-5), PrnA and RebH 

(both C-7). These previous studies helped guide the choice of substrates and condition 

parameters towards SttH optimisation. SttH and FAD reductase (Fre, responsible for the 

reduction of FAD to FADH2) were previously cloned into vectors by members of the 

Micklefield group, along with glucose dehydrogenase (GDH, involved in NADH recycling) 

which was cloned by the Scrutton group (The University of Manchester). Figure 2.4 illustrates 

the overall biotransformation process. 
 

 

 

Figure 2.4. An overview of SttH halogenation of tryptophan at C-6, involving glucose dehydrogenase 
(GDH) and flavin reductase (Fre) enzymes. Details of cloning, transformation, expression 
and purification are described in the SI, section ‘Protein Expression and Purification’. 

 
FDH biotransformations rapidly consume large quantities of expensive NADH cofactor as Fre 

reduces FAD into its active form, FADH2. Consequently, it is common practice to install 

recycling systems, such as GDH, to reduce NAD+ using inexpensive and abundant substrates 

(i.e. glucose). Parameters, such as the ratio of enzymes and the concentration of cofactors 

were optimised to produce maximal halogenase activity, see SI section ‘Optimisation of SttH 

Biotransformation’, Figure S2.1 and S2.2. We then tested a large range of substrates for 

activity towards SttH to determine its substrate scope (Figure S2.3 in SI). Those that were 

Glucose 
Dehydrogenase 

Flavin 
Reductase 

SttH 6-
Halogenase 
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active substrates with good conversion were performed on a larger, preparative scale, 

enabling NMR analysis and assignment of regioselectivity (see Table 2.1 and SI section 

‘Preparative Halogenase Reactions and NMR Assignments’ for full characterisation).  

 
 

Table 2.1. Conversion of substrate after 1 h with SttH. 

 

 

Substrate Conversion [%] Product 

Tryptophan (1) 97 ± 4 1a 

N-Methyltryptophan (2) 68 ± 3 2a 

3-Indolepropionic acid (3) 57 ± 1.5 3a:3b (9:1) 

Kynurenine (4) 79 ± 4 4a 

Anthranilamide (5) 43 ± 2 5a 

Anthranilic acid (6) 1.1 ± 0.1 6a 

N-phenylanthranilic acid (7) 20 ± 2 7a 
 

 

Red indicates conversion to expected product. Blue indicates conversion to chemically favoured 
products. Assay conditions: SttH (1 x 10-5 M) was incubated at 30 °C with agitation for 1 h with Fre (1 
x 10-6 M), GDH (6 x 10-6 M), FAD (7.5 x 10-6 M), NADH (2 x 10-4 M), MgCl2 (5 x 10-2 M), glucose (2 x 10-2 
M) and substrate (5 x 10-4 M) in a total volume of 100 µL in potassium phosphate buffer (1 x 10-2 M, 
pH 7.0). Data was performed in triplicate, error shown.  

 
2.5.2 SERS Optimisation 

Following these investigations, all regiospecific flavin-dependent tryptophan halogenases 

(C-5, C-6, C-7) were available to develop the Raman-based assay. Tryptophan (Table 2.1, 

substrate 1) and its 5-brominated analog, along with anthranilic acid (Table 2.1, substrate 6) 

and its 3-, 4- and 5-chlorinated derivatives were selected as initial analytes (owing to the 
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commercial availability of their halogenated derivatives). Optimisation of each analyte for 

SERS responses was studied by varying multiple experimental parameters systematically (see 

SI, section ‘SERS Optimisation’). Introduction of potassium phosphate buffer, which was 

previously used to buffer the halogenase biotansformation, resulted in a complete loss of 

SERS response, therefore several alternative biological buffers (pH 6.0 - 7.4) were screened 

as alternatives. From these tests, both HEPES and MOPS buffers (pH 7.0) retained SERS 

signals of substrate(s) and product(s) previously seen in water alone and were shown to have 

no effect on observed halogenase activity. Therefore, subsequent SERS optimisation and 

halogenase biotransformations were performed using HEPES buffer. Optimal SERS responses 

were obtained using 350 L of borohydride reduced silver colloid (BRSC), 2.5 x 10-5 M total 

analyte concentration in HEPES buffer (1 x 10-2 M, pH 7.0), 30 s aggregation time and 20 s 

SERS acquisition using 633 nm laser excitation.  

 

 

Figure 2.5. Average SERS spectra (n = 5) of tryptophan (blue) and 5-bromotryptophan (cyan) (2.5 x 10-

5 M), characteristic peaks have been labelled. SERS spectra were acquired for 20 s with 
BRSC in HEPES buffer (pH 7.0). 

 
 

If one compares the SERS responses for tryptophan and 5-bromotryptophan (Figure 2.5), 

characteristic peaks are easily identifiable, enabling one to distinguish between the two 

analytes (see Table S2.1 in SI for tentative band assignments); mainly, the vibration at 758 

cm-1 which is red shifted to 777 cm-1 upon bromination, along with the loss of vibration at 

1006 cm-1 (attributable to NH vibration). These results suggest that quantification of 

halogenase activity should be achievable. However, if we focus on anthranilic acid and its 

 

 



74 
 

chlorinated analogs (3-, 4- and 5-chloroanthanilic acid, Figure 2.6), it is apparent that 

discrimination between regiosiomers is more complex.  

 

 

 

Figure 2.6. Average SERS spectra (n = 5) of anthranilic acid (grey), 3-chloroanthranilic acid (purple), 4-
chloroanthranilic acid (pink), 5-chloroanthranilic acid (orange), (2.5 x 10-5 M). 
Characteristic peaks have been labelled, SERS spectra were obtained for 20 s with BRSC in 
HEPES buffer (pH 7.0). 

 

Chemometrics is the use of mathematical and statistical methods to aid the analysis of 

chemical data. Principal component analysis (PCA) is a multivariate approach designed to 

reduce complex data sets into lower dimensional data, often revealing hidden relationships 

or patterns which can be seen in the PCA scores plots. The corresponding loadings plot 

identifies the relationship between the original variables and the subspace dimensions as 

indicated by the PCA scores plot. PCA was performed and the loadings plotted which are 

shown in Figure S2.4 and S2.5 in SI (see SI section ‘Identification of Anthranilic acid 

Regioisomers’). We observe clear separation for all four analytes within the PCA scores plot 

arising from spectral differences, with subtle, discriminant peaks (as identified by the 

loadings plot) assigned in Figure 2.6 (see Table S2.2 in SI for tentative band assignments). 
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Following successful discrimination of halogenated regioisomers (Figure 2.6), a more 

complex approach was investigated involving a more realistic representation of the 

biotransformation by introduction of the necessary cofactors (Figure 2.4). All cofactors were 

screened for SERS responses using optimal SERS conditions as stated previously, with no 

observed SERS signal for NADH, MgCl2, or glucose. In contrast, FAD gave a strong SERS 

response and bands were consistent with those previously reported in the literature (Xu et 

al., 1987) (Figure 2.7B). As the most intense peaks corresponding to FAD lie in the region of 

1100 – 1700 cm-1, it might be possible to differentiate between non-halogenated and 

halogenated regioisomers corresponding to characteristic peaks using the 500 – 1100 cm-1 

region (Figure 2.7A and Figure 2.7B).  

 

 

Figure 2.7. Average SERS spectra (n = 6) of (A) anthranilic acid, (B) FAD, (C) halogenase reaction mixture 
minus enzymes (analyte + cofactors + buffer) and (D) halogenase reaction mixture minus 
enzymes and FAD cofactor. Concentrations are representative of halogenase 
biotransformation conditions. SERS spectra were obtained for 20 s with BRSC in HEPES 
buffer (pH 7.0). SERS data has been baseline corrected and normalised (see SI, data 
processing for details). 

 

Reaction mixtures were prepared representing conditions used within the halogenase 

reaction: tryptophan/anthranilic acid (5 x 10-4 M), FAD (7.5 x 10-6 M), NADH (2 x 10-4 M), MgCl2 

(5 x     10-2 M) and glucose (2 x 10-2 M) in HEPES (1 x 10-2 M, pH 7.0). Figure 2.7C shows the 

SERS reaction mixture response containing anthranilic acid. This SERS spectrum is identical 

A B 

C D 
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to that of FAD, with no peaks attributable to anthranilic acid. Following this observation, the 

reaction mixture was prepared, omitting FAD to restore the anthranilic acid signal. As shown 

in Figure 2.7D, the FAD response disappears as expected, however we were unable to 

retrieve the anthranilic acid SERS signal. Similar observations were made when tryptophan 

was introduced into the reaction mixtures. We assume that the loss of SERS response is 

arising from the complexity of the biotransformation, with the presence of numerous 

cofactors preventing favourable interactions of the analyte with the nanoparticle surface, 

thus hindering detection. For completeness, samples from an SttH biotransformation 

containing tryptophan/anthranilic acid were analysed with SERS, but as anticipated, no SERS 

responses were obtained (data not shown). 

 

2.5.3 Whole-Cell Investigations  

Considering our previous findings, we proposed that we could try to reduce the 

concentration of cofactors that are present within the reaction mixture by using whole-cells, 

thus exploiting cofactors that are innate to the E. coli cell (i.e. NADH, FAD), which may also 

be recycled in situ. To do this, halogenase biotransformations were explored using intact 

whole-cells, so that cofactor concentrations could be kept to a minimum and within the cell 

(which would be removed before analysis). We began by transforming a pACYCDuet-1 vector 

containing both Fre and GDH genes, along with a pET 28b(+) vector containing either PyrH 

(5-tryptophan halogenase) or RadH (phenolic halogenase) into competent E. coli cells (see SI 

section ‘Halogenase Whole-Cell Optimisation’). SttH was omitted from these investigations 

as PyrH and RadH demonstrate greater activity and stability. Transformation into two 

different E. coli expression strains (BL21 (DE3) and Arctic Express (DE3)) were successful, 

obtaining colonies for all four strains (Figure S2.6 in SI). Subsequent tests for halogenase 

activity identified that only one cell line demonstrated activity; Arctic Express (DE3) 

containing RadH, Fre and GDH genes.  

RadH, a phenolic FDH, accepts flavonoid-type analytes. These substrates differ greatly in 

structure from those previously explored towards tryptophan halogenases, so it was 

essential to reperform SERS optimisation. Optimal SERS conditions were found to be: citrate-

reduced silver colloid (CRSC) (200 µL), 2 x 10-5 M analyte concentration, KNO3 aggregating 

agent (50 µL, 1 x 10-1 M), 30 s aggregation time, 10 s acquisition time using 785 nm laser 

excitation. A panel of flavonoid-type substrates were screened for activity using whole-cell 

RadH-Fre-GDH in Arctic Express, amongst these substrates, chrysin and apigenin were found 

to be the most active (activity based on HPLC traces), Figure 2.8.  
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Figure 2.8. Structures of chrysin (X = H, Y = H) and apigenin which were shown to have the greatest 
activity towards RadH whole-cell biotransformations. Structures of chlorochrysin (X = Cl, Y 
= H) and dichlorochrysin (X = Cl, Y = Cl), the products of RadH halogenation, are shown on 
the chrysin backbone structure. 

 

In contrast to the previously discussed tryptophan halogenases which regioselectively 

halogenate at a single position, these phenolic halogenases can undergo dihalogenation 

(substrate and time permitting). Chlorochrysin and dichlorochrysin had previously been 

isolated within the Micklefield group (using purified RadH) and the position(s) of 

halogenation assigned (Figure 2.8). Using optimal SERS conditions, one could identify spectral 

differences between chrysin, chlorochrysin and dichlorochrysin, along with similarities, 

Figure 2.9 (see SI section ‘Distinguishing between Chrysin, Chlorochrysin and 

Dichlorochrysin’, Figures S2.7 – S2.8). The Raman shifts in wavenumbers of discriminant 

bands are detailed in Table 2.2 (see Table S2.3 in SI for tentative SERS band assignments). 

Most spectral differences are observed in the region of 580 – 800 cm-1 which is in agreement 

with the literature, as these vibrations are of lower cm-1 due to the heavy halogens involved 

(υ(C-Cl) 550 - 800 cm-1) (Shakila et al., 2011).  

 

Table 2.2. Discriminant bands from SERS (in cm-1) for chrysin, chlorochrysin and dichlorochrysin. 

 

Chrysin Chlorochrysin Dichlorochrysin 

  580 (w) 
 606 (m)  

620 (s)   
  632 (s) 

641 (s)   
 684 (m) 684 (m) 

745 (s)   
  836 (m) 

 

 

Abbreviations: s, strong; m, medium; w, weak. 
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Figure 2.9. Average SERS spectra (n = 5) of chrysin (black), chlorochrysin (red) and dichlorochrysin 
(blue) (2 x 10-5 M). Characteristic peaks have been labelled, SERS spectra were obtained 
for 10 s with CRSC in potassium phosphate buffer (pH 7.0) and KNO3 (1 x 10-1 M). 

 

Next, optimised whole-cell biotransformations affording maximal halogenase activity was 

achieved (n.b. bacterial cells were in a resting state; after induction and overnight protein 

expression, cells were harvested and washed with buffer prior to use within the 

biotransformations). As we postulated, the addition of FAD and NADH is not needed for 

activity, however, a high density of bacterial cells was necessary for moderate activity (>30 % 

chlorination of chrysin (5 x 10-4 M) after 1 h incubation using 10 mL of bacterial culture 

resuspended in 1 mL reaction mixture). Multiple methods of quenching the biotransfomation 

were investigated, including those that did not cause the bacteria to rupture, yet quenching 

using an organic solvent (EtOH/MeOH) was deemed the most appropriate method (see SI 

section ‘Whole-Cell SERS Observations’ for further information). 
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Despite a significant number of overlapping bands arising from E. coli, particularly within the 

region of interest (580 – 800 cm-1), SERS spectra of chrysin, chlorochrysin and the control 

sample of E. coli supernatant (post EtOH quenching) were successfully generated and 

assessed. Noticeably, subtle peaks were identified that should enable identification of 

chlorinated versus non-chlorinated chrysin (SI section ‘Whole-Cell SERS Observations’ Figure 

S2.9). Consequently, a whole-cell biotransformation was performed, taking various 

timepoints throughout, with the final sample at 1 h. At this final time point, HPLC confirmed 

35 % conversion to chlorochrysin (incubation >1 h caused dichlorination and no further 

increase in chlorochrysin concentration). Comparing the control sample of the EtOH E. coli 

supernatant with the biotransformation reaction samples at 0 min and 1 h (Figure 2.10), it is 

obvious that the SERS response inherent to the E. coli supernatant dominates the spectra. 

Signature peaks at 1000 and 1246 cm-1 can be seen for chrysin/chlorochrysin, yet they are 

weak and do not distinguish the starting material from its chlorinated product. The 

discriminant bands for chlorochrysin at 684 and 797 cm-1 were not detectable within the 

complex supernatant, and as a result, the identification of halogenase activity using SERS 

with whole-cells was unsuccessful. 

 
 

Figure 2.10. SERS spectra (n = 4) of the E. coli supernatant control sample (orange), biotransformation 
sample at 0 min (purple) and the final biotransformation timepoint sample after 1 h 
incubation at 30 °C (dark cyan). Bands labelled in black were detectable, those in pale grey 
were unseen. SERS spectra were collected for 10 s with CRSC and KNO3. SERS data have 
been normalised, see SI, data processing for details. 
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2.6 CONCLUSIONS 

We first attempted to discriminate between regioisomeric products of flavin-dependent 

tryptophan halogenase using SERS. Whilst this proved to be successful amongst standards, 

implementing these findings within real biotransformation samples became challenging. The 

leading factor resulting in the unsuccessful application of SERS to monitor these reactions 

was the complexity of the biotransformation. Complex cofactors, such as FAD and NADH, 

prevented favourable interactions of the analyte(s) with the nanoparticle surface. As a 

method to combat cofactor complexity, we developed a strategy of monitoring the 

biotransformation using whole-cells. The application of in vivo reactions meant that we could 

exploit cofactors inherent to the bacterial cells, only requiring additional MgCl2 (chloride 

source) and glucose (NADH recycling), which we had previously established did not interfere 

with the SERS response of substrate(s) and product(s).  

Tryptophan-halogenases (PryH) did not display activity within whole-cell reactions, yet RadH, 

a phenolic-halogenase, demonstrated good activity in vivo. As the substrate scope of RadH 

differed from those previously studied, SERS optimisation was re-performed, with citrate-

reduced silver colloid being more favourable over borohydride-reduced nanoparticles, which 

was desirable due to its increased stability and reproducibility. Using these optimal SERS 

conditions, one could identify discriminant bands between chrysin, chlorochrysin and 

dichlorochrysin. Quenching the whole-cell biotransformation with ethanol was found to be 

the most suitable method, however this added complications to the SERS analyses due to the 

lysis and release of cell contents. The supernatant gave a noticeable SERS response which 

unfortunately coincided with all discriminant bands, meaning that identification of 

halogenation was not possible.  

In conclusion, we have investigated SERS to monitor the generation of halogenated products 

using both in vitro and in vivo FDHs. However, the innate complexity of this enzyme-catalysed 

reaction and their relatively low activity prevented successful detection and subsequent 

quantification of halogenated products.  
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2.8 SUPPORTING INFORMATION  

 

SUPPLEMENTARY METHODS  

 
 

Reagents and Materials.  

All chemical reagents were of analytical grade and used with no additional purification. 

Chemicals and solvents were purchased from Acros Organic (New Jersey, USA), Alfa Aesar 

(Heysham, UK), Fischer Scientific (Loughborough, UK), Formedium (Hunstanton, UK) or Sigma 

Aldrich Ltd (Dorset, UK). 
 

 

Synthesis of Silver Nanoparticles.  

All glassware used within the synthesis of metal nanoparticles was cleaned using aqua regia; 

HNO3: HCl (1:3) v/v, to ensure the removal of any residual metals. Glassware was then 

thoroughly rinsed with deionised water. 

A modified Lee and Meisel (Lee and Meisel, 1982) procedure was used to produce 

borohydride-reduced silver colloid (BRSC). AgNO3 (1 x 10-3 M, 25 mL) was added dropwise to 

an ice-cold solution of vigorously stirred NaBH4 (2 x 10-3 M, 75 mL) to form a yellow colloid of 

Ag nanoparticles. Vigorous stirring was continued for a further 1 h to allow the colloidal 

suspension to return to room temperature. After 10 min of stirring, the colloidal solution 

changed to a dark black-grey colour, then returning to a yellow solution after 1 h.  

Citrate-reduced silver colloid (CRSC) was prepared according to the method of Lee and Meisel 

(Lee and Meisel, 1982). AgNO3 (1.1 x 10-3 M, 500 mL) was heated to boiling and trisodium 

citrate (1 % weight/volume, 10 mL) added dropwise with vigorous stirring. This solution was 

left to boil for 1 h then left to return to room temperature. A cloudy green-grey suspension 

was formed.  

 
 

SERS Sample Preparation. 

Tryptophan halogenases: SERS analysis using BRSC: 350 L of the silver colloid was pipetted 

into an 8 mm glass vial, followed by 50 L of the sample (total sample concentration 2.5 x 

10-5 M in HEPES buffer (1 x 10-2 M, pH 7.0)). The vial was capped and vortexed for 7 s and 

allowed to aggregate for 30 s before recording a 20 s SERS spectrum (see ‘SERS Optimisation’ 

for further details). A colour change from yellow to purple indicated successful aggregation. 

The addition of halogenase substrates (i.e. tryptophan or anthranilic acid) was immediately 
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followed by a purple colour change signifying self-aggregation, therefore aggregating agents 

were omitted for use with this colloid.  

Phenolic halogenases: SERS analysis using CRSC: 200 L of the silver colloid was pipetted into 

an 8 mm glass vial, followed by 200 L of the sample (total sample concentration 2 x 10-5 M 

in potassium phosphate buffer (1 x 10-2 M, pH 7.0)), and then 50 L of KNO3 (1 x 10-1 M). The 

vial was capped and vortexed for 7 s and allowed to aggregate for 30 s before collecting a 

10 s SERS spectrum (see ‘SERS Optimisation’ for further details). Upon addition of the 

aggregating agent, a darker grey colour change was observed.   

 

INSTRUMENTATION AND DATA PROCESSING 
 

 

Raman Spectrometers.  

SERS spectra were recorded using a DeltaNu Advantage 200A portable spectrometer 

(DeltaNu, Laramie, WY, USA) equipped with either a HeNe 633 nm laser providing ~3 mW of 

power on the sample, or a HeNe 785 nm laser with ~60 mW of power at the sample. Toluene 

was pipetted into 8 mm glass vials in order to calibrate the systems, allowing the ideal 

distance between the laser and the point of sampling to be established. 633 nm SERS spectra 

were acquired for 20 s over a range of 200 – 3400 cm-1; the spectral resolution was 10 cm-1. 

785 nm SERS spectra were acquired for 10 s over a range of 200 – 2000 cm-1. Samples for 

SERS analysis were placed in an 8 mm glass vial, vortexed for 7 s and left for 30 s to aggregate, 

before subjected to laser irradiation once placed in the cell holder. 

A Renishaw 2000 Raman microscope (Renishaw, Wotton-under-Edge, Gloucestershire, UK) 

was used to collect the Raman spectra of solid samples. Two different excitation 

wavelengths, 633 nm and 785 nm, were used. The power at the sampling point was between 

2 – 4 mW and the spectral resolution was 6 cm-1. The instrument collected a static spectrum 

centred at 521 cm-1 for 1 s which was calibrated with a silicon wafer focused beneath the 50x 

objective. GRAMS WIRE software package (Galactic Industries Corp., 395 Main St., Salem, 

NH) operating in Windows 98 was used for data collection. Four repeats were taken and 

averages are shown, extended scans between 100 and 2500 cm-1 were acquired.  
 

Raman spectra processing was performed using Matlab software version R2008a (The 

MathWorks, Natick, MA, USA) using scripts written in-house and available via GitHub 

(http://www.biospec.net/resources/). SERS spectra were either raw, baseline corrected or 

normalised (using DataNorm script) (as stated in the text). 

 
 

http://www.biospec.net/resources/
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UV-Vis Spectrophotometry.  

Borohydride-reduced and citrate-reduced silver nanoparticles were characterised using UV-

Vis spectroscopy to determine the surface plasmon resonance band λmax of the nanoparticles. 

Colloid preparations were diluted 1:6 v/v with deionised water, to ensure that the UV-Vis 

absorbance did not exceed 2. 1 mL of the diluted nanoparticle solution was pipetted into a 

polystyrene cuvette and placed into the sample holder of a Thermo Biomate 5 (Thermo Fisher 

Scientific Inc., Massachusetts, USA). Absorbance spectra were collected over a range of 200-

800 nm.  

 
 

SEM.  

SEM images were collected using a Field Emission Scanning Electron Microscope with an 

ultimate beam size of 1 nm and down to 100 eV electron energy (Carl-Zeiss-Straße 56, 73447 

Oberkochen, Germany). A silicon surface was used to image the nanoparticles as silicon helps 

disperse negative charges and generates a greater contrast in comparison to glass, as a result 

higher resolution images can be obtained. To image BRSC/CRSC nanoparticles, 10 µL was 

spotted onto a silicon slide and left to dry overnight (Figure S2.10 and S2.11), respectively). 

 
 

HPLC.  

Halogenase assays were analysed by HPLC on an Agilent Technologies 1260 Infinity HPLC with 

an Agilent Zorbax Eclipse Plus C18 Rapid Resolution 4.6 x 100 mm 3.5 µm column. For 

tryptophan, 3-indolepropionic acid (33 % isocratic gradient H2O/ACN + 0.1 % FA) and N-

phenylanthranilic acid (gradient elution involved: 5 – 95 % H2O/ACN + 0.1 % FA), absorbance 

was measured at 280 nm over 12.5 min. All other substrates and products absorbance were 

measured at 254 nm, with a 5 min gradient 5 – 75 % H2O/ACN + 0.1 % FA over 12.5 min. Flow 

rates were kept constant at 1 mL min-1. The peak areas of analytes of interest were integrated 

using ChemStation (Agilent 1100 series) and reported % conversions were adjusted in 

accordance with HPLC calibrations.  

Purification of halogenated products was performed on a semi-preparative scale using on 

Varian Prostar 210. 500 µL of solution containing crude reaction mixture was injected onto a 

Phenomenex Gemini® C18 HPLC column (5 µ packing, 110 Å, 250 x 10 mm).  A gradient of 

5 - 75 % H2O/ACN + 0.1 % FA was used over 35 min, using a 5 mL min-1 flow rate. UV 

absorbance was detected at 280 and 254 nm throughout.  
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NMR spectroscopy.  

Purified samples were concentrated to dryness using the GeneVac (EZ-2 Series) before the 

addition of deuterated solvent for NMR analysis. NMR analysis was performed on the Bruker 

DXP 400 MHz or 800 MHz spectrometer. Water suppression was achieved by a w5 

WATERGATE pulse sequence or a zgcppr pulse sequence. Spectra processing was performed 

using MestReNova software.  

 
 

HRMS.  

Waters LCT Time-of-Flight Mass Spectrometer coupled to a Waters Alliance 2790 LC, 

performing flow injection of 20 µL samples into a mobile phase of 50/50 ACN/H20 0.1 % FA. 

 

 

 

 

Nanoparticle Characterisation 

To characterise the morphology of the nanoparticles, UV-Vis spectroscopy and scanning 

electron microscopy (SEM) were used. The absorption maximum (λmax) of the plasmon 

resonance band measured in UV-Vis spectroscopy provides information on the average 

particle size and the width of the band (FWHM; full width half maximum) is an indicator of 

size distribution; a narrow band suggest a more uniform distribution (Haiss et al., 2007). SEM 

is another characterisation technique used for determining size, shape and distribution of 

colloidal nanoparticles (Buhr et al., 2009). BRSC was shown to have a λmax of 398 nm and CRSC 

410 nm, both in agreement with the literature (Larmour et al., 2012, Chuang and Chen, 2009). 

SEM images identified that the size and shape distribution was good amongst both colloidal 

nanoparticles, and images are shown Figure S2.10 and S2.11. Several magnifications were 

taken, BRSC nanoparticles are predominantly spherical in shape, roughly ~20± 4 nm in size, 

whereas CRSC contained spherical nanoparticles along with rod-shaped nanoparticles and 

were larger in size ~45± 5 nm.  
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Optimisation of STTH Biotransformation 

Flavin-dependent halogenases require reduced-FAD (FADH2) to function which is produced 

using a flavin reductase (Fre) and NADH. Fre consumes large quantities of NADH which is a 

relatively expensive cofactor, thus it may restrict the application of halogenases within 

industry. Consequently, biocatalytic recycling systems are commonly installed to recycle 

NAD+ by regenerating reduced-NAD (NADH), as a route of reducing costs. Alcohol 

dehydrogenase and glucose dehydrogenase (GDH) are the most popular choice of recycling 

system, arising from their abundant and low-cost cofactors (an alcohol and glucose, 

respectively). We chose GDH as the biocatalytic recycling system due to its availability. 

Optimisation of the biotransformation began by varying the ratios of the three enzymes 

(SttH, Fre and GDH). Previous optimisation of flavin-dependent halogenases within the 

Micklefield group helped direct SttH optimisation. A concentration ratio of 10:1:6 x 10-6 M 

(SttH:Fre:GDH) was found to be optimal for halogenase activity Figure S2.1. In addition, the 

concentration of cofactors (FAD, NADH and glucose) were varied to obtain optimal conditions 

(Figure S2.2). Conversion to product was unaffected by the choice and concentration of 

chloride source (MgCl2 or NaCl), therefore the chosen concentration corresponded to 

previous halogenase optimisation (5 x 10-2 M). 

 

 

Figure S2.1. Graph representing the variance in percentage conversion arising from changes in protein 
concentration (1 x 10-6 M). Results are shown for tryptophan (5 x 10-4 M) over a 1 h 
incubation period at 30 °C (single measurement shown). 
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Figure S2.2. Optimisation of SttH with GDH recycling system; optimal conditions were identified as 
SttH 1 x 10-5 M, Fre 1 x 10-6 M, GDH 6 x 10-6 M, MgCl2 5 x 10-2 M, FAD 7.5 x 10-6 M, NADH 2 
x 10-4 M, glucose 3 x 10-2 M (single measurement shown). 

 

 

SttH Substrate Scope  

To determine regioselectivity and % conversions of SttH catalysed reactions, the following 

conditions were used: SttH (1 x 10-5 M) was incubated at 30 °C with shaking for 1 h with Fre 

(1 x 10-6 M), GDH (6 x 10-6 M), FAD (7.5 x 10-6 M), NADH (2 x 10-4 M), MgCl2 (5 x 10-2 M), 

glucose (2 x 10-2 M) and substrate (5 x 10-4 M) in a total volume of 100 µL in potassium 

phosphate buffer (1 x 10-2 M, pH 7.0). Reactions were stopped by incubating at 95 °C for 5 

min and the precipitated proteins were removed by centrifugation (21,000 ×g for 6 min) 

before HPLC analysis. Structures of all substrates tested for SttH activity are shown in Figure 

S2.3. 
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Figure S2.3. Structures of 29 substrates that were tested for activity towards SttH 6-halogenase. Active 
compounds are highlighted in boxes. Halogenated products confirmed by LRMS only are 
shown in blue. Halogenated products with full characterisation (1H, 13C NMR, HRMS, UV) 
are in green. 
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SERS Optimisation 

Prior to experiments, several parameters were systematically varied to improve SERS profiles 

of analytes in terms of reproducibility and their enhancement. A significant amount of 

attention was placed upon the choice and optimisation of SERS active substrates. Numerous 

colloidal nanoparticles, as well solid-state surfaces, were investigated for their ability to 

generate SERS responses for the analytes under investigation. Successful SERS responses for 

tryptophan, anthranilic acid and their halogenated analogs were attainable using 

borohydride-reduced silver colloid (BRSC). Conversely, substrates used within in vivo 

investigations, chrysin, chlorochrysin and dichlorochrysin, gave a better response with 

citrate-reduced silver colloid (CRSC). Further optimisation involved studying the effect of 

colloid volume, analyte concentration, pH, aggregating agent and aggregation time. 
 

 
Table S2.1. Raman and tentative SERS band assignments for tryptophan (Aliaga et al., 2009, Leyton et 

al., 2012). Raman of solid tryptophan collected at 633 nm, 60 s acquisition time at 50 % 
power and 785 nm, 60 s acquisition time at 25 % power. 

 
 

 

vs – very strong; s – strong; m – medium; w – weak; vw – very weak; vvw – very, very, weak. 
ν – stretching; δ – twisting;  

Observed Raman Previously reported Raman Assignment 

633 nm 785 nm 
634 nm  

[Aliaga 2009] 
514 nm 

[Leyton 2012] 
 [Aliaga 2009] [Leyton 2012] 

1577 (m) 1541 (s) 1556 (m) 1555 (s)   NH3
+ 

1475 (w) 1439 (w) 1450 (w)   δ(NH3)   

1444 (m) 1407 (s) 1427 (m) 1426 (s) δ (COO-) ν(COO-) 

1377 (s) 1339 (vs) 1356 (vs) 1358 (s) ν(COO-) ν(COO-) 

1358 (m) 1321 (m) 1340 (m) 1340   CH2 

  1295 (vw) 1312 (w) 1312   CH2 

1269 (vw) 1232 (w) 1255 (vw)   ν(CH), ν(C-N)   

1252 (m) 1213 (m) 1229 (w) 1232 δ(CH) δ(CH) 

1226 (vw) 1187 (vw) 1208 (w) 1208 δ(CH) δ(CH) 

1176 (w) 1141 (vw) 1165 (w) 1164 δ(CH) δ(CH) 

1135 (m) 1098 (w) 1118 (m) 1119 δ(NH) δ(NH) 

1026 (vs) 998 (vs) 1010 (s) 1007 (s)   δ(NH) 

980 (vw) 943 (vvw) 961 (w)   ν(C-COO-)   

944 (w) 904 (w) 921 (w)   ν(C-COO-)   

891 (s) 852 (m) 865 (m) 866 δ(NH) δ(NH) 

773 (vs) 733 (vs) 743 (m) 744     

612 (w) 570 (w) 594 (m) 595 δ(NH δ(NH) 
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Table S2.2. Raman and tentative SERS band assignments for anthranilic acid (Govindarajan et al., 
2011). Raman of solid anthranilic acid collected at 633 nm, 5 s acquisition time at 1 % 
power and 785 nm, 30 s acquisition time and 50 % power. 

 
 

 

vs – very strong; s – strong; m – medium; w – weak; vw – very weak; vvw – very, very, weak. 
ν – stretching; β – in-plane bending; ϕ – out-of-plane bending; α – scissoring; δ – twisting; ω – 

wagging;  

 

 
 

Identification of Anthranilic acid Regiosiomers 

Chemometric analysis (PCA scores plots and loadings) was employed to determine if 

halogenated regioisomers of anthranilic acid are distinguishable alongside their 

dehaloganted counterpart. The PCA scores plot (Figure S2.4) shows clear separation between 

chrysin and its chlorinated regioisomers. The loadings plot (Figure S2.5) demonstrates 

separation along principal component (PC) 1 predominantly arising from the reduction in 

peak intensity seen at 965 and 1584 cm-1 when chlorination is present at C-3 and C-4 of 

anthranilic acid. Chlorination at C-5 retains peak intensity at these band vibrations, thus 

requiring PC 2 for further separation. PC 2 separation is mostly attributable to peaks 

Observed Raman Previously reported  

1064 nm 

[Govindarajan 2011] 

 

Assignment   

[Govindarajan 2011]  
 633 nm 785 nm 

1652 (m) 1610 (m) 1626 (s) α(NH2) 

  1605 (s) ν(C=C) 

1590 (m) 1548 (m) 1585 (w) ν(C=C) 

1375 (m) 1330 (s) 1347 (vs) ν(C-C) 

1268 (m) 1221 (s) 1240 (vs) β(NH) 
  1175 (m) β(NH) 

1192 (w) 1145 (m) 1170 (s) ν(C-NH2) 

1058 (vvw) 1042 (vw) 1052 (w) v(C-COOH) 
 1009 (w) 1015 (w) β(C=O) 

886 (vw) 835 (vw) 840 (w) ϕ(CH) 

  810 (vw) ϕ(CH) 

799 (vs) 747(vs)   

601 (w) 544 (m) 565 (s) β(C-COOH)  

465 (w) 406 (s) 430 (s) ϕ(C-NH2) 
  385 (w) ϕ(C-COOH)  

290 (vvw) 261 (w) 275 (w) ω(NH2) 
 229 (w) 255 (w) δ(NH2) 

 



92 
 

corresponding to either anthranilic acid or 5-chloroanthranilic acid as more noticeable 

spectral changes are seen.  

 

 

Figure S2.4. PCA scores plot depicting separation of anthranilic acid (AA, grey) 3-chloroanthranilic acid 
(3-Cl AA, purple), 4-chloroanthranilic acid (4-Cl AA, pink) and 5-chloroanthranilic acid (5-Cl 
AA, orange). Normalisation of data was performed prior to PCA. Eclipses are a guide to the 
eye and have no statistical significance. Total explained variance (TEV) is labelled on the 
axes as a percentage.  

 

 
 

Figure S2.5. Loadings plot identifying key peaks enabling separation of regioisomers along the PC 1 
and PC 2 axis of the PCA scores plot shown in Figure S2.4.  
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Halogenase Whole-Cell Optimisation 

A pACYCDuet-1 vector containing both Fre and GDH genes was previously cloned by 

members of the Micklefield group (see section ‘Protein Expression and Purification’). This 

plasmid, along with a second plasmid (pET 28b(+)) containing genes for either PyrH or RadH 

were transformed into two different cell lines, generating four different cell variants (see 

Figure S2.6). Having gained experience working with SttH (C-6), it was apparent that its 

activity and stability in comparison to other flavin-dependent halogenases (PyrH and RadH) 

was much lower. Therefore, SttH was omitted from further investigations. Halogenase 

activity in vivo was only observed with the RadH-Fre-GDH construct in Arctic Express (DE3), 

so this was taken on for further tests.  

 

 
 
 

Figure S2.6. A flow diagram summarising the process undertaken to develop flavin-dependent 
halogenases for use in whole-cell biotransformations. 

 

Distinguishing between Chrysin, Chlorochrysin and Dicholorchrysin  

Optimisation of SERS conditions were re-performed for RadH substrates (flavonoids). These 

conditions were found to be entirely different to those that were used to investigate 

tryptophan-halogenase substrates tryptophan and anthranilic acid. We found that 785 nm 

laser irradiation gave an enhanced response (over 633 nm), using citrate-reduced silver 

Transformation successful. 

Halogenase activity observed only with  
RadH-Fre-GDH containing cell 

Transformation successful. 

No observed halogenase activity 

BL21 (DE3) Arctic Express (DE3) 

PyrH pET-28b(+)  
Fre-GDH pACYCDuet-1  

E. coli BL21 (DE3) 

RadH pET-28b(+)  
Fre-GDH pACYCDuet-1  

E. coli BL21 (DE3) 

PyrH pET-28b(+)  
Fre-GDH pACYCDuet-1  

E. coli AE (DE3) 

RadH pET-28b(+)  
Fre-GDH pACYCDuet-1  

E. coli AE (DE3) 

AE (DE3) cell containing RadH-Fre-GDH 
was taken on for further testing 
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colloid (CRSC, a more reproducible and stable colloid) along with the introduction of an 

aggregating agent (KNO3) which improved SERS responses. In Figure 2.9 some similarities in 

the SERS responses of chrysin and its singly and doubly chlorinated analogs are observed: 

mainly strong vibrations at 1000 cm-1 (corresponding to ring stretching) and 1246 cm-1 (C3H 

in-plane bend). Tentative SERS band assignments are shown in Table S2.3 (Corredor et al., 

2009). Many bands which induce spectral changes upon chlorination, therefore enabling 

discrimination, occur within the region 580-836 cm-1. These observations are in agreement 

with the literature (Shakila et al., 2011). PCA scores and loadings plots (Figure S2.7 and S2.8, 

respectively) clearly depict these spectral differences.  

 
 

Table S2.3. SERS and tentative band assignments of chrysin (Corredor et al., 2009). Conditions used: 
CRSC, 10 s, acquisition, phosphate buffer (pH 7.0), chrysin (2 x 10-5 M) and 50 µL KNO3 (1 
x 10-1 M). 

 

vs – very strong; s – strong; m – medium; w – weak; vw – very weak; sh – shoulder; br - broad. 
str – stretch. 

 

 

Observed SERS  

785 nm 

Previously reported 

SERS  

785 nm [Corredor 2009] 

Assignment 

[Corredor 2009] 

429 (w) 429 (w) Ring C-C 

505 (vw) 504 (w) Ring C-C 

534 (vw) 534  

557 (vw) 556 (w) Ring C-C 

620 (s) 617 (m) Ring C-C 

641 (s) 642 (w) Ring C-C 

712 (w) 713 (w) Ring C-C 

745 (m) 743 (w)  

837 (br) 844 (w) Ring CH 

1000 (s) 1001 (m) Ring trigonal str 

1035 (w) 1041 (w) CH bend 

1094 (vw) 1099 (w) COC; CH bend 

1115 (vw) 1118 (w) CH bend 

1162 (w) 1165 (w) Ring CH bend 

1190 (w) 1193 (w) 5OH, 7OH bend 

1246 (s) 1248 (s) C3H bend 

1310 (w) 1316 (w) CH bend 

1336 (sh) 1338 5OH, 7OH bend; Ring CC 

1481 (vw) 1480 (m) Ring CH bend 

1560 (vw) 1569 (m) Ring quinoid str 

1599 (w) 1603 (s) C=O str; Ring quinoid str 

1632 (w) 1633 (s) C=O str  
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Figure S2.7. PCA scores plot representing separation of chrysin (circled in black), chlorochrysin (circled 
in red) and dichlorochrysin (circled in blue). Normalisation of data was performed prior to 
PCA. Eclipses are a guide to the eye and have no statistical significance. Total explained 
variance (TEV) is labelled on the axes as a percentage. 

 

 

 
 

Figure S2.8. Loadings plot recognising key peaks enabling separation along the PC 1 and PC 2 axis of 
the PCA scores plot shown in Figure S2.7. 
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Whole-Cell SERS Observations 

Several methods of quenching the whole-cell biotransformation were investigated, including 

those that did not disrupt the cell membrane leading to lysis (i.e. centrifugation and high 

molecular weight cut-off (MWCO) filters to remove bacterial content). Of these quenching 

methods, the application of an organic solvent (EtOH/MeOH) proved most successful, arising 

from the poor solubility of chrysin and its halogenated products, and that a significant 

amount of starting material and product(s) were retained within the cells (reducing total 

concentration). Consequently, it was important to determine if the supernatant of the lysed 

E. coli cells would produce bands which coincided with the bands of interest. In Figure S2.9, 

the SERS response of the quenched bacterial cells is overlaid with chrysin and chlorochrysin. 

It is evident that many bands from the cell supernatant coincide with those of interest, 

especially those between 645 – 741 cm-1. Bands at 1000 and 1246 cm-1 did not have any 

overlapping bands, but as these are present in both chrysin and chlorochrysin, they cannot 

be used to determine halogenase activity. Much weaker bands, characteristic of chrysin: 

1035, 1162, 1190 and 1560 cm-1, and chlorochrysin, 684 and 797 cm-1, did not overlap with 

the E. coli supernatant control, indicating potential characteristic peaks for discrimination 

and quantification.   

 

Figure S2.9. Overlaid SERS spectra of chrysin (black, 2 x 10-5 M), chlorochrysin (red, 2 x 10-5 M) and the 
control sample of E. coli supernatant (green). Characteristic peaks have been labelled. 
Data have been normalised (see data processing for details). 
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Figure S2.10. SEM images of borohydride-reduced silver colloid on silicon. Left, depicts images of 200x 
magnification and a scale bar of 100 nm. Right, 214x magnification and 100 nm scale bar. 

 
 

   
 

Figure S2.11. SEM images of citrate-reduced silver colloid on silicon. Left, depicts images of 10x 
magnification and a scale bar of 1 µm. Right, 109x magnification and 200 nm scale bar. 

 

PROTEIN EXPRESSION AND PURIFICATION 

 

Cloning 

The cloning of SttH and PyrH into pET 28a(+), RadH into pET 28b(+) and Fre into pET 45b(+) 

has previously been reported by our group (Shepherd et al., 2015). A construct containing 

GDH in pET 21b(+) was generously provided by the Scrutton Group (University of 

Manchester). A pACYC Duet-1 vector containing both Fre and GDH genes was cloned by group 

member, Dr Binuraj Menon. SttH and PyrH plasmids were transformed into competent E. coli 

Arctic Express (DE3) for protein expression using kanamycin (50 μg/mL) for selection. Fre and 

GDH plasmids were transformed into competent E. coli BL21 (DE3) using ampicillin (50 

μg/mL). pACYC Duet-1 vector containing Fre and GDH, along with PryH pET 28a(+) was 
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transformed into both E. coli BL21 (DE3) and Arctic Express (DE3) using chloramphenicol (25 

μg/mL) and kanamycin (50 μg/mL). A second preparation included pACYC Duet-1 vector 

containing Fre and GDH, along with RadH pET 28b(+) transformed into both competent E. 

coli BL21 (DE3) and Arctic Express (DE3) using chloramphenicol (25 μg/mL) and kanamycin 

(50 μg/mL).  

 

Transformation 

Plasmids were transformed into E. coli competent cells for protein expression using a 

standard heat shock protocol. First, competent cells were incubated on ice for 30 min with 

the plasmid. The cells were heat shocked at 42 °C for 45 s before incubating on ice for a 

further 5 min. LB (300 µL, RT) was then added to the cells, which were incubated at 37 °C for 

1 h before plating aseptically onto LB agar with the suitable selection antibiotic(s) and 

overnight incubation at 37 °C.  

Ligation mixtures were transformed into E. coli DH5α competent cells for DNA amplification 

using the heat shock method stated above. After overnight incubation at 37 °C, single 

colonies were selected aseptically to verify the presence of the plasmid. The colony was 

added to LB (3 mL) with the appropriate antibiotic(s) and incubated overnight at 37 °C. 

Following the QIAprep Spin Miniprep Kit Protocol, the plasmid DNA was isolated and purified 

before being sent for DNA sequencing. If the correct plasmid with the ligated insert was 

present, the plasmid was then transformed into expression strains.  
  

 

Protein Expression 

Fre and GDH. Fre BL21 (DE3)/GDH BL21 (DE3) single colonies of transformant were picked 

from LB agar plates and inoculated in LB medium (10 mL) containing ampicillin (50 µg/mL) 

and grown overnight at 37 °C with shaking. The resultant culture was diluted 100-fold in LB 

with ampicillin (50 µg/mL) and grown at 37 °C with shaking until reaching an OD600 = 0.4 – 0.6. 

IPTG (5 x 10-4 M) was then added to the culture for induction and grown at 30 °C with shaking 

for 4 h. After this time, cells were centrifuged at 4000 xg, 4 °C for 10 min to pellet the cells. 

Pelleted cells were stored at 4 °C until purification.  

SttH and PryH. SttH pET 28a(+) was transformed into numerous competent E. coli expression 

strains to identify the most suitable for producing soluble protein, Artic Express (DE3) was 

identified as the most suitable (see Figure S2.12). Single colonies of SttH AE (DE3)/PryH AE 

(DE3) transformants were selected from the incubated LB agar plates. The colony was 

inoculated in LB medium (10 mL) containing kanamycin (50 µg/mL) and grown overnight at 

37oC with shaking. The resultant culture was diluted 100-fold in LB, excluding additional 
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antibiotic addition, then incubated at 30 °C with shaking until reaching an OD600 = 0.4 – 0.6. 

The culture was cold shocked at 4 °C for 20 min, followed by induction with IPTG (1 x 10-4 M). 

The culture was grown overnight at 15 °C with shaking, after this time, cells were pelleted 

using centrifugation at 4000 xg, 4 °C for 10 min prior to purification.   

Fre-GDH-PyrH. Single colonies of Fre-GDH-PyrH BL21 (DE3) transformants were selected 

from the incubated LB agar plates. The colony was inoculated in LB medium (10 mL) 

containing chloramphenicol (25 μg/mL), kanamycin (50 μg/mL) and grown overnight at 37 °C 

with shaking. The resultant culture was diluted 100-fold in Auto Induction (AI) media and 

grown for 3 days at 30 °C with shaking. After this time, cells were pelleted using 

centrifugation at 4000 xg, 4 °C for 10 min, then resuspended in potassium phosphate buffer 

(1 x 10-2 M, pH 7.0) prior to use.  

Fre-GDH-RadH. Single colonies of Fre-GDH-RadH BL21 (DE3) transformants were selected 

from the incubated LB agar plates. The colony was inoculated in LB medium (10 mL) 

containing chloramphenicol (25 μg/mL) and kanamycin (50 μg/mL) and grown overnight at 

37 °C with shaking. The resultant culture was diluted 100-fold in AI medium and grown for 3 

days at 30 °C with shaking. After this time, cells were pelleted using centrifugation at 4000 

xg, 4 °C for 10 min, then resuspended in potassium phosphate buffer (1 x 10-2 M, pH 7.0) prior 

to use. 
 

 

Protein Purification Buffers 

Buffers containing potassium phosphate buffer (pH 7.0, 5 x 10-2 M), NaCl (5 x 10-1 M) and 

imidazole (see Table S2.4) in distilled water were prepared and stored at 4 °C before protein 

purification. 

 
 

Table S2.4. Concentration of imidazole within purification buffers. 

 

 

Protein 
Imidazole Wash 
Concentrations 

Imidazole Elution 
Concentration 

Fre/GDH 1 x 10-2 M and 6 x 10-2 M 2.5 x 10-1 M 

SttH/PyrH 1 x 10-2 M and 6 x 10-2 M 5 x 10-1 M 

 

Protein Purification 

Cell pellets derived from the E. coli protein expression were resuspended in 25 mL of 1 x 10-2 

M imidazole buffer along with protease inhibitor tablets (1 tablet per 50 mL). The cell 

resuspension was lysed using sonication (10 min, 50 % pulse, 70 % power, 700 W, 4 °C) and 
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the lysate was clarified by centrifugation (4 °C, 40 min, 10,000 xg). Ni-NTA (Qiagen) was 

equilibrated with 1 x 10-2 M imidazole buffer prior to loading with clarified lysate under 

gravity flow. The resin was then washed with imidazole buffer (3 column volumes, 

concentration shown in Table 2.6) prior to elution with imidazole elution buffer (5 column 

volumes, concentration shown in Table 2.6). The eluted protein fraction was subjected to 

buffer exchange with 1 x 10-1 M potassium phosphate buffer (pH = 7.2) using either dialysis 

or spin concentration (Vivaspin 20 centricon, 10,000 MWCO). The final protein concentration 

was determined using Thermo Scientific NanoDrop 2000 spectrophotometer and the protein 

stored at -20 °C with 10 % glycerol. SDS-PAGE was used to separate proteins according to 

their size, enabling protein identification and gave an idea of purity, SDS-PAGE gels for each 

protein can be seen in Figure S2.13 – S2.15.  

 

 

SDS-PAGE Images of Protein Expression and Purification Protocols  
 

 

 

 
 

Figure S2.12. SDS-PAGE of SttH protein expression in different E. coli competent cells.  

 

 

 

 

 

 

 

 

A   B C D  E 

55 kDa 

 
35 kDa 
 

25 kDa 

 
15 kDa 

A – SttH AE (DE3)RP  

B – SttH C41 (DE3) 

C – SttH BL21 (DE3) 

D – SttH BL21 (DE3) in 

       Auto Induction media 

E – SttH SoluBL21 (DE3) 

 

SttH 

58,720 Da 

 

70 kDa 
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Figure S2.13. SDS-PAGE of Fre protein expression using Ni-NTA column. 

 

 

 

 

 
 

Figure S2.14. SDS-PAGE of GDH protein expression using Ni-NTA column.  

 

 

 

 

 

 

 

F        G       H       I 

55 kDa 

 
35 kDa 
 

25 kDa 

 
15 kDa 

F  - Ni-NTA Fre Flow Through 

G - 1 x 10-2 M Imidazole Wash  

H - 6 x 10-2 M Imidazole Wash 

I  - Fre Elution from Ni-NTA column, 

    2.5 x 10-1 M Imidazole 

Fre 

26,241 Da 

55 kDa 

 
35 kDa 
 

25 kDa 

 
15 kDa 

  J       K       L      M       

J – Ni-NTA GDH Flow Through 

K – 1 x 10-2 M Imidazole Wash  

L – 6 x 10-2 M Imidazole Wash 

M– GDH Elution from Ni-NTA column, 

       5 x 10-1 M Imidazole 

GDH 

29,316 Da 

70 kDa 
 

70 kDa 
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Figure S2.15. SDS-PAGE of SttH protein expression using Ni-NTA column. 

 

 

Preparative Halogenase Reactions and NMR Assignments 

Larger scale assays were performed to obtain chlorinated products for characterisation using 

halogenase (1 x 10-5 M), Fre (1 x 10-6 M), GDH (6 x 10-6 M), substrate (2 x 10-3 M, excluding 

tryptophan), MgCl2 (5 x 10-2 M), FAD (7.5 x 10-6 M), NADH (2 x 10-4 M), glucose (2 x 10-2 M) in 

10 mL potassium phosphate buffer (1 x 10-2 M, pH 7.0). Assays were run at 30 °C with shaking, 

quenching was achieved by incubation at 95 °C for 5 min and precipitated protein was 

removed by centrifugation (4 °C, 10 min, 12000 xg) before analysis by HPLC. Low yielding 

reactions were performed multiple times and the crude mixture combined prior to 

purification by semi-preparative HPLC.  

 

6-Cl tryptophan [1a] 

6-Chlorotryptophan [1a] was prepared according to the general procedure described above 

with tryptophan (5 x 10-4 M) and SttH to give 6-chlorotryptophan (91 % yield).1H NMR (400 

MHz, Deuterium oxide) 7.51 (1H, d, J 8.6 Hz, Ar-4H), 7.42 (1H, s, Ar-7H), 7.18 (1H, s, Ar-2H), 

7.04 (1H, d, J 8.8 Hz, Ar-5H), 4.06 (1H, dd, J 7.8, 4.8 Hz, CH), 3.35 (1H, dd, J 15.8, 5.0 Hz, CH2’), 

3.23 (1H, dd, J 15.6, 7.8 Hz, CH2’’). LRMS-ESI [M+H]+ expected m/z 35Cl 239.0587 and 37Cl 

241.0558, observed m/z 239.0568 and 241.0539 (7.95 and 7.88 ppm). 

 N      O      P     Q  

55 kDa 

 
35 kDa 
 

25 kDa 

 
15 kDa 

N – Ni-NTA SttH Flow Through 

O – 1 x 10-2 M Imidazole Wash  

P – 6 x 10-2 M Imidazole Wash 

Q – SttH Elution from Ni-NTA column,  

       5 x 10-1 M Imidazole 

SttH 

58,720 Da 

 

70 kDa 
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6-Cl-N-methyltryptophan [2a] 

6-Chloro-N-methyltryptophan [2a] was prepared according to the general procedure 

described above with N-methyltryptophan and SttH to give 6-chloro-N-methyltryptophan (40 

% yield). 1H NMR (800 MHz, Methanol-d4) 7.57 (1H, d, J 8.4 Hz, Ar-4H), 7.43 (1H, d, J 1.8 Hz 

Ar-7H), 7.14 (1H, s, Ar-2H), 7.07 (1H, dd, J 8.4, 1.8 Hz Ar-5H), 4.19 (1H, dd, J 8.0, 5.2 Hz, CH), 

3.77 (3H, s, CH3), 3.34 (1H, dd, J 15.4, 5.2 Hz, CH2’), 3.30 (1H, dd, J 15.4, 7.8 Hz, CH2’’). 13C 

NMR (201 MHz, Methanol-d4) 171.8 (COOH), 139.3 (Ar-7aC) 130.8 (Ar-2C), 129.1 (Ar-3aC), 

127.5 (Ar-6C), 120.9 (Ar-5C), 120.6 (Ar-4C), 110.7 (Ar-7C), 107.9 (Ar-3C), 54.6 (CH), 33.0 (CH3), 

27.3 (CH2). LRMS-ESI [M+H]+ expected m/z 35Cl 253.0744 and 37Cl 255.0714, observed m/z 

253.0727 and 255.0695 ( 6.72 and 7.45 ppm). 

 

6-Cl-3-indolepropionic acid [3b] 

Chlorination of 3-indolepropionic acid was carried out according to the general procedure 

described above with SttH to give a mixture of 5- and 6-chlorinated products. 6-chloro-3-

indolepropionic acid [3b] product (11 % yield) was isolated by HPLC. 1H NMR (800 MHz, 

Methanol-d4) 7.49 (1H, d, J 8.6 Hz, Ar-4H), 7.31 (1H, d, J 1.8 Hz Ar-7H), 7.07 (1H, s, Ar-2H), 

6.97 (1H, dd, J 8.8, 1.8 Hz Ar-5H), 3.03 (2H, dd, J 7.8, 7.6 Hz, CH2), 2.65 (2H, dd, J 7.8, 7.5 Hz, 

CH2). 13C NMR (201 MHz, Methanol-d4) 176.3 (COOH), 137.0 (Ar-6C) 126.8 (Ar-7aC), 125.8 

(Ar-3aC), 122.5 (Ar-2C), 118.9 (Ar-4C), 118.6 (Ar-5C), 114.1 (Ar-3C), 110.5 (Ar-7C), 34.8 (CH2), 

20.3 (CH2). LRMS-ESI [M-H]- expected m/z 35Cl 222.0327 and 37Cl 224.0297, observed m/z 

222.0317 and 224.0286 ( 4.50 and 4.91 ppm). 
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5-Cl-3-indolepropionic acid [3c] 

5-Chloro-3-indolepropionic acid [3c] (65% yield) was acquired using PyrH (10 M) and was 

carried out in accordance with the general procedure stated above. 1H NMR (800 MHz, 

Methanol-d4) 7.51 (1H, d, J 2.0 Hz, Ar-4H), 7.28 (1H, d, J 8.6 Hz Ar-7H), 7.10 (1H, s, Ar-2H), 

7.04 (1H, dd, J 8.6, 2.0 Hz Ar-6H), 3.01 (2H, dd, J 7.8, 7.6 Hz, CH2), 2.65 (2H, dd, J 7.8, 7.6 Hz, 

CH2). 13C NMR (201 MHz, Methanol-d4) 175.9 (COOH), 135.1 (Ar-5C) 128.2 (Ar-7aC), 123.9 

(Ar-3aC), 123.3 (Ar-2C), 121.0 (Ar-6C), 117.2 (Ar-4C), 113.6 (Ar-3C), 111.9 (Ar-7C), 34.6 (CH2), 

20.2 (CH2). LRMS-ESI [M-H]- expected m/z 35Cl 222.0327 and 37Cl 224.0297, observed m/z 

222.0317 and 224.0285 ( 4.50 and 5.36 ppm). 

 

 5-Cl-kynurenine [4a] 

5-Chlorokynurenine [4a] was prepared according to the general procedure described above 

with kynurenine and SttH to give 5-chlorokynurenine (46 % yield) (Frese and Sewald, 2015). 

1H NMR (800 MHz, Methanol-d4) 7.72 (1H, d, J 2.6 Hz, Ar-6H), 7.25 (1H, dd, J 9.0, 2.6 Hz, Ar-

4H), 6.78 (1H, d, J 9.0 Hz, Ar-3H), 4.37 (1H, dd, J 7.2, 3.6 Hz, CH), 3.68 (1H, dd, J 18.6, 3.6 Hz, 

CH2’), 3.64 (1H, dd, J 18.6, 7.2 Hz, CH2’’). 13C NMR (201 MHz, Methanol-d4) 198.1 (C=O), 171.9 

(COOH), 151.9 (Ar-5C) 135.9 (Ar-4C), 130.5 (Ar-6C), 120.0 (Ar-3C) 118.8 (Ar-1C) 117.5 (Ar-2C) 

50.3 (CH) 39.6 (CH2). LRMS-ESI [M+H]+ expected m/z 35Cl 243.0536 and 37Cl 245.0507, 

observed m/z 243.0517 and 245.0487 ( 7.82 and 8.16 ppm). 

 

 5-Cl-anthranilamide [5a] 

5-Chloroanthranilamide [5a] was prepared according to the general procedure described 

above with anthranilamide and SttH to give 5-chloroanthranilamide (30 % yield).(Frese and 

Sewald, 2015) 1H NMR (400 MHz, Methanol-d4) 7.53 (1H, d, J 2.4 Hz, Ar-6H), 7.15 (1H, dd, J 

8.6, 2.4 Hz, Ar-4H), 6.72 (1H, d, J 8.6 Hz, Ar-3H). LRMS-ESI [M+H]+ expected m/z 35Cl 171.0325 

and 37Cl 173.0296, observed m/z 171.0309 and 173.0278 ( 9.35 and 10.40 ppm). 
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 5-Cl-anthranilic acid [6a] 

5-Chloroanthranilic acid [6a] was prepared according to the general procedure described 

above with anthranilic acid and SttH to give 5-chloroanthranilic acid (12 % yield) (Frese and 

Sewald, 2015). 1H NMR (800 MHz, Methanol-d4) 7.73 (1H, d, J 2.6 Hz, Ar-6H), 7.17 (1H, dd, J 

2.6 Hz, 9.0 Hz, Ar-4H), 6.72 (1H, d, J 9.0 Hz, Ar-3H). LRMS-ESI [M+H]+ expected m/z 35Cl 

172.0165 and 37Cl 174.0136, observed m/z 172.0141 and 174.0110 ( 13.95 and 14.94 ppm). 

 

 N-(4-Cl-phenyl)-anthranilic acid [7a] 

N-(4-chlorophenyl)anthranilic acid [7a] was prepared according to the general procedure 

described above with N-phenylanthranilic acid and SttH to give N-(4- 

chlorophenyl)anthranilic acid (9 % yield) (Frese and Sewald, 2015). 1H NMR (800 MHz, 

Methanol-d4) 7.99 (1H, d, J 8.0 Hz, Ar-H), 7.38 – 7.30 (1H, m, Ar-H) 7.32 (2H, d, J 8.8 Hz, Ar-

H), 7.26 – 7.20 (1H, m, Ar-H), 7.22 (2H, d, J 8.8 Hz, Ar-H), 6.76 (1H, t, J 8.0 Hz, Ar-H). LRMS-ESI 

[M+H]+ expected m/z 35Cl 248.0478 and 37Cl 250.0449, observed m/z 248.0459 and 250.0428 

( 7.66 and 8.40 ppm). 
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3.2 ABSTRACT 

The incorporation of biocatalysts within pharmaceutical synthesis is continually expanding 

and gaining pace. Directed evolution strategies have fuelled their progression, yet a lack of 

efficient high-throughput screening methods to analyse such large mutant libraries has 

hindered their development and further optimisation. Flavin-dependent halogenases are 

attractive biocatalysts owing to their regioselective halogenase activity, generating key 

pharmaceutical intermediates using mild conditions. Until now, their progress has faltered 

due to the lack of adequate screening techniques which are amenable to their complex 

cofactor requirements.  

Herein, we discuss the development of SERS spectroscopy to monitor this complex reaction 

in a rapid and sensitive manner. Exploiting sulfur functionalisation of substrates enabled us 

to detect halogenase activity at low concentrations (2.42 x 10-8 M) without modification of 

the reaction conditions.  

 

 

 

3.3 INTRODUCTION  

The application of biocatalysts within pharmaceuticals, fine chemicals and food industries is 

continually gaining momentum, becoming a key consideration when developing cleaner and 

greener processes (Leresche and Meyer, 2006, Turner and Truppo, 2013, Reetz, 2013, Patel, 

2017). Biocatalysts offer numerous advantages over regular synthetic routes, including high 

regio-, stereo- and enantio-selectivity, mild conditions, capability of recovering and reusing 

the catalyst, as well as avoiding toxic reagents and solvents (Patel, 2011, Truppo, 2017, Patel, 

2017). However, their application in industry is often restricted resulting from their low-level 

activity, limited substrate scope and comparatively low stability to traditional chemocatalysts 

(Lutz and Bornscheuer, 2012, Bornscheuer, 2013). Directed evolution (DE) has proven to be 

an effective approach to combat these innate pitfalls by developing more suitable and robust 

biocatalysts. DE is the laboratory method of mimicking natural selection, generating 

biological entities with improved traits. In brief, genes are subjected to iterative rounds of 

mutagenesis (via various mutagenic strategies), creating genetic diversification within a 

population. Mutations displaying desirable traits are selected and subjected to further 

mutagenesis, until a defined end-goal is reached (i.e. 50x increase in activity) (Arnold, 1998, 

Cobb et al., 2013, Bornscheuer, 2013, Packer and Liu, 2015, Grunwald, 2014). The bottleneck 
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of all mutagenesis strategies is the speed of the screening method which evaluates the 

effectiveness of the genetic modifications (Leresche and Meyer, 2006, Whittall and Sutton, 

2009, Reetz, 2013, Guazzaroni et al., 2015). Major advancements in DE methods have been 

made, meaning that huge mutant libraries can be generated in a short period of time, yet, 

the capabilities of high-throughput screening (HTS) methods to assess such large populations 

has not been achieved. The lack of suitable HTS methods has impacted the success of DE 

programs and consequently, impeded biocatalyst integration into synthetic routes.  

Frequently used HTS methods include bespoke fluorometric or colorimetric assays, LC-MS, 

HPLC or NMR, however, these methods suffer drawbacks, such as long acquisition times, 

sample preparation/purification prior to analysis, requirement of a reporter molecule, large 

solvent volumes and costly equipment (Kumar and Clark, 2006, Bornscheuer, 2013, 

Grunwald, 2014). As a result, emphasis has been placed on developing new screening 

methods which can improve upon or completely avoid these weaknesses, one of which is 

surface enhanced Raman scattering (SERS). SERS is an enhancement technique of Raman 

spectroscopy, incorporating nanoscale roughened metal surfaces (usually Ag or Au) which 

interact with the analyte(s) under investigation (Fleischmann et al., 1974). These interactions 

result in the enhancement of the Raman response in the order of 104 – 106 (Jeanmaire and 

Van Duyne, 1977, Albrecht and Creighton, 1977, Campion and Kambhampati, 1998), 

frequently enabling detection of analytes at nano- or pico-molar concentration (single 

molecule detection has been reported (Kneipp et al., 1997, Nie and Emory, 1997, Le Ru et al., 

2006, Kleinman et al., 2011)). Molecule specific information is generated using rapid 

acquisition times (seconds), and this technique is well suited for aqueous conditions as water 

does not give an appreciable Raman response. Hence, it is evident that SERS is a method that 

would be well suited for the rapid screening of biotransformations, aiding mutagenesis 

programs.  

Flavin-dependent halogenases (FDHs) are a class of enzyme that are attractive biocatalysts 

owing to their regioselective halogenase activity (Figure 3.1) (Dong et al., 2005, Yeh et al., 

2006). Traditional methods of chemical halogenation require the use of hazardous and toxic 

reagents, experience poor atom economy and give very little regioselective control over the 

position at which the halogen is introduced (Rowlands et al., 1994, Alonso et al., 2002). Thus, 

there is increasing interest towards the development of FDHs to replace traditional methods, 

allowing for benign conditions and giving desirable regiocontrol. Despite previous 

achievements to increase the inherent low activity and limited substrate scope of FDHs (Lang 

et al., 2011, Poor et al., 2014, Frese and Sewald, 2015, Shepherd et al., 2015, Payne et al., 
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2015, Shepherd et al., 2016, Andorfer et al., 2016), their development has been hampered 

by the lack of HTS methods that can assess activity, as well as assign regioselectivity 

(determining the location of the halogen-carbon bond).  
 

 
 

Figure 3.1. The mechanism of flavin-dependent tryptophan halogenases. Glucose dehydrogenase 
(GDH) and flavin reductase (Fre) recycle essential cofactors, NAD+ and FAD, to their 
reduced forms necessary for flavin-dependent halogenase (FDH) function. Position of 
halogenation (Cl/Br), denoted by X, is dependent on the FDH: X5 = PyrH, X6 = SttH, X7 = 
PrnA/RebH.   

 

We previously investigated SERS as a method to monitor halogenase activity (Chapter 2: 

‘Exploring Surface Enhanced Raman Scattering as a Method to Identify Regioselective Flavin-

Dependent Halogenation’), these results identified that not only could we detect 

halogenation, but that the regiospecific position of the halogen atom could also be 

established, arising from subtle differences in the SERS response. Nevertheless, using this 

approach to analyse unmodified biotransformation reaction samples (both in vitro and in vivo 

preparations), containing essential cofactors was problematic. Once the required cofactors 

(FADH2/NADH, Figure 3.1) were introduced into the system, detection of the starting material 

(i.e. L-tryptophan) and associated product (i.e. 5-chloro-L-tryptophan) was not possible due 

to the complex cofactors interfering with their interactions at the metal surface. 

GDH Fre FDH 
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In this study, we explore the functionalisation of FDH substrates with sulfur-containing 

groups (i.e. thiols, -SH) to promote favourable interactions with the nanoparticle surface and 

exceed the binding affinity demonstrated by the cofactors. When exposed to transition 

metals, both thiols and dithiols form spontaneous transition metal-thiolate complexes, often 

referred to as self-assembled monolayers (SAMs) (Nuzzo and Allara, 1983). Sulfur is a ‘soft’ 

and relatively polarisable atom, having a strong affinity for metals, thus it is commonly used 

in SAMs. Gold-thiolate complexes are the most frequently used SAM due to its reasonably 

inert surface, gold-thiol affinity being so strong that it readily displaces adventitious 

structures from the surface, along with the complexes being stable over long periods of time 

(Nuzzo and Allara, 1983, Love et al., 2005). Silver-thiolate SAMs are the second most studied 

complexes, however, their use is restricted arising from silver’s increased susceptibility to 

oxidation and their toxicity to cells (Love et al., 2005, Poon and Burd, 2004, AshaRani et al., 

2009). SAMs have wide ranging applications and are regularly used within the field of 

nanotechnology, examples include inks (lithography) (Liu et al., 2000, Critchley et al., 2006, 

Mu et al., 2015), biosensors (Wink et al., 1997, Chaki and Vijayamohanan, 2002), drug 

delivery (Paciotti et al., 2004, Ghosh et al., 2008) and as ultrathin corrosion protection layers 

(coatings) (Ramachandran et al., 1996, Jennings and Laibinis, 1996).  

In recent years, interest in monitoring metal-thiolate complexes using SERS has increased. 

One of the first metal-thiolate complexes studied using SERS was benzenethiol by Joo et al., 

they postulated that benzenethiol interacts with the Ag surface through dissociative 

chemisorption of the S-H bond (Joo et al., 1987). Since this initial discovery, many thiol-

containing analytes have been studied using SERS, including nanosensors enabling 

quantitative measurements of the redox potential within eukaryotic cells (Jiang et al., 2014, 

Thomson et al., 2015), as well as emerging examples using thiols as linkers to facilitate the 

adsorption and subsequent detection of specific target analytes that might otherwise go 

undetected (Stewart and Bell, 2011, Graham et al., 2011, Gühlke et al., 2016).  

It is this concept that we wish to employ within our investigations, whereby we design and 

synthesise organosulfur substrates (modelled on active substrates) to undergo halogenation 

by FDHs. The organosulfur substrate/product exhibit an enhanced binding affinity towards 

the metal nanoparticle surface, suppressing signals from interfering cofactor species 

(FADH2/NADH) which do not relay any information regarding halogenase activity. The sulfur-

functionalised substrates enable specific detection allowing measurements of halogenase 

activity to be determined.  
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3.4 EXPERIMENTAL 

3.4.1 Reagents and Materials.  

All chemical reagents were of analytical grade and used with no additional purification. 

Flavin-dependent halogenases, and their associated enzymes, were expressed and purified 

as previously reported (Chapter 2).  
 

3.4.2 Raman Instrumentation.  

A DeltaNu Advantage 200A portable Raman spectrometer (DeltaNu, Laramie, WY, USA) was 

used for spectra collection using a HeNe 633 nm laser with ∼3 mW on the sample. 
 
 

 

3.4.3 SERS Sample Preparation of Standards.  

2 x 10-3 M stock concentrations of either thiol 1 or thiol 2 were prepared in MeOH (details of 

substrate synthesis are described in the SI, section ‘Substrate Synthesis and 

Characterisation’). Prior to individual SERS analysis, stock samples were diluted using 

potassium phosphate buffer (1 x 10-1 M, pH 7.0). For SERS analysis of thiol 1 or thiol 2 

standards: 200 µL HRSC, followed by 200 µL of analyte and buffer solution (at a desired 

concentration) in a glass vial was then vortexed for 7 s. The sample was left to aggregate for 

8 min prior to SERS spectral collection (20 s acquisition). 

For SERS responses of thioacid 1/5-chlorothioacid, stock concentrations of 4 x 10-4 M were 

prepared in acetone (details of substrate synthesis are described in the SI, section ‘Substrate 

Synthesis and Characterisation’). Stock samples were further diluted using potassium 

phosphate buffer (1 x 10-1 M, pH 7.0). SERS analysis: 200 µL HRSC was added to a glass vial, 

next 150 µL of analyte and buffer solution (at a chosen concentration), followed by 50 µL of 

KNO3 (5 x 10-1 M). The sample was vortexed for 7 s and left to aggregated for 8 min before 

SERS collection (25 s acquisition).  
 

3.4.4 FDH Activity Assays.  

Small scale activity assays were prepared using FDH (1 x 10-5 M), Fre (1 x 10-6 M), GDH (6 x 

10-6 M), FAD (7.5 x 10-6 M), NADH (2 x 10-4 M), MgCl2 (2 x 10-2 M), glucose (2 x 10-2 M) and 

substrate (5 x 10-4 M) in a total volume of 100 µL in potassium phosphate buffer (1 x 10-2 M, 

pH 7.0). Reaction samples were incubated at 37 °C with agitation for 1 - 16 h, before being 

quenched (95 °C, 5 min). Precipitated proteins were removed by centrifugation (21,000 ×g 

for 6 min) before analysis via HPLC or SERS.  
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3.5 RESULTS AND DISCUSSION 

3.5.1 Designing Thiol-Functionalised Substrates 

Previous investigations into the substrate scope of SttH, a C-6 flavin-dependent tryptophan 

halogenase, aided the design of organosulfur substrates (Chapter 2). Figure 3.2 identifies 

substrates that are active towards SttH halogenase, their respective chlorinated products 

have been characterised and the position of the C-Cl bond assigned. Knowing the structures 

of active substrates assisted the design process of developing a panel of organosulfur 

substrates.   
 

 
 

 

Figure 3.2. Structures of SttH active substrates, X denotes the position of chlorination 
[3-indolepropionic acid produces two chlorinated products: Xa = Cl, Xb = H (90 %) and Xa 
= H, Xb = Cl (10 %)].  

 

The initial design process led us to investigate tryptophol and indole-3-carbinol (Scheme 3.1) 

as primary substrates for sulfur-functionalisation (their relative activity with a variety of 

flavin-dependent tryptophan halogenases is shown in the SI, Figure S3.1). The Mitsunobu 

reaction is an effective and versatile method which converts hydroxyl groups into potent 

leaving groups, which are readily displaced by a variety of nucleophiles (Mitsunobu and 

Yamada, 1967). This reaction was successfully performed on these primary alcohol substrates 

to afford thioacetates (thioacetates 1 and 2, Scheme 3.1). Subsequent hydrolysis (Scheme 

3.1.1) or reduction (Scheme 3.1.2) afforded thiols 1 and 2, respectively (full synthesis details 

and characterisation found in SI, ‘Substrate Synthesis and Characterisation’). A third 

commercially available thiol, thiol 3 (Scheme 3.1.3) was included within our investigations, 

enabling comparisons into alkanethiol chain length.  
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Scheme 3.1 Synthesis overview and structures of all initial organosulfur substrates. (1) The conversion 
of tryptophol to thioacetate 1, followed by hydrolysis to thiol 1. (2) Indole-3-carbinol 
conversion to thioacetate 2, ensued by reduction to thiol 2. (3) Thiol 3, 3-mercaptoindole, 
a commercially available compound.  

 

Initial optimisation of thiol-functionalised analytes for SERS responses was investigated, and 

during this process numerous experimental parameters were varied. Optimal responses 

were attained using 200 μL of Ag-hydroxylamine reduced colloid (HRSC), 6.25 × 10−6 M total 

analyte concentration, 8 min aggregation time and 25 s acquisition time, using 633 nm laser 

excitation. The biotransformation contains potassium phosphate buffer 1 x 10-3 M at pH 7.0, 

preliminary optimisation revealed that this does not interfere with SERS responses. A SERS 

concentration profile of thiol 1 was performed to determine the limit of detection (LOD) and 

limit of quantification (LOQ). Principal component analysis (PCA) is a multivariate statistical 

approach often employed to explain the natural variance within a dataset, uncovering 

patterns that might otherwise go undetected. The PCA plot of the concentration profile, 

Figure S3.2 in SI, identifies a clear trend arising from increasing/decreasing concentration of 

thiol 1.  The LOQ identifiable at 9.77 x 10-8 M and the LOD calculated as 2.42 x 10-8 M (LOD 

and LOQ calculations, Equation S3.1 and S3.2 in SI). Nanomolar detection demonstrates the 

high sensitivity and low-level detection achievable with these thiol-functionalised analytes. 

The PCA plot also shows tight clustering of SERS data from replicate samples within each of 

the thiol concentrations, identifying that these optimal conditions give very good 

reproducibility.   
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Following SERS optimisation, all thioacetate intermediates and thiol substrates were tested 

for activity towards four different FDHs (SttH C-6, PrnA C-7, PyrH C-5 and RebH C-7). Despite 

demonstrable enzyme activity towards the alcohol starting materials (Figure S3.1 in SI), no 

observable activity was seen with any sulfur-containing substrate, despite numerous 

attempts and increasing enzyme concentration (confirmed using HPLC analysis).  

Thiols are prone to oxidation, forming disulfide bonds (-S-S-). To ensure that oxidation was 

avoided and did not obstruct the acceptance of the substrate within the active site, 

dithioreitol (DTT) was introduced into the enzymatic assays. DTT is a small molecule that is 

widely used to reduce disulfide bonds, as well as stabilising proteins containing free thiol 

groups. DTT addition had no effect on activity and no halogenated product(s) was observed. 
 

 

 
 
 

Figure 3.3. Histogram representing the percentage conversion of L-tryptophan (5 x 10-4 M) to 
chlorinated product using different FDHs in the presence of various concentrations of 
thioacetate 1 or thiol 1. Assay conditions: L-tryptophan (5 x 10-4 M) with either thioacetate 
1 or thiol 1 (0, 1 x 10-4, 2.5 x 10-4, 5 x 10-4, 7.5 x 10-4 M) in potassium phosphate buffer (1 
x 10-3 M, pH 7.0), 1 h, 37 oC, 800 rpm (single measurements). 

 

Next, studies were performed to identify if the introduction of the sulfur atom was causing 

these substrates to behave as inhibitors. Increasing concentrations of either thioacetate 1 or 

thiol 1 were introduced into the assay, along with the natural substrate, L-tryptophan. If one 

compares the conversion of L-tryptophan to chlorinated product using three different FDHs, 

in the absence and presence of thioacetate 1/thiol 1 (Figure 3.3), it is evident that there are 

no obvious deviations in activity. PyrH demonstrates a linear correlation between increasing 

concentrations of thioacetate 1 and decreasing conversion to chlorinated product. 

Nevertheless, in general the activity is unaffected by the organosulfur substrate, so it does 

not seem that these substrates are behaving as inhibitors. 
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Figure 3.4. SERS spectra (n = 3) of thiol 1 standard 2.5 x 10-5 M (black line). Thiol 1 was incubated for 
1 h within assay conditions either without enzyme (red line) or with enzyme, PrnA, present 
(blue line). All spectra represent a final concentration of thiol 1 at 2.5 x 10-5 M, enzymes 
were heat denatured (95 °C, 5 min) and precipitated proteins removed using 
centrifugation (21,000 ×g for 6 min) prior to SERS analysis. SERS conditions: 200 µL HRSC, 
200 µL of assay/thiol 1 sample, 8 min aggregation time, 25 s acquisition using 633 nm 
excitation. Spectra were baseline corrected as detailed in the SI, data processing section.  

 

Despite no enzyme activity towards thioacetates 1 and 2, along with thiols 1 and 2, real 

biotransformation samples were used to identify that organosulfur analytes exceed the 

binding affinity of other cofactors, leading to successful detection of the organosulfur analyte 

within the complex mixture. Two assay samples were prepared including the necessary 

cofactors and conditions needed for the FDH reaction (Figure 3.1), using thiol 1 as the 

substrate. One of those samples did not contain a FDH (Figure 3.4, red line), the other had 

PrnA, C-7 FDH, within the assay sample (Figure 3.4, blue line). The assay samples were 

incubated for 1 h at 37 °C before protein precipitation and removal prior to SERS analysis. 

Figure 3.4 (black line) shows the standard spectrum of thiol 1, the strong band at 684 cm-1 is 

characteristic of C-S vibration (C-S stretch occurs between 710-570 cm-1, (Joo et al., 1987, 

Szafranski et al., 1998, Bloxham et al., 2002)). Observing the SERS standard of thiol 1 in the 

absence of cofactors and enzymes (Figure 3.4, black line), one can see that there is little 

alteration of that response when compared with the biotransformation samples 

(without/with enzyme, Figure 3.4 red/blue lines, respectively). Consequently, incorporation 

Thiol 1 
standard 

Assay sample 
(no enzyme) 

Assay sample 
(PrnA enzyme) 
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of the thiol group has promoted favourable interactions of the analyte with the Ag 

nanoparticles, maintaining sensitive detection within the complex mixture when other 

molecules are competing for the nanoparticle surface/preventing successful interactions.  
 

Next, the substrate scope of organosulfur analytes was increased by a further two substrates, 

in an attempt to identify active sulfur-functionalised analytes. These substrates included the 

commercially available 3-(1-benzothiophen-3-yl)-L-alanine, which is a structural analogue of 

L-tryptophan (Figure 3.5B). The indole moiety is replaced by a benzothiophene, retaining 

amino and carboxylic acid groups on the hydrocarbon side chain. For the second substrate, 

we converted FDH active 3-indolepropionic acid (Figure 3.2) to its corresponding thioacid 

(thioacid 1) using Lawesson’s Reagent (Figure 3.5C). This one-step protocol quickly (10 min) 

converts carboxylic acids to their respective thioacids using an inexpensive and commercially 

available Lawesson’s Reagent (Scheme 3.2, full synthesis details and characterisation found 

in SI, ‘Substrate Synthesis and Characterisation’) (Rao et al., 2009). Similarly, thioacid 1 shares 

structural similarities to L-tryptophan, differing in the absence of the amino group and 

substituting the carboxylic acid for thioacid functionality. 

 
 

 
 

Figure 3.5. Structures of A) L-tryptophan (natural substrate of FDH), B) 3-(1-benzothiophen-3-yl)-L-
alanine and C) thioacid 1. 

 

Due to the structural resemblances of these organosulfur compounds with the most active 

FDH substrate, L-tryptophan, halogenase activity was conceivable. Despite their heightened 

suitability, neither substrate demonstrated halogenase activity towards a panel of FDHs. 

Sulfur is a larger element than oxygen or nitrogen, its increased size lessens its 

electronegativity difference between sulfur and hydrogen (thiol) in comparison to oxygen 

and hydrogen (alcohol) or nitrogen and hydrogen (amine). Alcohols and amines interact with 

themselves and other groups through hydrogen bonding, dipole-dipole interactions, as well 

as Van der Waals dispersion forces. Whereas thiols display weak associations through 

hydrogen bonding (due to similarities in electronegativity) and interactions mainly occur 

through Van der Waals interactions. We hypothesise that these differences in binding 
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interactions are having adverse effects on the acceptance of the organosulfur substrates 

within the halogenase active site. It is also plausible that the increased size of the sulfur atom 

compared with oxygen/nitrogen could also be detrimental towards FDH activity, restricting 

their acceptance into the constrained active site. Key residues and interactions within the 

substrate binding site of FDHs are discussed in further detail within the SI, section ‘FDH Active 

Site Interactions’.  

 

3.5.2 Modelling Enzyme Activity 

To complete our comprehensive study, we wanted to confirm with complete confidence that 

if FDHs had shown activity towards organosulfur substrates, that they would be 

distinguishable from their chlorinated product(s) and quantitative measurements could be 

made. To achieve this, 3-indolepropionic acid was halogenated on large scale with PyrH (C-5 

FDH) to produce 5-chloro-3-indolepropionic acid (further details within SI ‘Substrate 

synthesis and characterisation’). Conversion to a thioacid using Lawesson’s Reagent was 

performed on the chlorinated product, synthesising 5-chlorothioacid, which we could 

compare with thioacid 1 (Scheme 3.2).  

 

 
 

Scheme 3.2. Synthesis of thioacid 1 (blue) via Lawesson’s Reagent reaction using 3-indolepropionic 
acid. 5-chlorothioacid (red) synthesised using a two-step process: initial regioselective 
chlorination of 3-indolepropionic acid using PyrH (FDH) at C-5, subsequent conversion of 
carboxylic acid to thioacid using Lawesson’s Reagent.  

 

To mimic enzymatic halogenation of thioacid 1 (had it been an active substrate), mixtures of 

thioacid 1 and 5-chlorothioacid were prepared and the SERS responses recorded. The total 

concentration was set to 5 x 10-5 M, model mixtures of 0 – 100 % chlorination were prepared 

at 5 % intervals (for example, 50 % chlorination = 2.5 x 10-5 M thioacid 1 and 2.5 x 10-5 M 

5-chlorothioacid). The standard SERS spectrum of the non-chlorinated and chlorinated 

thioacids are shown in Figure S3.3 in SI, clear discriminant bands are easily identified.  The 
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PCA plot of the known mixtures is shown in Figure 3.6 for the first dataset. As depicted by 

the colour gradient, one can see that on increasing concentration of 5-chlorothioacid 

(product) and corresponding decrease in thioacid 1 (starting material), the PCA can clearly 

recognise this trend. Most of the variance is captured by PC 1 (TEV 98.5 %), however further 

separation of the different mixtures is achieved using PC 2 (TEV 0.86 %). Product 

concentrations below 15 % (<7.5 x 10-6 M) are more difficult to distinguish between, thus 

product formation would need to exceed this level for accurate detection and quantification. 

The loadings plot in Figure S3.4 in SI identifies key peaks which enable PCA separation, 

predominantly arising from peaks associated to thioacid 1 which are absent in the 

chlorinated product (model mixtures were prepared and analysed twice, analysis of the 

second dataset is shown in Figure S3.5 and S3.6 in SI). These results suggest that if the FDH 

enzymes had shown activity towards the thiolated substrates, then SERS would have been a 

useful and rapid method to assess enzyme activity. 

 

 
 

Figure 3.6. Principal component analysis (PCA) scores plot of known mixtures of thioacid 1 and 
5-chlorothioacid (from dataset 1). Legend represents concentration of 5-chlorothioacid 
(i.e. 5 µM = 5 x 10-6 M (10 % 5-chlorothiocid, 90 % thioacid 1, 40 µM = 4 x 10-5 M (90 % 
5-chlorothiocid, 10 % thioacid 1). PCA was performed on full spectral range (203 – 3400 
cm-1). Total concentration (5 x 10-5 M), 5x replicates, 633 nm laser excitation, 200 µL HRSC, 
150 µL thioacid 1/5-chlorothioacid mixture, 50 µL KNO3 aggregating agent (5 x 10-1 M), 8 
min aggregation, 20 s acquisition. Data were SNV normalised prior to chemometric 
analysis (as detailed in the SI, section data processing).  TEV = total explained variance. 
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3.6 CONCLUSION 

Previous investigations into SERS as a technique to monitor complex biotransformations, 

such as FDH activity, was unsuccessful arising from the sheer complexity of the reaction. 

Essential cofactors cause competition/interference at the colloidal nanoparticle surface, 

ultimately suppressing SERS responses of the molecules of interest (starting material and 

halogenated product). Thus, we investigated the utilisation of sulfur functionalisation to 

promote the binding affinity of interesting molecules, outcompeting cofactors which relay 

little information.  

In total, five organosulfur substrates were investigated and proved to be successful at 

promoting these favourable interactions with the metal surface, exceeding binding 

interactions of the other assay substituents and rendering their SERS responses insignificant. 

Low level detection was achieved: thiol 1 permitted a LOQ of 9.77 x 10-8 M and the LOD as 

2.42 x 10-8 M, demonstrating the high sensitivity of this SERS approach. Despite these sulfur-

containing substrates showing no activity towards FDHs, we mimicked the enzymatic 

progression of this reaction, preparing model mixtures which represented the conversion of 

thioacid 1 to its chlorinated product, 5-chlorothioacid. Results established that quantification 

of halogenase activity using SERS is conceivable and that this approach could be applied 

towards other complex biotransformations which use enzymes that may be more accepting 

of sulfur-containing substrates.    
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3.8 SUPPORTING INFORMATION 

 

SUPPLEMENTARY METHODS 
 
 

Reagents and Materials.  

All chemical reagents were of analytical grade and used with no additional purification. 

Chemicals and solvents were purchased from Acros Organic (New Jersey, USA), Alfa Aesar 

(Heysham, UK), Fischer Scientific (Loughborough, UK), Formedium (Hunstanton, UK) or Sigma 

Aldrich Ltd (Dorset, UK). Details of cloning, expression and protein purification can be found 

in Chapter 2.  
 

 

Synthesis of Silver Nanoparticles.  

All glassware used within the synthesis of metal nanoparticles was cleaned using aqua regia 

(HNO3: HCl (1:3) v/v) to ensure the removal of any residual metals. Glassware was then 

thoroughly rinsed with deionised water. 

Hydroxylamine-reduced silver colloid (HRSC) was prepared as reported by Leopald and 

Lendl (Leopold and Lendl, 2003). Hydroxylamine hydrochloride (1.88 x 10-3 M, 180 mL) and 

NaOH (3.33 x 10-3 M) were prepared together. To this rapidly stirring solution, AgNO3 (1 x 

10-2 M, 20 mL) was added drop-wise and stirred for a further 15 min, forming an orange-

yellow colloid.  
 

 

SERS Sample Preparation of Standards. 

Thiols 1 and 2. 2 x 10-3 M stock concentrations of either thiol 1 or thiol 2 were prepared in 

MeOH. Prior to individual SERS analysis, stock samples were diluted using potassium 

phosphate buffer (1 x 10-1 M, pH 7.0). For SERS analysis of standards, the following 

preparation was performed: 200 µL HRSC was added to a glass vial, followed by 200 µL of 

analyte and buffer solution (at the desired concentration) and then vortexed for 7 s. MeOH 

content did not exceed 2 % of total SERS sample volume and did not affect the SERS 

spectrum.  

Thioacid 1 and 5-chlorothioacid. 4 x 10-4 M stock concentrations of thioacid 1 and 

5-chlorothioacid were prepared using acetone. Stock samples were further diluted using 

potassium phosphate buffer (1 x 10-1 M, pH 7.0). SERS analysis preparation: 200 µL HRSC was 

added to a glass vial, next 150 µL of analyte and buffer solution (at desired concentration), 

followed by 50 µL of KNO3 (5 x 10-1 M) and vortexed for 7 s. The acetone content did not 

exceed 2.5 % of the total SERS sample volume and did not affect the SERS spectrum. 
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INSTRUMENTATION AND DATA PROCESSING 

 

 

Raman Spectrometer. 

SERS spectra were recorded using a DeltaNu Advantage 200A portable spectrometer 

(DeltaNu, Laramie, WY, USA) equipped with a HeNe 633 nm laser providing ~3 mW of power 

on the sample. Toluene was pipetted into 8 mm glass vials to calibrate the system, allowing 

the ideal distance between the laser and the point of sampling to be established. 633 nm 

SERS spectra were acquired for 20 s (thiol 1/2) or 25 s (thioacid 1/5-chlorothioacid) over a 

range of 200 – 3400 cm-1; the spectral resolution was 10 cm-1. Samples for SERS analysis were 

placed in an 8 mm glass vial, vortexed for 5 s and left for 8 min to aggregate (optimal 

aggregation time), before subjected to laser irradiation once placed in the cell holder. 

 

Raman spectra processing was performed using Matlab software version R2008a (The 

MathWorks, Natick, MA, USA) using scripts written in-house and available via GitHub 

(http://www.biospec.net/resources/). SERS spectra were either raw, baseline corrected or 

SNV normalised (as stated in the text). 

 

 

UV-Vis Spectrophotometry. 

Hydroxylamine-reduced silver colloids (HRSC) were characterised using UV-Vis spectroscopy 

to determine the surface plasmon resonance band λmax of the nanoparticles. HRSC was 

diluted 1:3 v/v with deionised water, to ensure that the UV-Vis absorbance did not exceed 2. 

For analysis 1 mL of the diluted nanoparticle solution was pipetted into a polystyrene cuvette 

and placed into the sample holder of a Thermo Biomate 5 (Thermo Fisher Scientific Inc., 

Massachusetts, USA). Absorbance spectra were collected over a range of 200-800 nm.  
 

 

SEM. 

SEM images were collected using a Field Emission Scanning Electron Microscope with an 

ultimate beam size of 1 nm at 100 eV electron energy (Carl-Zeiss-Straße 56, 73447 

Oberkochen, Germany). A silicon surface was used to image the nanoparticles as silicon helps 

disperse negative charges and generates a greater contrast in comparison to glass, as a result 

higher resolution images can be obtained. To image HRSC nanoparticles, 10 µL was spotted 

onto a silicon slide and left to dry overnight (Figure S3.7). 

 
 

 

 

http://www.biospec.net/resources/
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HPLC. 

Halogenase assays were analysed by HPLC on an Agilent Technologies 1260 Infinity HPLC with 

an Agilent Zorbax Eclipse Plus C18 Rapid Resolution 4.6 x 100 mm 3.5 µm column. Absorbance 

was measured at 254 nm, with a 3 min gradual gradient 20:80 % H2O/ACN + 0.05 % 

trifluoracetic acid (TFA), followed by a gradual gradient of 5:95 H2O/ACN + 0.05 % TFA over 

2.5 min. Flow rates were kept constant at 1 mL min-1. The peak areas of analytes of interest 

were integrated using ChemStation (Agilent 1100 series) and reported % conversions were 

adjusted in accordance with HPLC calibrations.  

Purification of PyrH biotransformation samples was performed on a semi-preparative scale 

using on Varian Prostar 210. 500 µL of solution containing concentrated crude reaction 

mixture was injected onto a Phenomenex Gemini® C18 HPLC column (5 µ packing, 110 Å, 250 

x 10 mm).  A gradual gradient of 5 – 75 % H2O/ACN + 0.1 % FA was used over 35 min, using a 

5 mL min-1 flow rate. UV absorbance was detected at 280 nm throughout.  

 

 

NMR spectroscopy. 

Purified samples were concentrated to dryness using the GeneVac (EZ-2 Series) before the 

addition of deuterated solvent for NMR analysis. NMR analysis was performed on the Bruker 

DXP 400 MHz or 800 MHz spectrometer. Water suppression was achieved by a w5 

WATERGATE pulse sequence or a zgcppr pulse sequence. Spectra processing was performed 

using MestReNova software.  

 

HRMS. 

Agilent 6510 QTOF coupled to an Agilent 1200 series LC. 5 µl of sample is flow injected at 0.3 

ml/min 50 % ACN 0.1 % FA, using ESI in either positive or negative mode (as required, stated 

in the text). 

 

 

Nanoparticle Characterisation 

To characterise nanoparticle size distribution of HRSC, UV-Vis spectrometry was employed 

to enable comparisons between different batches. HRSC were shown to have an absorption 

maximum (λmax) of the plasmon resonance band of 411 nm, which was in agreement with the 

literature (Leopold and Lendl, 2003). A sharp UV-Vis peak also identified that there was a 

narrow size distribution amongst the colloidal nanoparticles.  
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SERS optimisation 

Prior to experiments, many different parameters were varied to attain optimal SERS profiles 

of each analyte. A large focus was placed on the choice of colloidal nanoparticles, along with 

investigations into laser excitation wavelength, analyte concentration, pH, aggregating 

agent, aggregation time, acquisition time, etc.  

 

Biotransformation Sample Preparation  
Optimisation of FDH reaction conditions, along with details of protein expression and 

purification, are previously reported in Chapter 2: ‘Exploring Surface Enhanced Raman 

Scattering as a Method to Identify Regioselective Flavin-Dependent Halogenation’. Optimal 

conditions to test organosulfur substrate activity were: FDH (1 x 10-5 M), Fre (1 x 10-6 M), GDH 

(6 x 10-6 M), FAD (7.5 x 10-6 M), NADH (2 x 10-4 M), MgCl2 (2 x 10-2 M), glucose (2 x 10-2 M) and 

organosulfur substrate (5 x 10-4 M) in a total volume of 100 µL in potassium phosphate buffer 

(1 x 10-2 M, pH 7.0). Reaction samples were incubated at 37 °C with agitation for 1 - 16 h, 

before being quenched (95 °C, 5 min). Precipitated proteins were removed by centrifugation 

(21,000 ×g for 6 min) before analysis via HPLC or SERS.  

 
 

 
 

Figure S3.1. Figure showing comparative activity of four different flavin-dependent tryptophan 
halogenases towards tryptophol (blue) and indole-3-carbinol (orange). Assay conditions: 
[5 x 10-4 M] substrate, SttH/PrnA/PyrH/RebH (1 x 10-5 M), Fre (1 x 10-6 M), GDH (6 x 10-6 
M), FAD (7.5 x 10-6 M), NADH (2 x 10-4 M), MgCl2 (2 x 10-2 M), glucose (2 x 10-2 M) in 
potassium phosphate buffer (1 x 10-3 M, pH 7.0). 16 h incubation at 37 °C, 800 rpm (single 
measurements). 
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LOD =          = 2.42 x 10-8 M 

 
 

 
 
 
 
 
 
 
 
 

LOQ =       ((10 x SD of blank) ± c)     = 9.77 x 10-8 M 
           

                          m  

 
 

Figure S3.2. Principal component analysis (PCA) scores plot of thiol 1 at 24 different concentrations (5 
replicates shown and entire spectral range used). Colour bar represents decreasing 
concentrations (red to blue) with concentrations labelled. Initial concentration of 1.6 x 10-3 
M, ensuing concentrations were reduced by 50 %. The LOQ has been highlighted as 9.77 x 
10-8 M. Tight clustering between replicate data highlights the high reproducibility of the 
SERS responses. TEV = total explained variance in the first 2 PCs. 

 

 

 

Equation S3.1. 

 

Limit of detection (LOD) equation SD = standard deviation of colloidal blank, c = y intercept, m = the 
gradient of a straight line. The LOD for thiol 1 was calculated as 24.2 nM with HRSC  

  

 

 

Equation S3.2.  

 

 

LOQ equation SD = standard deviation of colloidal blank, c = y intercept, m = the gradient of a straight 
line. 97.7 nM was identified as the LOQ for thiol 1 with HRSC. 

 
 

((3 x SD of blank) ± c) 
 

m 
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Figure S3.3. SERS spectra (n = 5) of thioacid 1 (blue) and 5-chlorothioacid (red). A shorter spectral 
range (400 – 2000 cm-1) is shown as no discernible peaks occur outside of these 
perimeters. Total concentration (2.5 x 10-5 M), 5x replicates, 633 nm laser excitation, 200 
µL HRSC, 150 µL thioacid 1/5-chlorothioacid solution, 50 µL KNO3 aggregating agent (5 x 
10-1 M), 8 min aggregation, 20 s acquisition. Data were SNV normalised. 

 
 

 

Figure S3.4. Loadings plot of corresponding PCA for dataset 1 (Figure 3.5). Main peaks enabling PC 

separation along PC 1 are highlighted with asterisks (*) coloured in red, from left to right, 

765, 1009, 1122, 1372 and 1616 cm-1. All aforementioned peaks are characteristic of 
thioacid 1 and are absent in 5-chlorothioacid. Separation along PC 2 arises from subtler 
peaks, such as shifts in wavenumbers and changes in peak intensity.  

* 

* 
* * 

* 
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Figure S3.5. PCA scores plot of known mixtures of thioacid 1 and 5-chlorothioacid, dataset 2. PCA 
performed on the full spectral range (203 – 3400 cm-1). Total concentration (5 x 10-5 M), 
5x replicates, 633 nm laser excitation, 200 µL HRSC, 200 µL thioacid 1/5-chlorothioacid 
mixture, 50 µL KNO3 aggregating agent (1 x 10-1 M), 20 s acquisition time. Data were SNV 
normalised prior to chemometric analysis. 

 
 

 
 

Figure S3.6. Loadings plot of corresponding PCA for dataset 2 (Figure S3.5). Main peaks enabling PC 
separation along PC 1 are identical to dataset 1; from left to right, 765, 1009, 1122, 1372 

and 1616 cm-1 (denoted by asterisks (*) in red). Separation along PC 2 arises from subtler 

peaks, such as shifts in wavenumbers and changes in peak intensity, again in sync with 
dataset 1. 

* 

* * * * 
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SEM images identified that the size and shape distribution of the nanoparticles was good, 

images are shown Figure S3.1. The average nanoparticle size was ~30± 5 nm, once again 

agreeing with the literature.  
 
 

   
 

Figure S3.7. SEM images of HRSC on silicon. Left, depicts images of 50x magnification and a scale bar 
of 200 nm. Right, 96x magnification and 200 nm scale bar.  

 

 

Substrate Synthesis and Characterisation 
 

   

Triphenylphosphine (5.25 g, 20.0 mmol) was dissolved in anhydrous THF (75 mL) and cooled 

to 0oC. DIAD (3.94 mL, 4.05 g) was added drop-wise under thorough stirring for 0.5 h. A 

solution of thioacetic acid (1.53 g, 20.0 mmol) and tryptophol (0.81 g, 5.0 mmol) in anhydrous 

THF (25 mL) was added drop-wise to the reaction mixture. Stirring at 0 oC was continued for 

1 h, then left to return to RT overnight with stirring. After 16 h, THF was removed in vacuo, 

the orange solid washed with cold Et2O (2 x 25 mL) and dissolved in the minimum volume of 

EtOAc (~2 mL). The residue was purified by flash-column chromatography twice, an 

incremental gradient was used to remove PPh3=O, eluting with hexane - ethyl acetate (7:3) 

to give the respective thioacetate 1 (863.6 mg, 78 %) as a pale orange solid.  
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1H NMR (400 MHz, Acetonitrile-d3) 9.11 (1 H, s, NH), 7.68 – 7.62 (1 H, m, Ar-H), 7.42 (1 H, dd, 

J 8.0, 2.0 Hz, Ar-H), 7.21 – 7.04 (3 H, m, Ar-H), 3.24 – 3.15 (2 H, m, CH2), 3.06 – 2.96 (2 H, m, 

CH2), 2.33 (3 H, s, CH3). 13C NMR (101 MHz, Acetonitrile-d3) 195.4 (C=O), 136.1 (Ar-C), 126.9 

(Ar-C), 122.2 (Ar-C), 121.2 (Ar-C), 118.5 (Ar-C), 118.1 (Ar-C), 113.3 (Ar-C), 111.0 (Ar-C), 29.6 

(CH3), 29.3(CH2), 25.0 (CH2). HRMS-ESI [M+H]+ expected m/z 220.0791 observed m/z 

220.0788 ( 1.36 ppm). 
 

 

   

Thioacetate 1 (226.9 mg, 1.03 mmol) was dissolved in degassed MeOH (5 mL) under inert 

atmosphere. NaOH (82.4 mg, 2.10 mmol) dissolved in degassed H2O (1.25 mL) was added 

drop wise to the reaction mixture, which was refluxed under inert atmosphere for 2 h and 

then left to return to RT. Degassed 2 M HCl (3 mL) was added to neutralise the reaction 

mixture, forming a pale orange solid. Degassed H2O (5 mL) was added and the organic layer 

which was extracted with degassed Et2O (20 mL), washed with H2O (3 x 10 mL), dried over 

MgSO4 and concentrated under reduced pressure. The residue was rapidly purified by flash-

column chromatography as thiols are susceptible to oxidation. The product was eluted with 

hexane - ethyl acetate (1:1) yielding thiol 1 (129.84 mg, 71 %) as a pale-yellow solid.  

1H NMR (400 MHz, Acetonitrile-d3) 9.08 (1 H, s, NH), 7.57 (1 H, dq, J 8.0, 1.0 Hz, Ar-H), 7.40 

(1 H, dt, J 8.2, 1.0 Hz, Ar-H), 7.17 – 7.01 (3 H, m, Ar-H), 3.03 (2 H, t, J 7.4 Hz, CH2), 2.83 (2 H, 

q, J 7.4 Hz, CH2), 1.63 (1 H, t, J 7.8 Hz, SH). 13C NMR (101 MHz, Acetonitrile-d3) 136.2 (Ar-C), 

126.8 (Ar-C), 122.4 (Ar-C), 121.1 (Ar-C), 118.5 (Ar-C), 118.1 (Ar-C), 113.1 (Ar-C), 111.0 (Ar-C), 

29.4 (CH2), 24.6 (CH2). HRMS-ESI [M+H]+ expected m/z 178.0685 observed m/z 178.0681 ( 

2.25 ppm). 
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Triphenylphosphine (5.25 g, 20.0 mmol) was dissolved in anhydrous THF (75 mL) and cooled 

to 0oC. DIAD (3.94 mL, 4.05 g) was added drop-wise under rapid stirring for 0.5 h. Thioacetic 

acid (1.53 g, 20.0 mmol) and indole-3-carbinol (0.736 g, 5.0 mmol) in anhydrous THF (25 mL) 

was added drop-wise to the reaction mixture. Stirring at 0oC was continued for a further 1 h, 

then left to return to RT overnight with stirring. After 16 h, THF was removed in vacuo, the 

yellow liquid washed with cold Et2O (2 x 25 mL) and diluted with EtOAc (~1 mL). The mixture 

was purified by flash-column chromatography twice, an incremental gradient was used, 

eluting with hexane - ethyl acetate (7:3) affording thioacetate 2 (0.87 mg, 85 %) as a yellow 

liquid.  

1H NMR (400 MHz, Acetonitrile-d3) 9.16 (1 H, s, NH), 7.55 (1 H, dq, J 8.0, 1.0 Hz, Ar-H), 7.41 

(1 H, dt, J 8.2, 1.0 Hz, Ar-H), 7.25 – 7.11 (2 H, m, Ar-H), 7.08 (1 H, ddd, J 8.0, 7.0, 1.2 Hz, Ar-H), 

4.34 (2 H, s, CH2), 2.31 (3 H, s, CH3). 13C NMR (101 MHz, Acetonitrile-d3) 195.3 (C=O), 136.1 

(Ar-C), 126.2 (Ar-C), 123.7 (Ar-C), 121.5 (Ar-C), 118.9 (Ar-C), 118.1 (Ar-C), 111.2 (Ar-C), 110.4 

(Ar-C), 29.4 (CH3), 23.8 (CH2). HRMS-ESI [M+H]+ expected m/z  206.0634 observed m/z 

206.0630 ( 1.94 ppm). 

 

 

   

Thioacetate 2 (220.0 mg, 1.07 mmol) was dissolved in degassed MeOH (2 mL), to this a 

solution of NaBH4 (60.71 mg, 1.61 mmol) in degassed MeOH (2 mL) was added drop-wise and 

the mixture was refluxed for 1.5 h under inert atmosphere. Degassed 2 M HCl was added to 

quench the reaction until pH 6 was reached, degassed H2O (3 mL) was added, along with 

degassed EtOAc (6 mL). The product was extracted using EtOAc, washed with H2O, dried over 

MgSO4 and concentrated in vacuo giving thiol 2 (101.30 mg, 58 %) a pale-yellow solid. 

1H NMR (400 MHz, Acetonitrile-d3) 9.13 (1 H, s, NH), 7.58 (1 H, dq, J 8.0, 1.0 Hz, Ar-H), 7.41 

(1 H, dt, J 8.2, 1.0 Hz, Ar-H), 7.23 – 6.97 (3 H, m, Ar-H), 3.88 (2 H, d, J 0.8 Hz, CH2), 2.17 (1 H, 
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s, SH). 13C NMR (101 MHz, Acetonitrile-d3) 136.4 (Ar-C), 126.5(Ar-C), 123.3(Ar-C), 121.4(Ar-

C), 118.6(Ar-C), 118.5(Ar-C), 111.3(Ar-C), 111.0(Ar-C), 26.0 (CH2). HRMS-ESI [M-H]- expected 

m/z 162.0383 and 163.0416 observed m/z 162.0380 and 163.0406 ( 1.85 and 6.13 ppm). 

 
 

   

A solution of 3-indolepropionic acid (94.61 mg, 0.5 mmol) and Lawesson's Reagent (113.25 

mg, 0.28 mmol) in DCM (2 mL) was subjected to MW irradiation (100 oC, 10 min) in a sealed 

tube.  The bright orange solution was purified was using reverse phase C18 silica, product 

elution with 10 % MeOH in H2O gave a dark yellow liquid, thioacid 1 (53.36 mg, 52 %).  

1H NMR (400 MHz, Chloroform-d) 7.99 (1 H, s, NH), 7.59 (1 H, d, J 7.8 Hz, Ar-H), 7.37 (1 H, d, 

J 8.0 Hz, Ar-H), 7.22 (1 H, td, J 8.2, 7.6, 1.2 Hz, Ar-H), 7.14 (1 H, ddd, J 8.2, 7.0, 1.2 Hz, Ar-H), 

7.02 (1 H, d, J 2.4 Hz, Ar-H), 4.47 (1 H, s, SH), 3.13 (2 H, ddt, J 9.6, 8.2, 2.2 Hz, CH2), 3.03 (2 H, 

ddd, J 8.2, 7.2, 2.2 Hz, Ar-H). 13C NMR (101 MHz, Chloroform-d) 197.4 (C=O), 136.3 (Ar-C), 

127.0 (Ar-C), 122.2 (Ar-C), 121.6 (Ar-C), 119.5 (Ar-C), 118.6 (Ar-C), 114.1 (Ar-C), 111.2 (Ar-C), 

46.3 (CH2), 20.9 (CH2). HRMS-ESI [M-H]- expected m/z 204.0489 observed m/z 204.0495 ( 

2.94 ppm). 

 
 

  

The conversion of 3-indolepropionic acid to 5-chloro-3-idolepropionic acid was performed 

enzymatically using PyrH (C-5 FDH). Biotransformation conditions: PyrH (1 x 10-5 M), Fre (1 x 

10-6 M), GDH (6 x 10-6 M), 3-indolepropionic acid (2.2 x 10-3 M), MgCl2 (2 x 10-2 M), FAD (7.5 x 

10-6 M), NADH (2 x 10-4 M), glucose (2 x 10-2 M) in 15 mL potassium phosphate buffer (1 x 10-

2 M, pH 7.0). Assays were incubated for 16 h at 30 ˚C with shaking, after this time had passed, 

the reaction was quenched with MeOH (1:1 v/v). The biotransformation was performed 

many times (>10) and the concentrated crude mixture (via genevac concentrator) was 
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combined prior to purification by semi-preparative HPLC, producing 5-chloro-3-

indolepropionic acid (21.24 mg).  

A solution of purified 5-chloro-3-indolepropionic acid (21.24 mg, 0.095 mmol) and 

Lawesson's Reagent (21.13 mg, 0.052 mmol) in DCM (0.4 mL) was subjected to MW 

irradiation (100 oC, 11 min) in a sealed tube.  The bright orange solution was purified was 

using reverse phase C18 silica, product elution with 10 % MeOH in H2O gave a pale-yellow 

liquid, 5-chlorothioacid (12.19 mg, 54 %).  

1H NMR (400 MHz, Chloroform-d) 8.02 (1 H, s, NH), 7.57 – 7.51 (1 H, m, Ar-H), 7.29 – 7.24 (1 

H, m, Ar-H), 7.15 (1 H, dd, J 8.6, 2.0 Hz, Ar-H), 7.06 – 6.98 (1 H, m, Ar-H), 4.49 (1 H, s, SH), 3.14 

– 3.04 (2 H, m, CH2), 3.04 – 2.95 (2 H, m, CH2). 13C NMR (101 MHz, Chloroform-d) 195.5 (C=O), 

133.0 (Ar-C), 126.5 (Ar-C), 123.7 (Ar-C), 121.5 (Ar-C), 120.9 (Ar-C), 116.5 (Ar-C), 112.3 (Ar-C), 

110.6 (Ar-C), 44.5 (CH2), 19.0 (CH2). HRMS-ESI [M-H]- expected m/z 35Cl 238.0099 and 37Cl 

240.0069, observed m/z 238.0103 and 240.0074 ( 1.68 and 2.08 ppm). 

 

 

 

FDH Active Site Interactions 

The crystal structure of PrnA (C-7 FDH) was published by Dong et al., (Dong et al., 2005) these 

structural insights into the active site residues and binding interactions can help our 

understanding of why organosulfur substrates did not demonstrate halogenase activity. 

Figure S3.8 identifies the main interactions within the active site of PrnA, resulting in 

regioselective halogenation at position C-7 on the indole ring. The carboxylic acid and amino 

group of the hydrocarbon chain are involved in a series of hydrogen bonds to tyrosine (Y443 

and Y444), phenylalanine (F454) and glutamate (E450). The indole moiety also participates 

in a hydrogen bond with glutamate (E346), as well as π-π stacking interactions (H101, F103 

and W455).  

If we consider the hydrogen bonding interactions in relation to the organosulfur substrates 

mentioned throughout, at least one of these H-bonding interactions are disrupted (Figure 

S3.8). Thiols 1 and 2, along with their precursors thioacetate 1 and 2 (Scheme 3.1), retain 

interactions at E346 residue only, along with π-π stacking interactions. Unlike nitrogen and 

oxygen, sulfur exhibits very weak H-bonding, thus these substrates would experience 

weakened interactions at Y444, together with a lack of amino group preventing interactions 

at Y443, E450 and F454. Evidently, the loss of these interactions results in a loss of activity.   
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3-(1-benzothiophen-3-yl)-L-alanine (Figure 3.5B) is a structural analogue of L-tryptophan, 

which retains all interactions along the hydrocarbon sidechain. H-bonding at E346 is no 

longer permitted as the sulfur within the benzothiophene ring will not interact at this residue 

(no free H-bond). Absence of this interaction may prevent activity, or, as previously 

discussed, it may be due to the increase in atom size of the sulfur compared to nitrogen. 

Finally, thioacid 1 (Figure 3.5C) experiences a similar lack of H-bonding interactions 

surrounding the hydrocarbon sidechain, alike to thiol 1/2 and thioacetates 1/2. 

 
 

 
 

Figure S3.8. PrnA active site with L-tryptophan bound. Key active site residues partaking in hydrogen 
bonding interactions are shown. Residues involved in π-π stacking (H101, F103 and W455) 
above and below the indole moiety are removed for clarity. 

 

 

In summary, it is reasonable to believe that these organosulfur substrates are inactive due to 

missing H-bonding interactions which are important for FDH activity. Conversely, it could be 

a consequence of the increased atomic radius and subsequent bond lengths associated with 

sulfur, thus the constrained active site may not be able to facilitate the acceptance of sulfur-

containing substrates.  
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4.2 ABSTRACT 

More than half of today’s drug compounds contain a chiral centre, as a consequence, being 

able to distinguish between enantiomers at these centres is an increasing concern. Racemic 

compounds are not only wasteful, but can also have significant, adverse side effects. 

Biocatalysts are gaining momentum within pharmaceutical development as they enable mild 

conditions and sustainable processes, but their most attractive trait is their high regio-, 

stereo- and enantio-selectivity. Thus, enzymes can be incorporated within synthetic routes 

as to avoid the formation of the undesirable enantiomeric form(s) and reduce waste. There 

are few analytical techniques which are capable of enantiomer discrimination and the most 

common method, HPLC, suffers from lengthy optimisation, extended acquisition times and 

low sensitivity. Within this work, we successfully demonstrate SERS as a rapid technique to 

monitor enzyme enantioselectivity in real-time.  By employing a pseudo-enantiomer 

approach, thioester substrates were selectively hydrolysed and their corresponding thiol 

products were easily detected in situ (that is to say, directly within the reaction mixture) by 

instantaneous capture using silver nanoparticles. Two enzymes were studied, the first having 

high selectivity towards L-enantiomers (α-chymotrypsin). The other, experiencing low 

enantioselectivity and hence hydrolysing both L- and D-enantiomers simultaneously (pig liver 

esterase).  This SERS method offers high sensitivity (LOD of 1.56 µM), rapid acquisition times 

(10 s) and successful discrimination between enantioselective activity in real-time.  

 

4.3 INTRODUCTION  

Most molecules that are of great importance to living organisms are chiral, these include 

amino acids, hormones, carbohydrates, nucleic acids, proteins and many natural products. In 

general, only one of the two enantiomeric forms of these biomolecules are produced in 

nature, this is a result of only a single enantiomer producing the desirable outcome (Crossley, 

1995, Mohan et al., 2009). This is also true within the development of chiral pharmaceuticals. 

The production of racemic drugs (both enantiomeric forms) can be wasteful, but more 

importantly, it may introduce undesirable side effects or adverse reactions, including 

teratogenicity. It is estimated that more than 50 % of marketed drugs are chiral. Evidently it 

is of great importance to be able to characterise and separate enantiomers to avoid toxic 

drug preparations (Walther and Netscher, 1996, Rentsch, 2002, Katzung et al., 2016). 

Consequently, the development of techniques which can discriminate between enantiomeric 
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forms or methods to produce single enantiomers, is a growing field within academia and 

industry.   

Commonly used analytical methods for chiral analysis include, high performance liquid 

chromatography (HPLC), gas chromatography (GC), supercritical fluid chromatography (SFC) 

and capillary electrophoresis (CE) (Nguyen et al., 2006). The most extensively used method 

being HPLC, which can be performed by means of direct or indirect measurements. Direct 

analysis usually involves specialist chiral columns which require a significant amount of 

optimisation and frequently involve long acquisition times. Indirect approaches use chiral 

derivatization reagents. These reagents will react with the analyte under investigation (i.e. 

chiral drug) provided that specific functional groups are present. The derivatization reagent 

also has a chiral centre, leading to a diastereomer product which enables separation using 

regular HPLC columns (i.e. C18) (Toyo'oka, 2002). Despite a lot of research around the 

development of faster, universal and more information rich chiral techniques, little progress 

has been made.  

Another approach within pharmaceutical development is the synthesis of single 

enantiomers: asymmetric synthesis. For this, the application of biocatalysts has been 

fundamental as they exhibit very high enantiomeric excess (ee), substrate specificity, along 

with mild operating conditions (Gröger, 2010). Yet their high substrate specificity can also 

limit their widespread application, therefore, protein engineering has been an important 

methodology to modify their properties (Kazlauskas and Bornscheuer, 2009). Directed 

evolution in particular, has rapidly emerged as a technique for improving an enzymes 

characteristics, examples include increasing their activity, substrate scope or switching their 

intrinsic enantioselectivity (Reetz, 2004, May et al., 2000, Hibbert and Dalby, 2005, Chica et 

al., 2005). These developments further support the application of biocatalysts within industry 

for the synthesis of enantiomerically pure pharmaceuticals.  

Within this research, we will explore surface-enhanced Raman scattering (SERS) 

spectroscopy as a sensitive and rapid technique, to characterise enantioselectivity expressed 

by an enzyme (i.e. L- and/or D-selectivity). This vibrational technique has very recently proven 

to be extremely successful at quantifying biotransformations, achieving results that are in 

sync with more common analytical techniques, such as HPLC and UV/vis (Westley et al., 2016, 

Hollywood et al., 2010). The Goodacre group has previously investigated the sensitivity of 

SERS to distinguish between enantiomers. These studies involved the preparation of chiral 

colloids using L- and D-enantiomeric forms of reducing agents (literature known examples 

include tyrosine-reduced nanoparticles (Bhargava et al., 2005)). However, SERS proved 
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unsuccessful at distinguishing between enantiomers, even when chiral nanoparticles were 

used. By contrast, our approach within this work is to utilise pseudo-enantiomers to generate 

molecule specific changes that are discriminant for identification in SERS. Pseudo-

enantiomers retain the same substructure centred around the chiral moiety, however the 

enzymatically released counterpart differs slightly, depending on whether it is the L- or D-

enantiomer, see Figure 4.1. This approach was shown to be extremely successful by 

Fernández-Álvaro, et al. (Fernández-Álvaro et al., 2011). They demonstrated that pseudo-

enantiomers modelled on an esterase substrate could enable selective recognition of R- or 

S-enantioselectivity. The chiral carboxylic acid was coupled to either a carbon source (R-

enantiomer), leading to cell proliferation, or a brominated compound (S-enantiomer) causing 

cell death. 

 

 

 
 

Figure 4.1. Basic overview of a pseudo-enantiomer approach towards esterase activity. If Y and X share 
identical functional groups between the two compounds, but are the two different 
enantiomeric forms (L- and D-/R- and S-), then they are enantiomers of one another as a 
chiral centre is present. The R-group differs between the two enantiomers (R1 versus R2), 
becoming pseudo-enantiomers. Upon enzyme-catalysed hydrolysis (i.e. esterase), the 
different R-groups will indicate which enantiomer was selectively hydrolysed, thus 
uncovering enzyme enantioselectivity. 

 

As one can observe in Figure 4.1, if an enzyme demonstrates low enantioselectivity, i.e. 

hydrolyses both L- and D-compounds, then 6 different components may be present within 

the reaction mixture. Our previous research has explored complex biotransformations, 

namely flavin-dependent halogenases, which led to difficulties within the SERS analysis of 

the substrate and halogenated product amongst essential complex cofactors. Following 

these observations, selective thiol-functionalisation of the substrate and its corresponding 

product proved extremely successful, facilitating selective detection of these reaction 

components over the complex cofactors (see Chapter 3: ‘Thiol-Functionalised Substrates for 

Sensitive and Rapid Detection of Regioselective Flavin-Dependent Halogenation using SERS’). 

This was the result of the thiol group having a very high affinity towards the silver 

nanoparticles, exceeding the interactions of other un-modified molecules.  
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Herein, we aim to combine the pseudo-enantiomer approach with thiol-functionalised 

substrates. Thioester substrates will be designed so that hydrolysis of the thioester bond 

generates a free thiol group for sensitive SERS detection. The R-group attached to the thiol 

will be different between the two enantiomer forms, so that the cleaved R-group will be 

characteristic of the enantioselective behaviour expressed by the enzyme. 

 

4.4 EXPERIMENTAL 

4.4.1 Reagents and Materials.  

All chemical reagents were of analytical grade and used with no additional purification. 

Commercial enzymes, α-chymotrypsin from bovine pancreas (EC 3.4.21.1) and pig liver 

esterase (EC 3.1.1.1) were purchased from Sigma Aldrich Ltd. (Dorset, UK).  
 

 

4.4.2 Raman Instrumentation.  

A DeltaNu Advantage 200A portable Raman spectrometer (DeltaNu, Laramie, WY, USA) was 

used for spectra collection using a HeNe 785 nm laser. The typical power on the sample was 

~60 mW. 

 

4.4.3 Biotransformation Sample Preparation  

4.4.3.1 Small scale (1 mL) SERS biotransformation. Real-time SERS samples contained 625 µL 

hydroxylamine-reduced silver colloid (HRSC), 100 µL t-butanol (internal standard), potassium 

phosphate buffer (5 x 10-3 M final concentration, pH 6.2) and L- and D-thioesters at a total 

concentration of 2 x 10-5 M (1 x 10-5 M each). The introduction of α-chymotrypsin (2 x 10-9 M) 

initiates the reaction. SERS spectra were continually acquired, using a 10 s acquisition time.  
 

4.4.3.2 Large scale (20 mL) SERS biotransformation with comparative HPLC.  Real-time SERS 

samples contained 12.5 mL HRSC, 2 mL t-butanol (internal standard), potassium phosphate 

buffer (5 x 10-3 M final concentration, pH 6.2) and L- and D-thioesters at a total concentration 

of 2 x 10-5 M. The introduction of α-chymotrypsin (2 x 10-9 M) or PLE (50 µl of 10 mg/mL 

ammonium sulfate solution) initiates the reaction. For SERS analysis, 0.4 mL was removed 

from the reaction mixture and analysed instantaneously using a 10 s acquisition time (mainly 

every minute over the monitoring period). For comparative HPLC analysis (largely every other 
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min), 1 mL of the reaction mixture was quenched using 1 % trifluoroacetic acid (TFA), 

followed by centrifugation (21,000 xg for 6 min) and overnight (16 h) lyophilisation of the 

supernatant affording a solid. This solid was re-dissolved in acetonitrile (70 µL) and 

centrifuged (1,000 xg for 6 min) prior to HPLC analysis (24 min acquisition time, chiral 

column). See SI, supplementary methods for further information. 

 

4.4.4 Thioester Synthesis.  

Details surrounding the synthesis, characterisation and confirmation of thioester 

enantiopurity can be found in the SI, section ‘Thioester Synthesis and Characterisation’.  

 

 

4.5 RESULTS AND DISCUSSION 

4.5.1 Thioester Design and Optimisation  

To enable successful enzyme-catalysed thioester hydrolysis, a major consideration was the 

design of suitable thioester substrates and choosing appropriate enzymes that would be 

active towards these compounds. Two different classes of commercial enzyme were studied, 

the first being α-chymotrypsin from bovine pancreas, which selectively cleaves peptide bonds 

with aromatic or large hydrophobic side chains (tyrosine, tryptophan, phenylalanine) on the 

carboxyl end of the bond. Secondly, an esterase from pig liver (PLE) which catalyses the 

hydrolysis of a broad range of esters to their corresponding carboxylic acids. Referring to 

Table 4.1, the first subset of thioester substrates (A) were designed around N-Boc-protected 

phenylalanine, knowing that L-phenylalanine esters are selectively hydrolysed by 

α-chymotrypsin. Secondly, a publication in 1994 established that a range of different lipases 

gave a low ee towards Cbz-protected alanine esters (Duthaler, 1994), i.e. active towards both 

L- and D-enantiomers. As we wanted to demonstrate the potential of this SERS approach 

towards screening within mutagenic strategies, such as those used in directed evolution, a 

low selectivity enzyme would identify if this method could correctly identify both thiol-

hydrolysis products, with the potential to quantify their relative activity. Consequently, 

thioester substrates towards were designed around a Cbz-protected alanine substructure, 

substrate subset B (Table 4.1). Screening multiple lipases and esterases identified PLE as the 

most active and least enantioselective enzyme (low ee). 
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Table 4.1. Table showing the structures of the 8 thioester compounds. Substrate set A are substrates 
towards α-chymotrypsin hydrolytic activity. Substrate set B are pig liver esterase (PLE) 
substrates. Each of these substrates have L- and D-enantiomeric forms, with two differing 
thioester groups: either 1-propanethiol or 2-propanethiol, generating 4 compounds per 
subset (A/B).  

 

 
 

 

The thiol linkers on the thioester substrates were chosen to be 1-propanethiol and 

2-propanethiol. This choice was predominantly a result of their SERS responses giving rise to 

peaks that were characteristically different (Figure 4.2), a preference over a small group (low 

MW) and that they were structural isomers of one another (for further discussion, see the SI 

section ‘Thiol Optimisation and Monolayer Coverage’, Figure S4.1 and Table S4.1). 

Information surrounding SERS parameter optimisation is provided in the SI, section ‘SERS 

Optimisation’, along with tentative band assignments of 1-propanethiol and 2-propanethiol 

in Table S4.2. Initially we performed at-line analysis of the biotransformation samples, 

involving the precipitation and removal of protein prior to SERS analysis. Early investigations 

identified that the thioester starting materials and their corresponding hydrolysed carboxylic 

L-1-A 

L-2-A 

L-1-B 

L-2-B 

D-1-A 

D-2-A 

D-1-B 

D-2-B 
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acid products do not give SERS responses (Table 4.1), it is purely the thiol products that give 

rise to SERS. Consequently, t-butanol (t-BuOH) was introduced into the reaction mixture to 

act as an internal standard for subsequent analysis of the SERS data (t-BuOH gives a single 

characteristic peak at 747 cm-1).  

 

 

 

Figure 4.2. SERS spectra (average of n = 5) of 1-propanethiol (red) and 2-propanethiol (blue). Structural 
isomers (straight versus branched chain) resulting in noticeably different SERS responses. 
1 x 10-5 M concentration in potassium phosphate buffer (pH 6.2, 0.01 M) with HRSC, 785 
nm irradiation using a 10 s acquisition time. Data have been baseline corrected and 
normalised (see SI, data processing for further details).  

 

During initial experiments, it became evident that the thiol products were oxidising and 

forming adverse disulfide bonds. We experienced a decreasing SERS response over time with 

a known thiol concentration, and a series of experiments proved that this was caused by 

dissolved oxygen within the reaction mixture (see SI, section ‘Oxidation: Disulfide Bond 

Formation’, Scheme S4.1 and Figure S4.2 for further discussion). If a proportion of the thiol 

was oxidising, this would significantly affect our ability to correctly identify and quantify the 

extent of thioester hydrolysis and hence, its enantioselectivity towards either L- and/or D-

substrates. Similarly, the free thiols may also undergo transthioesterification with the un-

hydrolysed thioesters, which would also lead to false results (see Scheme S4.1 in SI). 

Therefore, we proposed that it might be possible to perform the biotransformation directly 

in the presence of the silver nanoparticles, facilitating instantaneous capture of the thiols as 
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they are generated in situ. This approach would avoid disulfide bond formation and enable 

real-time, on-line measurements of hydrolytic activity.  

 

4.5.2 Highly Enantioselective Enzyme: α-Chymotrypsin 

Initially the L-selective hydrolysis of L-1-A in the presence of D-2-A was performed, 

generating 1-propanethiol and N-Boc-L-phenylalanine products in equimolar concentrations. 

This 1 mL scale reaction, containing >60 % hydroxylamine-reduced silver nanoparticles, was 

constantly monitored using a 10 s acquisition time with a portable 785 nm Raman 

instrument. The corresponding SERS responses can be seen in Figure 4.3, the colour bar 

represents the time, enabling an increasing SERS response to be clearly visualised. Simple 

univariate analysis can be applied to the dataset by plotting the peak area of the major, 

discriminant peak at 697 cm-1, shown inset. As one would expect, we can see an increasing 

peak area with respect to time, demonstrating that the thiols are interacting with 

nanoparticles upon their generation by enantioselective hydrolysis. A second real-time, 1 mL 

reaction was performed however using an equimolar concentrations of substrates L-2-A and 

D-1-A. Subsequent enzymatic hydrolysis towards the L-enantiomer produced a SERS 

response corresponding to 2-propanethiol, this response is shown in Figure S4.3 in SI. 

Controls were performed, confirming that this enantioselective hydrolysis was caused by the 

enzyme and not due to the metal nanoparticles behaving as a catalyst (nanozyme) (Manea 

et al., 2004, Mancin et al., 2016, Sloan-Dennison et al., 2017). 

As the thiols readily oxidise, a SERS calibration cannot be performed to quantify their 

response as it would incur many errors. Thus, it was necessary to incorporate another 

technique which would provide an external calibration of the reaction components, enabling 

predictions of the thiol concentrations via SERS analysis. For this, HPLC was employed to 

provide quantitative measurements of the reaction components, enabling an analytical 

calibration and training/validation for the multivariate curve resolution-alternating least 

squares (MCR-ALS) models. As the thioester starting materials (L- and D-forms) and the 

hydrolysed N-Boc-L-phenylalanine product do not give SERS signals, they do not interact with 

the metal nanoparticles. Thus, these compounds can be recovered from the reaction mixture 

and analysed by HPLC, unlike the thiol products which form irreversible bonds with the 

nanoparticles and cannot be easily recovered (nor do they contain a chromophore so they 

are not detectable in UV-vis of HPLC). N-Boc-L-phenylalanine and its associated thiol are 

hydrolysed in an equimolar ratio (1:1) upon enzyme catalysis, therefore, it is plausible to 
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hypothesise that the N-Boc-L-phenylalanine product and the two thioester starting materials 

could be used to quantify product generation, and hence the corresponding concentration 

of thiol being detected in SERS.  
 

 
 

Figure 4.3. Cumulative SERS spectra taken over a 30 min time course. The colour bar highlights the 
increasing intensity with time (t = 0 in blue, t = 30 in red). The SERS data have been 
normalised to the internal standard, t-BuOH at 747 cm-1 (see SI, data processing for further 
details). 1 mL reaction including an equimolar ratio of substrates L-1-A and D-2-A, with a 
total concentration of 2 x 10-5 M. The introduction of α-chymotrypsin (2 x 10-9 M) affords 
L-enantioselective hydrolysis, as demonstrated by the production of 1-propanethiol (L-1-
A hydrolysis). Inset shows univariate analysis of the SERS response by plotting the peak 
area of 697 cm-1 against time. 

 

The sensitivity of HPLC compared with SERS is very low. Regularly, concentrations in the 

range of 0.01 – 5 millimolar (10-3 M) are detectable using HPLC, whereas SERS commonly 

detects micromolar (10-6 M) or nanomolar (10-9 M) concentrations. It is essential that the 

SERS concentration remains below the point at which monolayer coverage is exceeded, 

otherwise competition at the metal surface will occur (Stewart et al., 2012). Equimolar 

mixtures of the thiols, 1-propanethiol and 2-propanethiol, were prepared at various 

concentrations to determine the limit of detection (LOD) and the maximum concentration 

before monolayer coverage was exceeded. See the SI section ‘Thiol Optimisation and 
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Monolayer Coverage’ and Figure S4.1 for further details. In brief, 1.56 µM ±0.156 (1.56 x 10-

6 M) was identified at the LOD combined for the two thiols and concentrations exceeding 

37.5 µM ±3.75 (3.75 x 10-5 M) led to competition at the surface (preference towards 1-

propanethiol). It is worth noting that these concentrations will have some degree of error 

due to inherent oxidation, therefore a ±10 % has been included to account for this. As a 

result, the SERS concentrations are far too low for HPLC detection, consequently, the reaction 

samples will require concentrating prior to HPLC analysis to enable quantification of the 

reaction components.  

To monitor the biotransformation with both SERS and HPLC simultaneously, as well as 

permitting enough sample to be concentrated for HPLC analysis, the monitoring process 

needed to be scaled up to a 20 mL volume. Figure S4.4 in SI illustrates the overall monitoring 

process and the steps required for successful HPLC analysis, which include protein 

precipitation and removal, overnight lyophilisation of the supernatant to dryness and re-

dissolving the solid in a small volume of acetonitrile prior to HPLC analysis. The SERS analysis 

is much simpler as the reaction sample requires no modification prior to analysis and takes 

only 10 s to acquire. SERS analysis must be performed instantaneously to represent the 

desired time point. Figure 4.4.A is the reaction schematic: within this example thioester 

substrates L-1-A and D-2-A were studied, ultimately generating N-Boc-L-phenylalanine and 

1-propanethiol as products of L-selective hydrolysis. The cumulative SERS responses over a 

20 min period can be seen in Figure 4.4.B, as one would expect, the intensity of the 1-

propanethiol response increases with time. SERS spectra were acquired every minute, 

whereas HPLC analysis was performed every two mins. To be able to use to the HPLC 

measured concentrations of N-Boc-L-phenylalanine to predict the SERS concentrations of 1-

propanethiol, MCR-ALS was applied to the data.  
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Figure 4.4. Data related to the 20 mL real-time SERS analysis paired with external HPLC measurements. 
A 20 mL biotransformation sample was prepared with L-1-A and D-2-A substrates at a 
concentration of 1 x 10-5 M each and >60 % HRSC content. Introduction of 2 x 10-9 M 
α-chymotrypsin resulted in L-selective hydrolysis of L-1-A only (A), generating SERS 
responses correlating to 1-propanethiol. The cumulative SERS spectra are shown in (B). 
Normalisation to the internal standard, t-BuOH (10 % content) at 747 cm-1, and the 
application of a colour bar enable clear observations of an increasing SERS response with 
respect to time. MCR-ALS was performed to the SERS data and off-line HPLC analysis 
enabling predictions of SERS thiol concentration, shown in (C). The SERS predicted 
concentrations and HPLC measured concentrations are shown in (D), giving a R2 value of 
0.9798, demonstrating excellent fit.  

 

MCR-ALS is statistical, multivariate method used as an extraction tool for mixture analysis, 

extracting the necessary information (pure component spectra and corresponding 

concentrations) to predict absolute levels of the analytes within a mixture (Tauler, 1995, 

Jaumot et al., 2005). The MCR-ALS model was applied to the SERS responses of the thiol (in 

this case, 1-propanethiol) and internal standard (t-BuOH), along with the HPLC measured 

A B 

C D 
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concentrations of N-Boc-L-phenylalanine to try and correlate the two techniques, enabling 

MCR-ALS predictions of the thiol concentration (see Figure S4.5 in SI for a flow diagram 

summarising the MCR-ALS approach). These comparisons are shown in Figure 4.4.C and 

Figure 4.4.D. It is evident that the SERS and HPLC results correlate very well and that SERS is 

capable of monitoring the progression of the reaction, as depicted by the trajectories of 

1-propanethiol and t-BuOH C profiles in Figure 4.4.C. As one would expect, the internal 

standard (t-BuOH) remains constant as the concentration of 1-propanethiol increases with 

time (resolved S profiles and pure spectra, as given to the MCR-ALS model, are shown in 

Figure S4.6 in SI). Regression-coefficient values (R2) tells about the change in variability within 

a data set, as accounted for by the statistical model (MCR-ALS). R2 values close to 1 

demonstrate excellent fit and correlation between the SERS predicted concentrations and 

HPLC measured concentrations. Comparing the SERS predicted concentration of 

1-propanethiol versus the HPLC measured concentration of N-Boc-L-phenylalanine gave a R2 

of 0.9798, thus the two techniques are in excellent agreement with one another (Figure 

4.4.D). There is bound to be a degree of error incurred when the reaction samples are 

prepared for HPLC analysis (i.e. prolonged sample preparation including concentration to 

dryness and re-dissolving them in 1/14th ACN volume), so it is inevitable that the predicted 

SERS concentration will contain inaccuracies due to the measured HPLC concentrations not 

being perfect primary reference materials (gold standards). Nevertheless, R2 of 0.9798 

demonstrates that these inaccuracies are minimal.  

It was important to determine if the choice of thiol side chain would affect the selectivity of 

the enzyme, α-chymotrypsin. For example, it may have a preference towards the straight 

chain, 1-propanethiol, over the branched isomer, 2-propanethiol, or vice versa. This would 

lead to false representations of the selectivity expressed by α-chymotrypsin. To investigate 

this, a 20 mL reaction (enabling both SERS and HPLC measurements) containing both 

L-thioesters (L-1-A and L-2-A) was monitored and performed in triplicate. The accumulative 

SERS response for replicate 1 is shown in Figure 4.5.A, peaks at 590 cm-1 (2-propanethiol) and 

697 cm-1 (1-propanethiol) are easily identifiable. By simple univariate analysis, the peak areas 

of these major discriminant peaks were plotted to compare their relative rates and SERS 

intensities, shown in Figure 4.5.B. The hydrolysis of L-2-A appears to be at a greater rate than 

L-1-A, arising from the greater peak area of 2-propanethiol. However, previous attempts at 

a SERS calibration identified that 2-propanethiol gave a greater intensity SERS response 

relative to 1-propanethiol, so this is likely to be caused by differences in intensity rather than 

enzymatic rate. Comparative HPLC analysis established that the rate of hydrolysis was 
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identical between the L-1-A and L-2-A, confirming that no preference was given towards the 

thiol sidechain. This enabled us to adjust the peak area of the 2-propanethiol based on its 

greater intensity SERS response. Over 54 peak area data points (3 replicates) the average 

intensity difference between 1-propanethiol and 2-propanethiol was calculated to be 1.6035 

(standard deviation of 0.0947, <6 % standard error). When 2-propanethiol’s response is 

adjusted for by this average value, one can observe in Figure S4.7 in SI that the relative rates 

of hydrolysis are extremely similar. Therefore, we see no bias of α-chymotrypsin towards the 

thiol sidechain. These investigations also demonstrate that this approach would be extremely 

successful towards a low selectivity enzyme that would display activity towards both L- and 

D-thioesters, thus producing both thiols in situ with rates relative to enzyme 

enantioselectivity.  
 

 

 
 

Figure 4.5. (A) Cumulative SERS response of α-chymotrypsin (2 nM) in the presence of two different 

L-thioesters: L-1-A and L-2-A (1 x 10-5 M each). Spectra have been normalised to t-BuOH 

at 747 cm-1 (see SI, data processing for further details). (B) Plotted peak areas of 1-
propanethiol (red, 697 cm-1) and 2-propanethiol (blue, 590 cm-1). NA 1-propanethiol gives 
a small peak at 624 cm-1 which appears as a shoulder on 2-propanethiols peak at 590 cm-

1, so this portion of the peak (624 cm-1) was excluded from univariate analysis.  

 

4.5.3 Low Enantioselectivity Enzyme: PLE 

Considering these observations, pig liver esterase (PLE) was investigated as an enzyme 

demonstrating low enantioselectivity towards N-Cbz-protected alanine thioesters: substrate 

subset B (Table 4.1).  Ultimately, our aim is to demonstrate the suitability of this SERS pseudo-
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enantiomer approach towards mutagenic strategies, such as directed evolution, where you 

might want to switch an enzyme’s innate enantioselectivity. To compare PLE’s 

enantioselectivity, substrates L-1-B and D-1-B (both including the 1-propanethiol sidechain) 

were incubated with PLE over a 30 min period. SERS analysis was omitted as the same thiol 

product is generated, so the HPLC percentages of the reaction components are shown in 

Figure 4.6. Chiral column separation of Cbz-L/D-alanine (product) was not possible, so the 

percentage of product is a combination of L- and D-product. Looking at Figure 4.6, it is evident 

that PLE has a preference towards the L-thioester (L-1-B) as it is consumed more rapidly than 

the D-thioester (2:1 ratio L:D preference). Nevertheless, we can still be confident that over 

the reaction monitoring period both thioesters will be hydrolysed, subsequently detecting 

the two different thiols and enabling rate comparisons.  
 

/ 

 
 

Figure 4.6. Bar chart representing the average percentage conversions (n = 3) of L-1-B (orange, 
L-thioester) and D-1-B (green, D-thioester) with PLE by HPLC. Conditions: L-1-B (5 x 10-4 
M), D-1-B (5 x 10-4 M), PLE (5 µL of 10 mg/mL solution), 10 % t-butanol and potassium 
phosphate buffer (1 x 10-2 M, pH 6.2), using a 1.5 mL total volume. A 2:1 preference for 
the L-thioester was observed.  

  

Numerous large scale (20 mL) biotransformations were performed containing both L- and 

D-thioesters, see Figure S4.8 in SI.  The first using L-1-B and D-2-B as substrates, one would 

expect to observe a 2:1 ratio of 1-propanethiol (L) to 2-propanethiol (D) as identified with 

the previous HPLC experiments (Figure 4.6). As can be seen in Figure S4.8A in SI, it 

experiences a peak area ratio of 10:1 1-propanethiol:2-propanethiol (results have been 

0

20

40

60

80

100

0 2 5 10 20 30

7.3
22.5

41.5

66.8
82.4

92.1

46.7
35.3

21.6

6.4

1.5
0.0

45.9 42.2 36.9
26.8

16.1
7.9

%
 

Time (min)

PLE Enantioselectivity 

L- + D-product L-Thioester D-Thioester



152 
 

adjusted for the increased SERS intensity of 2-propanethiol). Similarly, when the alternative 

thioester substrates are used, L-2-B and D-1-B, the D-thioester is the favoured as the relative 

peak area of 1-propanethiol (D) is greatest (Figure S4.8B in SI). These results inadvertently 

identified that PLE is demonstrating a preference towards the straight chain thiol (1-

propanethiol) over the branched isomer (2-propanethiol). Consequently, it is 

misrepresenting the enantioselectivity innate to the enzyme. Further tests with PLE in the 

presence of both L-thioesters (L-1-B and L-2-B, Figure S4.8C in SI) or D-thioesters (D-1-B and 

D-2-B, Figure S4.8D in SI) confirmed these observations as the thiols were not produced in a 

1:1 ratio, 1-propanethiol was always superior.  

Experiments with PLE have further established that we can use this pseudo-enantiomer SERS 

approach to identify both thiol products when produced simultaneously, thus it would be a 

suitable screening technique for directed evolutionary projects aimed at modifying 

enantioselectivity. However, this example has also demonstrated that an enzyme may show 

selectivity towards the thiol side chain, ultimately causing falsifications of enantioselectivity. 

Therefore, it is extremely important to perform such tests to ensure that suitable thioester 

structures have been selected. Finally, experiments were performed to identify if the silver 

nanoparticles effected the rate of enzyme activity. Control experiments, both with and 

without nanoparticles, were performed and analysed by HPLC. α-Chymotrypsin was shown 

to be moderately slower in the presence of the nanoparticles, conversely PLE was unaffected 

by the presence of the silver colloid (data not shown).  

 

4.6 CONCLUSION 

In conclusion, we have investigated SERS as a technique to differentiate between 

enantioselective behaviour expressed by an  

enzyme. Previous investigations identified that SERS was not capable of distinguishing 

between enantiomeric forms, therefore we incorporated a pseudo-enantiomer approach. 

This method facilitates enantioselective behaviour and subsequent detection of the 

selectively hydrolysed products as they differ slightly in structure (avoiding modifications 

around the chiral centre). Within this work, substrates were designed to include a thioester 

bond and its corresponding hydrolysed thiol side chains were structural isomers of one 

another (1-propanethiol and 2-propanethiol). As a method of overcoming analyte 

competition at the nanoparticle surface, along with ensuring a strong affinity of the 

deterministic products to the nanoparticle surface, thiol functionality was incorporated. 
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Initial investigations quickly identified that the thiols were prone to oxidation, forming 

disulfide bonds. This led to a reduction in the SERS response over time and a 

misrepresentation of enzyme activity. Consequently, the nanoparticles were introduced into 

the enzymatic reactions to capture the hydrolysed thiols immediately, demonstrating a 

novel, real-time SERS approach.  

Firstly, we explored this approach towards an L-selective enzyme: α-chymotrypsin. Thioester 

substrates modelled around N-Boc-protected phenylalanine were successful at 

demonstrating L-selective thioester hydrolysis. Both small scale (1 mL) and large scale (20 

mL) reactions successfully demonstrated L-selective hydrolysis and capture of the 

corresponding thiol, with the latter enabling comparative HPLC analysis. The application of a 

MCR-ALS model to the SERS and HPLC data gave R2 value of 0.9798, confirming that the SERS 

could successfully monitor the reaction progression and the results were in excellent 

agreement with HPLC. We further demonstrated that α-chymotrypsin did not show a 

preference towards the thiol sidechain (i.e. straight versus branched), hence this 

pseudo-enantiomer approach demonstrates the enzymes true selectivity towards the chiral 

centre.  

A second, less enantioselective enzyme was studied to demonstrate this SERS approach 

within mutagenic screening applications. Thioester substrates were designed around a N-

Cbz-protected alanine substructure and PLE was selected as the most suitable hydrolysing 

enzyme, demonstrating activity towards both L- and D-thioesters (2:1 ratio, respectively). 

SERS investigations soon identified that the enzyme had a preference towards the straight 

chain (1-propanethiol) linker over the branched isomer (2-propanethiol). This caused 

misrepresentations of the enzyme’s enantioselectivity, so, this would not be suitable to use 

within enantioselectivity screening applications for this enzyme class. This highlights that 

careful considerations should be made when designing suitable pseudo-enantiomer 

substrates.  

We hope that this novel, pseudo-enantiomer approach demonstrates that SERS can be 

implemented as a rapid (10 s) technique to discriminate between enantioselectivity in real-

time. This proof-of-principle requires further optimisation and careful considerations should 

be taken during the design process. Nevertheless, it can correctly identify enantiomerically 

produced products, which is increasingly difficult to do in such a rapid and information rich 

manner.  
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4.8 SUPPORTING INFORMATION  

 

SUPPLEMENTARY METHODS  
 

Reagents and Materials. 
All chemical reagents were of analytical grade and used with no additional purification. 

Chemicals and solvents were purchased from Acros Organic (New Jersey, USA), Alfa Aesar 

(Heysham, UK), Fischer Scientific (Loughborough, UK), Fluorochem (Hadfield, UK) or Sigma 

Aldrich Ltd (Dorset, UK). Commercial enzymes, α-chymotrypsin from bovine pancreas (EC 

3.4.21.1, lyophilised) and pig liver esterase (EC 3.1.1.1, ammonium sulfate solution) were 

purchased from Sigma Aldrich Ltd. (Dorset, UK). 

 

Synthesis and Characterisation of Silver Nanoparticles. 

All glassware used for the synthesis of metal nanoparticles was cleaned using aqua regia 

(HNO3: HCl (1:3) v/v) to ensure the removal of any residual metals. Glassware was then 

thoroughly rinsed with deionised water. Hydroxylamine-reduced silver colloid (HRSC) was 

prepared as reported by Leopald and Lendl (Leopold and Lendl, 2003). Hydroxylamine 

hydrochloride (1.88 x 10-3 M, 180 mL) and NaOH (3.33 x 10-3 M) were prepared together. To 

this rapidly stirring solution, AgNO3 (1 x 10-2 M, 20 mL) was added drop-wise and stirred for 

a further 15 min, forming an orange-yellow colloid. 

To characterise nanoparticle size distribution of HRSC, UV-Vis spectrometry was employed 

to enable comparisons between different batches. HRSC were shown to have an absorption 

maximum (λmax) of the plasmon resonance band of 411 nm, in agreement with the literature 

(Leopold and Lendl, 2003). A sharp UV-Vis peak also identified that there was a narrow size 

distribution amongst the colloidal nanoparticles. Scanning electron microscopy images 

identified that the size and shape distribution of the nanoparticles was good. Images are 

shown Figure S4.9. The average nanoparticle size was ~30± 5 nm, once again agreeing with 

the literature.  

 

Small scale (1 mL) SERS biotransformation.  

Real-time SERS samples contained 625 µL hydroxylamine-reduced silver colloid (HRSC), 100 

µL t-butanol (internal standard), potassium phosphate buffer (5 x 10-3 M final concentration, 

pH 6.2) and L- and D-thioesters at a total concentration of 2 x 10-5 M (1 x 10-5 M each). The 

reaction mixture was prepared within an 8 mm glass vial which was inserted into the cell 

holder for continuous SERS analysis. The introduction of α-chymotrypsin (2 x 10-9 M) initiates 

the reaction, vigorous pipetting ensured a good distribution. SERS spectra were constantly 

acquired, using a 10 s acquisition time.  
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Large scale (20 mL) SERS biotransformation with comparative HPLC.   

Real-time SERS samples contained 12.5 mL HRSC, 2 mL t-butanol (internal standard), 

potassium phosphate buffer (5 x 10-3 M final concentration, pH 6.2) and L- and D-thioesters 

at a total concentration of 20 µM. The introduction of α-chymotrypsin (2 x 10-9 M in Tris HCl 

buffer 0.1 M, pH 7.2) or PLE (50 µl of 10 mg/mL ammonium sulfate solution, 3.2 M, pH 8) 

initiates the reaction. Control experiments ensured that the protein buffers (Tris 

HCl/ammonium sulfate) did not affect the SERS response, induce non-enzymatic hydrolysis 

or alter the pH of the SERS sample.  

For real-time SERS analysis, 0.4 mL was removed from the reaction mixture and analysed 

instantaneously using a 10 s acquisition time (mainly every minute over the monitoring 

period). For comparative, off-line HPLC analysis (mainly every other minute), 1 mL of the 

reaction mixture was quenched using 1 % trifluoroacetic acid (TFA). This was followed by 

centrifugation (21,000 xg for 6 min) and overnight (16 h) lyophilisation of the supernatant 

affording a solid. This solid was re-dissolved in acetonitrile (70 µL) and centrifuged (1,000 xg 

for 6 min) prior to HPLC analysis (24 min acquisition time, chiral column). See Figure S4.5 for 

an image depicting the analysis process. 

 

 

INSTRUMENTATION AND DATA PROCESSING 

 

SERS Analysis.  

SERS spectra were recorded using a DeltaNu Advantage 200A portable spectrometer 

(DeltaNu, Laramie, WY, USA) equipped with a HeNe 785 nm laser which provided ~60 mW 

power on the sample. Toluene was pipetted into 8 mm glass vials in order to calibrate the 

systems, allowing the ideal distance between the laser and the point of sampling to be 

established. 785 nm SERS spectra were acquired for 10 s over a range of 200 – 2000 cm-1. 

Samples for SERS analysis were placed in an 8 mm glass vial before subjected to laser 

irradiation once placed in the cell holder. 

All SERS data were exported from the respective instrument operating software and analysed 

using Matlab R2015a (The Mathworks, Natick, MA, USA) using scripts written in-house and 

available via GitHub (http://www.biospec.net/resources/). SERS spectra were either raw, 

baseline corrected or normalised to the internal standard (as stated in the text). 

 

 

 

http://www.biospec.net/resources/
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HPLC Analysis.  

HPLC separation was conducted using an Agilent Zorbax Eclipse Plus HPLC system set-up for 

reverse phase separation consisting of a diode array detector. For all biotransformations, a 

chiral Phenomenex Lux 5 µm Cellulose-3 (250 x 4.6 mm) column was used and the solvents 

were H2O + 0.1 % FA and ACN + 0.1 % FA.  

Phenylalanine-containing substrates (subset A) HPLC method: substrates were eluted using 

a gradual gradient of 60:40 H2O:ACN + 0.1 % FA changing to 42:58 H2O:ACN + 0.1 % FA over 

16 min. A total run time of 24 min was used.  

Alanine-containing substrates (subset B) HPLC method: substrates were eluted using an 

isocratic gradient of 50:50 H2O:ACN + 0.1 % FA over 16 min. A total run time of 24 min was 

used. 

The peaks of the target analytes were integrated with the results of the HPLC data and served 

as an external validation data set to independently verify the accuracies of the MCR-ALS 

models in prediction. 

 

UV-Vis Spectrophotometry.  

HRSCs were characterised using UV-Vis spectroscopy to determine the surface plasmon 

resonance band λmax of the nanoparticles. HRSC was diluted 1:3 v/v with deionised water, 

to ensure that the UV-Vis absorbance did not exceed 2. For analysis 1 mL of the diluted 

nanoparticle solution was pipetted into a polystyrene cuvette and placed into the sample 

holder of a Thermo Biomate 5 (Thermo Fisher Scientific Inc., Massachusetts, USA). 

Absorbance spectra were collected over a range of 200-800 nm.  

 
 

SEM. 

SEM images were collected using a Field Emission Scanning Electron Microscope with an 

ultimate beam size of 1 nm at 100 eV electron energy (Carl-Zeiss-Straße 56, 73447 

Oberkochen, Germany). A silicon surface was used to image the nanoparticles as silicon helps 

disperse negative charges and generates a greater contrast in comparison to glass, as a result 

higher resolution images can be obtained. To image HRSC nanoparticles, 10 µL was spotted 

onto a silicon slide and left to dry overnight (Figure S4.10). 

 
 

NMR Spectroscopy.  

Purified samples were concentrated to dryness using the GeneVac (EZ-2 Series) before the 

addition of deuterated solvent for NMR analysis. NMR analysis was performed on the Bruker 
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DXP 500 MHz or 800 MHz spectrometer. Spectra processing was performed 

using MestReNova software.  
 

 

 

HRMS. 

Agilent 6510 QTOF coupled to an Agilent 1200 series LC. 5 µl of sample is flow injected at 0.3 

ml/min 50 % ACN 0.1 % FA, using ESI in either positive or negative mode (as required, stated 

in the text). 

 

SERS Data Analysis. 

Multivariate curve resolution - alternating least squares (MCR-ALS) was employed to the 

SERS data. The only data pre-processing involved in MCR-ALS was baseline correction. 

The spectra of all the monitored time points of a single reaction were then augmented to 

form a t×n data matrix X where t is the number of time points monitored and n is the 

number of wavenumbers recorded.  Multivariate curve resolution using alternating least 

squares (MCR-ALS) was performed to deconvolve X into a product of two sub matrices C and 

S where C contains the “profiles” of the change in the concentrations the reactants during 

the reaction while S is the matrix storing the resolved spectra the reactants. Non-negativity 

constraint was applied to both concentration profile C and spectral profile S and each 

resolved pure spectrum had a unit norm (i.e. the sum of squares of each spectrum equals 1). 

For the time points when HPLC measures were also taken, a linear regression model was built 

between the concentration profile of each reactant in C and the corresponding concentration 

measured by HPLC. The regression model was then applied to the whole concentration 

profile to get SERS calibrated concentrations of the reactant over the whole monitored 

period of the reaction (see Figure S4.5 for flow diagram summarising MCR-ALS process). 

 

Thiol Optimisation and Monolayer Coverage 

As part of the optimisation process, we needed to find suitable thiols that would enable 

characteristic peak identification from one another (thus permitting identification of L-/D-

thioester hydrolysis). Several low molecular weight thiols were investigated, those that were 

characteristically different from one another, but also similar in structure were the 

combinations of 1-propanethiol versus 2-propanethiol (structural isomers) and 

1-pentanethiol versus 1-propanethiol (both straight chain thiols), see Table S4.1 for 

structures. 1:1 ratios of the comparative thiols were prepared at various concentrations (see 

Figure S4.1 for the total concentrations as shown on the graph axis). The ratio of the peak 
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areas (thiol 1 peak area/thiol 2 peak area) are plotted in Figure S4.1. We can use this 

information to calculate the point at which monolayer coverage is reached, by identifying the 

concentration when the ratio increases, indicating competition between the two thiols. 1-

propanethiol and its structural isomer 2-propanethiol enable much lower limits of detection 

when compared to the combination of 1-pentanethiol and 1-propanethiol. The asterisk 

identifies the concentration when a deviation in the relative ratio is experienced (an 

increase), indicating competition because monolayer coverage has been reached. These are 

5 x 10-5 M for 1-propanethiol + 2-propanethiol and 2 x 10-4 M for 1-pentanethiol + 1-

propanethiol. Straight chains can pack more efficiently on the surface of the nanoparticle as 

opposed to branched chains, therefore they can permit a higher number of molecules around 

the nanoparticle surface, hence a higher concentration before monolayer coverage.  

We can conclude that if we do not exceed the point of monolayer saturation, then the thiols 

will have equal affinity for the nanoparticle surface, avoiding competition (Stewart et al., 

2012). Thus, the corresponding thiol SERS responses will be a true representation of 

enzymatic hydrolysis if both L- and D-thioesters are hydrolysed. The upper limits of the 

corresponding thiol mixtures are shown in Table S4.1. Due to the lower limits of detection 

and structural similarity (isomers), we chose 1-propanethiol and 2-propanethiol as the thiols 

to incorporate within the thioester structures, and subsequently detect post enzyme activity.  

 

Figure S4.1. Graph of the ratio of peak areas of characteristic peaks for either 1-propanethiol versus                  

2-propanethiol (blue) or 1-pentanethiol versus 1-propanethiol (orange). Asterisk (*) 

identifies the concentration at which monolayer coverage is exceeded and we no longer 
observe a 1:1 ratio of thiols (competition between thiols due to monolayer coverage).  
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Table S4.1. Table representing the structures of the thiols described in Figure S4.1 and the 
concentration of monolayer coverage.  

 
 

Exceeding the concentrations stated in the table results in competition between the thiols, indicating 

that monolayer coverage has been exceeded. ±10 % has been included to account for inherent 

oxidation that is unavoidable. 

 

 

 
 

 

Table S4.2. Tentative SERS band assignments of 1-propanethiolate and 2-propanethiolate (S-) 
interacting with HRSC (785 nm irradiation) (Joo et al., 1986, Pang et al., 1998, Strekal’ et 
al., 2000). 

 

1-propanethiolate 2-propanethiolate Assignment 

624 (w)   C-S 

697 (vs) 590 (vs) C-S stretch 

778 (vw)  CH2 

893 (m) 880 (w) CH2 

1024 (s) 1036 (m) CC 

1085 (w) 1145 (w) CC 

 

vs – very strong; s – strong; m – medium; w – weak; vw – very weak. 

 

 

 

 

 

THIOL 1 

 

THIOL 2 

 

          POINT OF MONOLAYER      
COVERAGE (M) 

 

  

 

>3.75 x 10-5 (±3.75 x 10-6) 

 

 

 

 

 

>1 x 10-4 M (± 1.00 x 10-5) 

 



162 
 

Oxidation: Disulfide Bond Formation  

When performing at-line SERS analysis of quenched reaction samples (1 % TFA quench 

followed by centrifugation and removal of precipitated proteins), we observed fluctuations 

in the SERS response over time. To determine if this was due to undesirable side reactions, 

such as disulfide bond formation, we performed various experiments (see Scheme S4.1 for 

common thiol interactions). Firstly, to conclude if the low boiling point thiols were simply 

evaporating over time, two identical samples of 1-propanethiol (2 x 10-5 M) in conditions 

mimicking the biotransformation were prepared, omitting enzyme. Both samples were 

shaken over a 60 min period, one was left sealed throughout, the other was opened at 

various time points and SERS analysis performed. We observed that the SERS intensity 

decreased over time at every sampling time point (intermittently opened vessel). However, 

the sample which remained sealed until the final timepoint (t = 60 min) had a significant 

reduction in the relative SERS response of 1-propanethiol, which was comparative to the 

response at t = 60 min of the intermittently opened sample. Confirming that the reduction in 

SERS response was unlikely to be a consequence of thiol volatility.  

 

 

 
 

Scheme S4.1. Common interactions of free thiols (-SH) or thiolates (-S-). (1) Thiol oxidation resulting 

in disulfide bond (-S-S-) formation. (2) Thiolate exchanges its organic R-group (R3) with the 
thioester R-group (R2). (3) Similarly, a thiolate exchanges its R-group with an R-group 
associated to a disulfide bond.  

 

Secondly, we performed a similar study whereby we had the same total concentration of 

1-propanethiol (2 x 10-5 M), however the pH was varied from acidic (pH 2) to basic (pH 10.8). 



163 
 

The literature suggests that the rate of disulfide bond formation will be slowest at acidic pH’s 

as the sulfur is protonated (i.e. SH), whereas at basic pH they are deprotonated (i.e. S-) and 

disulfide bond formation is more likely (Singh and Whitesides, 2010). The pKa of 

1-propanethiol is 10.2 (ChemAxon), therefore at pH 10.8 it should predominantly be 

deprotonated. Numerous pH values were investigated using differing buffers, as seen in 

Figure S4.2. The peak area of 1-propanethiol’s major peak (697 cm-1) has been plotted versus 

time. One can easily observe the significant reduction in peak area with time at all pH 

conditions. For example, >50 % reduction in the SERS peak area is experienced after a 40 min 

period by all of the samples. We hypothesise that the oxidation of the thiol to its 

corresponding disulfide is happening regardless of pH and is caused by dissolved oxygen. We 

can also assume that the silver nanoparticles are unable to cleave the disulfide bond once 

formed, otherwise the peak area would remain constant.  

 
 

 
 

Figure S4.2. Figure represents 1-propanethiol at 2 x 10-5 M total concentration in a sealed vessel 
experiencing different pH conditions using various buffers. At various time points, samples 
were taken from the vessel for SERS analysis. As can be seen, the peak area is decreasing 
over time, independently of pH. After 40 min, a 50 % reduction in peak area is observed.  

 

Attempts to deoxygenate the biotransformation samples were performed using both 

nitrogen degassing and freeze-thaw methods. Freeze-thaw proved most successful at 

reducing the rate of disulfide formation, however the extent of oxidation still had a significant 
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effect on the results, meaning that quantitative measurements were not feasible. Therefore, 

a new approach was developed to capture the thiol products in situ and instantaneously, 

avoiding disulfide formation completely.  

Further experiments were performed to determine the stability of the thioester substrates, 

observing if they were prone to non-enzymatic hydrolysis or transthioesterification (Scheme 

S4.1). For the former hydrolysis investigations, all thioesters were incubated at 37 °C 

overnight in conditions mimicking the SERS biotransformation. After 24 h, no detectable 

hydrolysis was observed using HPLC analysis (i.e. no N-Boc-phenylalanine or N-CBz-alanine 

product). Transthioesterification investigations were performed in a similar manner by 

incubating a thioester (i.e. L-1-A) with the opposite, free thiol (i.e. 2-propanethiol). If 

transthioesterification had occurred, we would expect a shift in the retention time resulting 

the formation of a new thioester (see Table S4.3 for thioester HPLC retention times). We did 

not observe any changes in retention times over the 24 h period (at multiple timepoints), 

confirming that transthioesterification did not occur.  

 

 

Figure S4.3. Cumulative SERS spectra taken over a 30 min time course. The colour bar highlights the 
increasing intensity with time (t = 0 in blue, t = 30 in red). The SERS data has been 
normalised to the internal standard, t-BuOH at 747 cm-1. 1 mL reaction including 
substrates L-2-A and D-1-A, at a concentration of 1 x 10-5 M per substrate. The introduction 
of α-chymotrypsin gives rise to L-enantioselectivity, demonstrated by the production of 2-
propanethiol (L-2-A hydrolysis). Inset shows univariate analysis of the SERS response by 
plotting the peak area of 590 cm-1 against time.  
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20 mL Set-up of SERS Biotransformations with Comparative HPLC 

 

 
 

Figure S4.4. Image illustrating the process of monitoring the biotransformation with both SERS and HPLC analysis. The 20 mL reaction mixture contains: 62.5 % HRSC, 10 % 
t-BuOH, potassium phosphate buffer (5 x 10-3 M, pH 6.2 final), L-thioester [1 x 10-5 M], D-thioester [1 x 10-5 M] and α-chymotrypsin [2 x 10-9 M] added last. For 
SERS analysis, 0.4 mL of the reaction sample (un-modified) is added to a 1 mL glass vial for immediate analysis (10 s acquisition, 785 nm). For HPLC analysis, 1 mL 
of the reaction sample is instantaneously quenched using 1 % TFA. Subsequent protein removal (centrifugation at 21,000 xg for 6 min) and overnight lyophilisation 

of the supernatant to dryness, before the solid is re-dissolved in 70 µL of acetonitrile and centrifuged (21,000 xg for 6 min) prior to HPLC analysis (24 min 

acquisition time, chiral column).
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Figure S4.5. Flow diagram summarising the data pre-processing and MCR-ALS process used for predicting 
concentrations of product (i.e. 1-propanethiol) from the reaction.  

 

 

 

 
 

Figure S4.6. MCR-ALS model was applied to the SERS data where it successfully deconvolved spectra into its 
pure components (A) 1-propanethiol (product) and (B) t-butanol (internal standard).  

Raw SERS spectra 

Baseline correction of 
SERS data 

MCR-ALS 

Deconvolved spectra of 
individual components i.e. 

analytes 

Corresponding integrated 
HPLC peak areas 

External  
validation 

Non-negativity constraint applied 

A B 
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Figure S4.7. Peak areas of 1-propanethiol (red, 697 cm-1) and 2-propanethiol (blue 590 cm-1) over the reaction 
monitoring period for 3 replicates (1 – 3). Conditions: L-1-A and L-2-A, 1 x 10-5 M each, 2 x 10-9 M 
α-chymotrypsin addition. 2-propanethiol response has been adjusted by 1.6035 (average of 54 
data points) to account for the increased SERS intensity relative to 1-propanethiol.  
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Figure S4.8. Peak areas of 1-propanethiol (red, 697 cm-1) and 2-propanethiol (blue 590 cm-1) over the reaction 
monitoring period.  (A) (L-1-B + D-2-B) and (B) (L-2-B and D-1-B) are combinations of L- and 
D-thioesters in the presence of PLE (50 µL of 10 mg/mL solution), whereas (C) (L-1-B + L-2-B) and 
(D) (D-1-B + D-2-B) are reactions with both L-/or D-thioesters. 2-propanethiol peaks areas have 
be adjusted to account for the greater intensity SERS response. In every reaction, 1-propanethiol 
always generates the greatest response, even when it is associated to the D-thioester SM. This 
identifies that PLE is demonstrating a preference towards the straight sidechain (1-propanethiol) 
over the branched isomer (2-propanethiol).   

 

SERS Optimisation 

Prior to experiments, many different parameters were varied to attain optimal SERS profiles of each 

analyte. A large focus was placed on the choice of colloidal nanoparticles, along with investigations 

into laser excitation wavelength, analyte concentration, pH, aggregating agent and acquisition time. 

Figure S4.9 demonstrates the erratic concentration profile of 1-propanethiol in the absence of 

buffer: once potassium phosphate buffer was introduced (pH 6.2, 1 x 10-1 M) a trend following a 
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sigmoidal curve response could be observed. These outcomes reconfirm the importance of 

parameter optimisation in SERS.  

 

 

 
 

Figure S4.9. Figures identify the importance of SERS optimisation. In the absence of buffer, no trend is 
observed with decreasing concentrations of 2-propanethiol (left). However, exploration of pH 
identified that pH 6.2 gave optimal responses, observing a sigmoidal-type response on decreasing 
concentration of 2-propanethiol (right). Sample 1 = 20 µM, consecutive samples each decrease 
by 2 x 10-6 M: 2 µM (i.e. sample 5 = 12 µM, sample 9 = 4 µM). Conditions: HRSC, 1 min. aggregation 
time, 6 s acquisition, 785 nm, potassium phosphate buffer (pH 6.2, 1 x 10-1 M) or no buffer.   

 

 

 

     

Figure S4.10. SEM images of HRSC deposited on silicon. Left, depicts images of 50x magnification and a scale 
bar of 200 nm. Right, 96x magnification and 200 nm scale bar.  

Sigmoidal 
curve 

response 

Without buffer With buffer (pH 6.2) 
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THIOESTER SYNTHESIS AND CHARACTERISATION 

 

General Method for Substrate Subset A Synthesis:  

N-Boc-phenylalanine (L- or D-, 300 mg, 1.13 mmol) and 4-dimethylaminopyridine (12.3 mg, 0.113 

mmol) were dissolved in dry DCM (3 mL), followed by the thiol (1-propanethiol or 2-propanethiol, 

120.7 µL, 1.47 mmol). The solution was cooled to 0 °C in an ice bath with stirring, then N-(3-

dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (260.7 mg, 1.36 mmol) was added. The 

solution was stirred at room temperature overnight before extraction with citric acid (0.5 M, 3 x 3 

mL) and brine (2 x 3 mL). The organic was dried using MgSO4 and concentrated in vacuo, giving a 

white solid.  

       L-1-A 
 

L-1-A (N-Boc-L-phenylalanine + 1-propanethiol) yield = 272.93 mg (74.6 %)  

1H NMR (500 MHz, Methanol-d4) 7.38 – 7.05 (5 H, m, Ar-H), 4.34 (1 H, dd, J 31.4, 10.0 Hz, αH), 3.18 

(1 H, d, J 14.0 Hz, βH’’), 2.93 – 2.68 (3 H, m, βH’ + C1H), 1.69 – 1.49 (2 H, m, C2H), 1.36 (9 H, s, Boc-

H), 0.97 (3 H, t, J 6.2 Hz, C3H). 13C NMR (126 MHz, Methanol-d4) 201.8 (C=O), 156.4 (C=O), 137.2 

(Ar-C), 128.8 (Ar-C), 128.0 (Ar-C), 126.3(Ar-C), 79.4 (C), 62.3 (αC), 37.3 (βC), 30.1 (C1), 27.3 (Boc-

CH3), 22.5 (C2), 12.2 (C3). HRMS-ESI [M+Na]+ expected m/z  346.1447 and 347.1481 observed m/z 

346.1504 and 347.1499 ( 16.47 and 5.18 ppm).  

 

      D-1-A  

 

D-1-A (N-Boc-D-phenylalanine + 1-propanethiol) yield = 275.63 mg (75.4 %) 

1H NMR (500 MHz, Methanol-d4) 7.34 – 7.13 (5 H, m, Ar-H), 4.34 (1 H, dd, J 31.4, 10.0 Hz, αH), 3.17 

(1 H, d, J 14.2 Hz, βH’’), 2.90 – 2.72 (3 H, m, βH’ + C1H), 1.65 – 1.52 (2 H, m, C2H), 1.37 (9 H, s, Boc-

H), 0.97 (3 H, t, J 6.8 Hz, C3H). 13C NMR (126 MHz, Methanol-d4) 201.8 (C=O), 156.4 (C=O), 137.2 

(Ar-C), 128.8 (Ar-C), 128.0 (Ar-C), 126.3 (Ar-C), 79.4 (C), 62.3 (αC), 37.3 (βC), 30.1 (C1), 27.3 (Boc-

CH3), 22.6 (C2), 12.2 (C3). HRMS-ESI [M+Na]+ expected m/z  346.1447 and 347.1481 observed m/z 

346.1494 and 347.1489 ( 13.58 and 2.30 ppm). 
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        L-2-A 
 

L-2-A (N-Boc-L-phenylalanine + 2-propanethiol) yield = 244.96 mg (67.0 %) 

1H NMR (500 MHz, Methanol-d4) 7.34 – 7.13 (5 H, m, Ar-H), 4.34 (1 H, dd, J 10.4, 4.6 Hz, αH), 3.55 

(1 H, hept, J 6.8 Hz, C1H), 3.17 (1 H, dd, J 14.0, 4.6 Hz, βH’’), 2.78 (1 H, dd, J 14.0, 10.4 Hz, βH’), 1.53 

– 1.18 (15 H, m, C2H + Boc-H). 13C NMR (126 MHz, Methanol-d4) 201.7 (C=O), 156.3 (C=O), 137.2 

(Ar-C), 128.8 (Ar-C), 128.0 (Ar-C), 126.3 (Ar-C), 79.4 (C), 62.2 (αC), 37.3 (βC), 34.1 (C1), 27.3 (Boc-

CH3), 21.8 (C2). HRMS-ESI [M+Na]+ expected m/z  346.1447 and 347.1481 observed m/z 346.1455 

and 347.1482 ( 2.31 and 0.29 ppm). 

 

      D-2-A 
 
 

D-2-A (N-Boc-D-phenylalanine + 2-propanethiol) yield = 253.19 mg (69.2 %) 

1H NMR (500 MHz, Methanol-d4) 7.32 – 7.17 (5 H, m, Ar-H), 4.34 (1 H, dd, J 10.4, 4.6 Hz, αH), 3.55 

(1 H, hept, J 6.8 Hz, C1H), 3.17 (1 H, dd, J 14.0, 4.6 Hz, βH’’), 2.78 (1 H, dd, J 14.0, 10.4 Hz, βH’), 1.52 

– 1.19 (15 H, m, C2H + Boc-H). 13C NMR (126 MHz, Methanol-d4) 201.7 (C=O), 156.3 (C=O), 137.2 

(Ar-C), 128.8 (Ar-C), 128.0 (Ar-C), 126.3 (Ar-C), 79.4 (C), 62.2 (αC), 37.3 (βC), 34.1 (C1), 27.3 (Boc-

CH3), 21.8 (C2). HRMS-ESI [M+Na]+ expected m/z  346.1447 and 347.1481 observed m/z 346.1458 

and 347.1485 ( 3.18 and 1.15 ppm). 

 

 

General Method for Substrate Subset B Synthesis:  

N-Cbz-alanine (L- or D-, 100 mg, 0.45 mmol) and 4-dimethylaminopyridine (5.43 mg, 0.045 mmol) 

were dissolved in dry DCM (2 mL), followed by the thiol (1-propanethiol or 2-propanethiol, 54 µL, 

0.58 mmol). The solution was cooled to 0 °C in an ice bath with stirring, then N-(3-

dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (102.3 mg, 0.54 mmol) was added. The 

solution was stirred at room temperature overnight before extraction with citric acid (0.5 M, 3 x 3 

mL) and brine (2 x 3 mL). The organic was dried using MgSO4 and concentrated in vacuo, giving a 

clear liquid. 

 

α 
β 

1 
2 

α 
β 

1 

2 

2 



172 
 

       L-1-B 

 

L-1-B (N-Cbz-L-alanine + 1-propanethiol) yield = 101.75 mg (72.4 %) 

1H NMR (800 MHz, Chloroform-d) 7.38 – 7.29 (5 H, m, Ar-H), 5.30 (1 H, d, J 8.4 Hz, NH), 5.18 – 5.10 

(2 H, m, CH2), 4.47 (1 H, p, J 7.4 Hz, αH), 2.86 (2 H, t, J 7.4 Hz, C1H), 1.60 (2 H, h, J 7.2 Hz, C2H), 1.40 

(3 H, d, J 7.2 Hz, CH3), 0.97 (3 H, t, J 7.4 Hz, C3H).  13C NMR (201 MHz, Chloroform-d) 201.3 (C=O), 

155.5 (C=O), 136.2 (Ar-C), 128.5 (Ar-C), 128.2 (Ar-C), 67.1 (CH2), 56.7 (αC), 30.7 (C1), 22.7 (C2), 19.1 

(CH3), 13.3 (C3). HRMS-ESI [M+Na]+ expected m/z  304.0978 and 305.1011 observed m/z 304.0944 

and 305.0966 ( 11.18 and 14.75 ppm). 

 

      D-1-B 

 

D-1-B (N-Cbz-D-alanine + 1-propanethiol) yield = 127.94 (91 %) 

1H NMR (800 MHz, Chloroform-d) 7.38 – 7.28 (5 H, m, Ar-H), 5.30 (1 H, d, J 8.4 Hz, NH), 5.18 – 5.09 

(2 H, m, CH2), 4.47 (1 H, p, J 7.4 Hz, αH), 2.86 (2 H, t, J 7.4 Hz, C1H), 1.60 (2 H, h, J 7.2 Hz, C2H), 1.40 

(3 H, d, J 7.2 Hz, CH3), 0.96 (3 H, t, J 7.4 Hz, C3H). 13C NMR (201 MHz, Chloroform-d) 201.3 (C=O), 

155.5 (C=O), 136.2 (Ar-C), 128.5 (Ar-C), 128.2 (Ar-C), 67.1 (CH2), 56.7 (αC), 30.7 (C1), 22.7 (C2), 19.1 

(CH3), 13.3 (C3). HRMS-ESI [M+Na]+ expected m/z  304.0978 and 305.1011 observed m/z 304.0938 

and 305.0962 ( 13.15 and 16.06 ppm). 

 

      L-2-B 

 

 

L-2-B (N-Cbz-L-alanine + 2-propanethiol) yield = 103.84 mg (73.8 %) 

1H NMR (500 MHz, Chloroform-d) 7.40 – 7.27 (5 H, m, Ar-H), 5.30 (1 H, d, J 8.4 Hz, NH), 5.20 – 5.06 

(2 H, m, CH2), 4.43 (1 H, p, J 7.4 Hz, αH), 3.61 (1 H, dq, J 14.8, 8.2, 7.4 Hz, C1H), 1.38 (3 H, d, J 7.4 Hz, 

CH3), 1.30 (6 H, d, J 7.4 Hz, C2H). 13C NMR (126 MHz, Chloroform-d) 201.2 (C=O), 155.5 (C=O), 136.2 

(Ar-C), 128.5 (Ar-C), 128.2 (Ar-C), 128.2 (Ar-C), 67.1 (CH2), 56.7 (αC), 34.8 (C1), 22.9 (C2), 19.1 (CH3). 
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HRMS-ESI [M+Na]+ expected m/z  304.0978 and 305.1011 observed m/z 304.0921 and 305.0946 ( 

18.74 and 21.30 ppm).  

 

     D-2-B 

 

 

D-2-B (N-Cbz-D-alanine + 2-propanethiol) yield = 87.50 mg (62.2 %) 

1H NMR (500 MHz, Chloroform-d) 7.40 – 7.27 (5 H, m, Ar-H), 5.30 (1 H, d, J 8.4 Hz, NH), 5.20 – 5.06 

(2 H, m, CH2), 4.43 (1 H, p, J 7.4 Hz, αH), 3.62 (1 H, p, J 7.0 Hz, C1H), 1.38 (3 H, d, J 7.4 Hz, CH3), 1.30 

(6 H, d, J 7.4 Hz, C2H). 13C NMR (126 MHz, Chloroform-d) 201.2 (C=O), 155.5 (C=O), 136.2 (Ar-C), 

128.5 (Ar-C), 128.2 (Ar-C), 128.2 (Ar-C), 67.1 (CH2), 56.7 (αC), 34.8 (C1), 22.9(C2), 19.1 (CH3). HRMS-

ESI [M+Na]+ expected m/z  304.0978 and 305.1011 observed m/z 304.0921 and 305.0943 ( 18.74 

and 22.29 ppm). 

 

 

 

Confirming Enantiopurity of Thioester Substrates 
 

Marfey’s reagent (1-fluoro-2-4-dinitrophenyl-5-L-alanine, FDAA) is a chiral derivatization reagent. 

It reacts with primary amines (through substitution of its fluoro-group), enabling quick and easy 

separation of enantiomers using regular HPLC conditions, arising from the generation of a 

diastereomer. Firstly, the thioester compounds were incubated in 1 HCl solution (1 M, 10 mg/mL) 

to remove the Boc-protecting group (thioester substrate subset A). Then, subsequent incubation of 

the thioester (50 µL) with Marfey’s reagent (1 % w/v in acetone, 100 µL) and NaHCO3 solution (1 M, 

70 µL) was mixed thoroughly and incubated at 37 °C for 1 hour. The reaction mixture was diluted 

(1:50) with water, followed by centrifugation (16,000 xg, 5 min) before HPLC analysis.  

Samples were analysed by HPLC on an Agilent Technologies 1260 Infinity HPLC with an Agilent 

Zorbax Eclipse Plus C18 Rapid Resolution 4.6 x 100 mm 3.5 µm column. Compounds were eluted 

using a 5 min gradient 5 – 75 % H2O/ACN + 0.1 % FA over 12.5 min. Flow rates were kept constant 

at 1 mL min-1 and elution was monitored by an absorbance at 340 nm. 

Figure S4.11 shows the HPLC chromatogram of L-2-A and D-2-A thioesters incubated (separately) 

with Marfey’s reagent. We can see that both thioesters give rise to two peaks, the first 

corresponding to either L- or D-phenylalanine, the second corresponding to 2-propanethiol (which 
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coordinates with Marfey’s reagent and is now visible by HPLC). Thioester substrates were shown to 

be very stable in acidic conditions, however basic conditions (NaHCO3) hydrolyse the thioester 

bond, returning it to its counterparts: phenylalanine and thiol. Nevertheless, these results 

determine that the thioesters (subset A) are synthesised without racemisation and are 

enantiomerically pure. Marfey’s reagents could not be used to determine the enantiomeric purity 

of subset B thioesters as the CBz-protecting group proved difficult to remove (hydrogenation).  
 

 

 
 

Figure S4.11. Marfey’s reagent incubated with L- and D-thioester containing 2-propanethiol within its 
structure (L-2-A and D-2-A). The addition of Marfey’s reagent and base (NaHCO3) facilitates its 
reaction with primary amines to enable quick and easy separation of enantiomers on reverse-
phase C18 column, by means of a second chiral centre (diastereomer).   

 

In addition, for comparative HPLC analysis of the biotransformation samples, suitable HPLC 

conditions needed to be found so that substrates (thioesters) and product (N-Boc-L-phenylalanine 

or N-Cbz-alanine) could be quantified. Separation of all four thioester compounds (per subset A/B) 

proved successful using a Phenomenex Lux-Cellulose 3 chiral column and either a gradual gradient 

(subset A) or an isocratic gradient (subset B) with a 24 min acquisition time (further details of the 

 



175 
 

HPLC method are described in the instrumentation section, HPLC). Table S4.3 presents the 

retention times of all thioester compounds (using optimised, isocratic gradients), identifying that 

all compounds can be distinguished from one another and they are enantiomerically pure. Products 

(carboxylic acids) are much more polar, so they have shorter retention times on the column (7 – 8 

min).  

 

        

Table S4.3. Table presenting the retention times of thioester compounds on a Phenomenex Lux-Cellulose 3 
chiral column using isocratic gradients. Successful separation of all thioesters, identifying that 
they are enantiomerically pure. 

 

  Subset A Subset B 

Thioester L-1-A D-1-A L-2-A D-2-A L-1-B D-1-B L-2-B D-2-B 

Time (min) 18.63 18.81 18.11 17.76 13.97 14.43 12.47 13.54 
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Figure S4.12.  HPLC calibrations (chiral column) of substrate subset A and the corresponding L-product, N-
Boc-L-phenylalanine. Absorbance measured at 220 nm, the averages of triplicate data shown are 
shown.  
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Figure S4.13. HPLC calibrations (chiral column) of substrate subset B and the corresponding products, N-Cbz-
L-/D-alanine. Absorbance measured at 254 nm, the averages of triplicate data shown are shown. 
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5.1 DECLARATION 

This chapter consists of one recently published journal article: 

 

WESTLEY, C., FISK, H., XU, Y., HOLLYWOOD, K. A., CARNELL, A. J., MICKLEFIELD, J., TURNER, N. J. & 

GOODACRE, R. 2017. Real-Time Monitoring of Enzyme-Catalysed Reactions using Deep UV 

Resonance Raman Spectroscopy. Chemistry – A European Journal, 23, 6983-6987. 
 

 

This article has been reproduced in an unchanged format except for minor adjustments to  

incorporate it into this thesis. 

 

 

As joint, primary author on this publication, I carried out the optimisation of NHase-related 

biotransformations. Dr. Chloe Westley optimised XO-related biotransformations. Together, we 

optimised the real-time UVRR set-up, performed all experiments and wrote the journal article. Dr. 

Yun Xu performed the chemometrics comprising of MCR-ALS. Dr. Katherine Hollywood was 

fundamental in the maintenance and troubleshooting of the UVRR instrument. Prof. Nick Turner 

and Prof. Andrew Carnell gave help and advice surrounding the biotransformations. Co-supervisor, 

Prof. Jason Micklefield, gave important insights into the biotransformations studied, as well as 

helping to shape the direction of the research. Prof. Royston Goodacre, as Principal Investigator, 

provided insights and advice on the project brief, giving direction during the research.  
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5.2 ABSTRACT 

For enzyme-catalysed biotransformations, continuous in situ detection methods minimise the need 

for sample manipulation, ultimately leading to more accurate real-time kinetic determinations of 

substrate(s) and product(s). We have established for the first time an on-line, real-time quantitative 

approach to monitor simultaneously multiple biotransformations based on UV resonance Raman 

(UVRR) spectroscopy. To exemplify the generality and versatility of this approach, multiple 

substrates and enzyme systems were used involving nitrile hydratase (NHase) and xanthine oxidase 

(XO), both of which are of industrial and biological significance, and incorporate multistep 

enzymatic conversions. Multivariate data analysis of the UVRR spectra, involving multivariate curve 

resolution-alternating least squares (MCR-ALS), was employed to effect absolute quantification of 

substrate(s) and product(s); repeated benchmarking of UVRR combined with MCR-ALS by HPLC 

confirmed excellent reproducibility 

 
 

5.3 INTRODUCTION 

Reaction monitoring based on analytical spectroscopy is broadly used to observe chemical changes 

in a variety of applications, including energy and fuel industries, bio-based technologies and 

processes, pharmaceuticals, as well as for biocatalyst discovery and optimization (Hinz, 2006, 

Workman et al., 2007, 2009, Reetz, 2013). Reaction monitoring provides essential information in 

terms of molecular speciation, and affords key insights into reaction mechanisms, kinetics and the 

biochemical process of the system investigated. Furthermore, real-time (in contrast to off-line) 

reaction monitoring greatly improves the efficiency and accuracy of the overall process, with label-

free spectroscopic-based methodologies being employed (Gardner et al., 2013, Yan et al., 2017). 

Laborious sample preparation methods and purification steps are no longer required prior to 

analysis, thus minimising the need for transfers and sample handling, ultimately reducing errors. 

Advancements in engineering, such as the incorporation of robotics and sophisticated 

computational programs, lead to overall improvements and as a consequence, there is a significant 

reduction in the time taken for analysis (Kourti, 2006, Workman et al., 2009, Reetz, 2013). 

However, for biocatalytic applications, real-time reaction monitoring provides specific challenges: 

the sensitivity required to monitor conversions is often an issue as low substrate concentrations are 

commonly used (Dadd et al., 2000). As a result, monitoring conversions involving 

detection/presence of intermediates in multi-step biotransformations can be problematic. The 

most common method of measuring the rate of substrate turnover is the use of spectrophotometric 
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assays (Kumar and Clark, 2006, Acker and Auld, 2014, Packer and Liu, 2015). Although these assays 

are easy to use and interpret, a major limiting factor is the requirement for a fluoro-/chromo-genic 

reporter. However, in most cases, this means that the activity of the enzyme is detected indirectly 

or that improved enzyme activities may be selected based on the use of an idealised substrate, 

which may not translate to the real one. Whilst, other spectroscopic and spectrometric 

physicochemical techniques are commonly employed (viz. NMR, HPLC and LC-MS), these methods 

too have notable drawbacks such as extensive sample preparation, high equipment costs, large 

solvent volumes, long acquisition times, and in some instances provide limited structural 

information (Fox et al., 2004, von Ahsen and Bömer, 2005, Kumar and Clark, 2006, Reymond and 

Babiak, 2007, Acker and Auld, 2014). Therefore, there is a need for rapid, robust and reagent free 

on-line high-throughput screening methods to overcome these significant drawbacks.  

Raman spectroscopy presents itself as an ideal analytical technique to use for screening 

applications, as it is rapid, non-destructive and non-invasive. Moreover, it can be performed in situ 

in aqueous environments and provides molecular specific information. We have previously shown 

that the conversion of glucose to ethanol by yeast can be monitored by Raman spectroscopy with 

an NIR excitation wavelength (Shaw et al., 1999). However, Raman scattering is a relatively weak 

physical phenomenon and is often further exacerbated by fluorescence interference when 

excitation involves lasers in the visible EM (Vankeirsbilck et al., 2002). As a consequence, 

enhancement techniques are regularly employed to increase scattering efficiency. Surface 

enhanced Raman scattering (SERS), a surface-sensitive Raman enhancement technique, has 

previously been used to monitor enzymatic biotransformations indirectly (Moore et al., 2004). Very 

recently, we successfully demonstrated a >30-fold reduction in acquisition times for multiple 

enzymatic steps measuring analytes directly. This delivered high levels of accuracy and 

reproducibility, highlighting its suitability as an alternative screening technique (Westley et al., 

2016). However, SERS requires a roughened metal surface that cannot be readily used for on-line 

assessment of enzymatic reactions, so at best is only suitable for at-line analysis. 

Ultraviolet resonance Raman (UVRR) spectroscopy is a variant of ‘normal’ Raman and involves the 

enhancement of Raman scattering by UV (in this case, at 244 nm). When the frequency of the laser 

coincides/matches the frequency of the molecule’s electronic transition, enhancements of 103 – 105 

can be observed (Asher, 1993). UVRR is an attractive technique for use in screening applications as 

the biotransformation(s) can be performed in real-time; with little interference from background 

fluorescence (Asher and Johnson, 1984). Moreover, the ability to measure analytes of interest 

directly without the need to quench the system, or have additional reagents as needed for SERS, is 

advantageous. Although this technique requires the absorption of laser light by chromophores in 
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the UV region (most notably from aromatics and fused ring systems), many complex biological 

systems fulfil this requirement, with nucleic acids and amino acids being particularly amenable to 

UVRR (Strekas and Spiro, 1972, Carey, 2012, Ashton et al., 2015). 
  

 
 

Figure 5.1. Workflow of the UVRR approach for real-time reaction monitoring of multiple biotransformations. 

 

In the present study we demonstrate how UVRR can be used for real-time reaction monitoring using 

two different biocatalytic reactions (see Figure 5.1). First, we focus on the conversion of nitriles to 

their corresponding amides using nitrile hydratase (NHase) (Scheme 5.1a), a class of enzyme 

extensively used in chemical synthesis within various industries - with acrylamide, nicotinamide 

(Vitamin B3) and pyrazinamide (anti-tuberculosis agent) being notable examples (Asano et al., 1982, 

Kobayashi et al., 1992, Mauger et al., 1988, Nagasawa et al., 1988, Ghisalba et al., 2009). Second, 

to illustrate multiple reaction steps we have applied the method to xanthine oxidase (XO) catalysed 

biotransformations (Scheme 5.1b). XO catalyses the oxidation of a wide range of substrates 

including purines and xenobiotic compounds, with xanthine and hypoxanthine, its natural 

substrates, being the focus in this investigation (Hille, 1996, 2005, Harrison, 2002). 
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5.4 EXPERIMENTAL 

5.4.1 Reagents and Materials.  

All chemical reagents were of analytical grade and used with no additional purification unless 

otherwise stated. Nitrile hydratase (EC 4.2.1.84) was purchased from Prozomix (Northumberland, 

UK). Xanthine oxidase microbial lyophilized powder (EC 1.17.3.2) was purchased from Sigma Aldrich 

Ltd. (Dorset, UK).  

 

5.4.2 Raman instrumentation.  

UVRR analysis was performed using a Renishaw Raman 1000 system (Renishaw, Wotton-under-

Edge, Gloucestershire, UK). Approximately 0.2 mW of power was delivered to the sampling point 

using a Lexel Model 95 ion laser emitting at 244 nm. The solution sample for analysis was 

continuously stirred beneath the laser to allow thorough mixing of the enzyme and substrate(s) and 

to avoid photo-degradation; no photo damage was observed (see SI, section ‘photo-degradation of 

sample’, Figure S5.1 and S5.2). Spectra were collected with an acquisition time of 20 s.  

 
 

5.4.3 Reaction conditions for biotransformations 1 and 2.  

A stock solution of NHase was prepared. The starting reaction mixture contained either benzonitrile 

(biotransformation 1) or p-tolunitrile (biotransformation 2) dissolved in potassium phosphate buffer 

at pH 7.2 (final concentration 1.25 x 10-2 M with 2.5 % MeOH) and NHase solution (40 µL for 

biotransformation 1; 200 μL for biotransformation 2). 

 

5.4.4 Reaction conditions for biotransformations 3 and 4.  

A stock solution of XO was prepared. Starting reaction mixture contained either xanthine 

(biotransformation 3) or hypoxanthine (biotransformation 4) dissolved in potassium phosphate 

buffer at pH 7.6 (final concentration 7.5 × 10-4 M) and XO (120 µL for biotransformation 3; 150 µL 

for biotransformation 4).  
 

5.4.5 Reaction sample preparation and monitoring.  

Initially, the substrate was focussed under the microscope objective. At various time points after 

enzyme addition: (i) on-line UVRR spectra were collected throughout the biotransformation; and 

(ii) samples collected, quenched and analysed by off-line HPLC.  
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5.5 RESULTS AND DISCUSSION 

5.5.1 Optimisation of NHase and XO biotransformations  

The biotransformations of interest (1-4) are shown in Scheme 5.1. Reaction conditions for all 

biotransformations were optimised accordingly for UVRR monitoring (see methods in SI for full 

details). For optimum UVRR spectra, a 20 second acquisition time and approximately 0.2 mW laser 

power at sample was required using an excitation wavelength in the deep UV at 244 nm. 

Characteristic UVRR spectra for each analyte, with unique peaks identified are summarised in Figure 

5.2 (see Table S5.1 and S5.2 in SI for tentative band assignments).  

 

 

Scheme 5.1. Biotransformations (1-4) selected for monitoring by UVRR: (a) bioconversions of nitriles to the 
corresponding amides by nitrile hydratase (NHase); (b) bioxidation of purines by xanthine 
oxidase (XO). 

 

 

5.5.2 Instrument set up for real-time reaction monitoring 

To monitor the enzyme-catalysed biotransformations, the instrument had to be modified and 

optimised (see Figure S5.1 in SI); briefly, a magnetic stirrer plate was inserted below the turntable, 

with the reaction vessel (containing a magnetic stirrer bar) on top, focused under the microscope 
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objective. The reaction was initiated upon the introduction of enzyme. Continuous stirring 

permitted maximal enzyme-substrate interaction throughout the reaction and provides a true 

representation of the conversion of substrate(s) to product(s). This set-up also allows the energy 

from the laser source to be evenly distributed over a much larger volume.  
 

 

Figure 5.2. Average UVRR spectra (n = 5) of each analyte for both biotransformations: benzonitrile (blue), 
benzamide (red), p-tolunitrile (bright green) and p-toluamide (orange), hypoxanthine (green), 
xanthine (pink) and uric acid (purple). For NHase analytes spectra were obtained at 1.25 x 10-2 
mM, pH 7.2. For XO analytes spectra were obtained at 7.5 x 10-4 M, pH 7.6. All spectra are 
representative of starting reaction concentrations with characteristic peaks annotated. UVRR 
spectra were obtained for 20 s with baseline correction, normalisation and smoothing applied 
(see SI, ‘data processing’ for full details).  

 

Furthermore, to minimise the risk of reduced focus on the sample through solvent evaporation and 

removal of volume for HPLC analysis, the reaction was performed on a 10 mL scale. An initial 

concern was the integrity of the sample when subjected to a highly powered laser, however, no 

spectral changes (and hence no photo-degradation) was observed throughout the reaction time 

course (see the SI, section ‘Photo-degradation of sample’ and Figure S5.2). Interestingly, from these 
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investigations, we observed bathochromic shifts (as a function of pH) for XO analytes (see the SI, 

section ‘Bathochromic shifts of XO analytes’ and Figures S5.3 – 5.5). 

 

5.5.3 Monitoring NHase biotransformations 1 and 2 

Although there are characteristic peaks for each analyte, thus distinguishing starting material from 

product, the UVRR spectra were highly similar with many overlapping peaks (especially for XO 

analytes). Therefore, for all biotransformations, multivariate curve resolution - alternating least 

squares (MCR-ALS) was employed. MCR-ALS is a popular feature extraction tool for mixture analysis 

and was used to extract the necessary information (pure component spectra and corresponding 

concentrations) to predict absolute levels of the analytes within a mixture (see Figure S5.6 in SI for 

a flow diagram summarising this MCR-ALS approach) (Tauler, 1995, Jaumot et al., 2005). 

We initially looked at the conversion of benzonitrile to benzamide (biotransformation 1) with <50 % 

conversion achieved over a 20 min time period. The deconvolved spectra for each analyte were 

highly similar to the UVRR spectra from the pure substrate and product (Figure S5.7 in SI). For brevity 

purposes, we only represent the graphical results of one replicate. Figure 5.3a shows the UVRR 

spectra over the reaction time course, illustrating (by use of a colour bar) the increase and decrease 

of characteristic peaks with respect to time. Time points with both HPLC and UVRR data were used 

as the training set for the MCR-ALS model (i.e. HPLC was used as external validation – see Figure 

S5.8 in SI for HPLC calibration). Time points with UVRR data (but without HPLC data) were used as 

the test set. As one can easily observe from Figure 5.3b, the UVRR predictions are in excellent 

agreement with the HPLC results. This is further supported by high R2 values across all replicates, 

with an average of 0.964 and 0.983 for substrate and product respectively (see Table 5.1). The 

coefficient of determination, R2, is the proportion of variability in a data set that is accounted for by 

a statistical model (in this case MCR-ALS) with R2 values closer to one indicating an excellent fit. 

Notably, this experiment was conducted on five separate occasions, over a four-week period thus 

accounting for day-to-day instrument variance, ultimately demonstrating its robustness for on-line 

reaction monitoring. 
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Figure 5.3. An MCR-ALS model was applied to the UVRR data for the conversion of benzonitrile to benzamide 
(biotransformation 1). (a) Shows accumulative spectra taken over the 20 min time course. The 
colour bar highlights each time point monitored with the start (t = 0) in blue and the end point 
(t = 20) in red. (b) Shows the reaction dynamics from real-time UVRR measurements (denoted by 
outlined symbols) and off-line HPLC data (denoted by solid symbols) as a function of time. UVRR 
spectra were obtained for 20 s with baseline correction, normalisation and smoothing applied (see 
SI ‘data processing’ for full details). Data shown are from replicate 2. 

 

Moreover, to extend this approach, we next investigated a similar NHase substrate, p-tolunitrile – 

only differing by a CH3 group, yet possessing unique peaks when compared to benzonitrile. Once 

again, with this biotransformation (biotransformation 2), we were able to monitor the reaction 

successfully. The UVRR and HPLC results were in very good agreement with one another, with typical 

R2 values of 0.898 and 0.914 for p-tolunitrile and p-toluamide respectively (see Figure S5.9 and Table 

S5.3 in SI). 
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Table 5.1. A summary of the regression co-efficients (R2) across all five replicates for the two separate 
biotransformations:  

 

 

 

 

 

 

 

 

 

 

Biotransformation 1 (benzonitrile to benzamide) using NHase, with overall mean R2 values of 0.964 and 0.983, 
respectively. Biotransformation 3 (xanthine to uric acid) using XO, with overall mean R2 values of 0.958 and 
0.973, respectively.   

 

5.5.4 Monitoring XO biotransformations 3 and 4 

To demonstrate versatility of UVRR combined with MCR-ALS, we then performed analysis on a 

different, second enzyme system: XO (biotransformations 3 and 4). We have previously shown that 

we can monitor these conversions using SERS, and as already discussed, this involves the use of 

additional reagents preventing real-time monitoring (Westley et al., 2016). Therefore, this UVRR 

approach should overcome this main drawback. Furthermore, this enzyme system in itself provided 

a challenge with the analytes being highly similar in structure, only differing by additional carbonyl 

groups (Scheme 5.1b). First, the two-analyte conversion (biotransformation 3) of xanthine to uric 

acid was investigated, with >50 % conversion achieved in 18 min. Adopting the same process, the 

MCR-ALS model was applied to the reaction data with results being in excellent agreement with the 

HPLC analysis (see Figure 5.4 and Figure S5.10 in SI for deconvolved spectra of each analyte and 

Figure S5.11 in SI for HPLC calibration). Average R2 values of 0.958 and 0.973 were obtained for 

xanthine and uric acid, respectively (see Table 5.1). We then extended this to a third analyte to 

include the precursor hypoxanthine (biotransformation 4), ultimately demonstrating the flexibility 

of this real-time, on-line reaction monitoring screen for a more complex, multicomponent reaction 

system. 

 

R
ep

lic
at

e NHase 

(Biotransformation 1) 

XO 

(Biotransformation 3) 

Benzonitrile R2 Benzamide R2 Xanthine R2 Uric Acid R2 

1 0.959 0.993 0.990 0.955 

2 0.987 0.987 0.954 0.977 

3 0.969 0.982 0.916 0.965 

4 0.962 0.980 0.973 0.987 

5 0.942 0.973 0.957 0.983 
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Figure 5.4. An MCR-ALS model was applied to the UVRR data for the conversion of xanthine to uric acid, 
biotransformation 3. (a) Accumulative spectra taken over the 18 min time course. The colour bar 
highlights each time point monitored with the start (t = 0) in blue and the end point (t = 18) in 
red. (b) Shows the reaction dynamics from real-time UVRR measurements (denoted by outlined 
symbols) and off-line HPLC data (denoted by solid symbols) as a function of time. UVRR spectra 
were obtained for 20 s with baseline correction, normalisation and smoothing applied (see SI 
‘data processing’ for full details). Data shown are from replicate 1. 

 

The reaction conditions were modified slightly, with <40 % conversion reached after 35 min. Again 

MCR-ALS analysis was employed with the deconvolved UVRR spectra being highly consistent with 

the pure spectra for each analyte (Figure 5.5a-c). The UVRR predictions were in very good 

agreement with the HPLC results (see Figure 5.5d). The R2 values were slightly lower than 

biotransformation 3 (see Table S5.4 in SI), which was to be expected due to the increased complexity 

of the system, as well as the highly similar spectra between the three analytes. Noticeably, the R2 

value of xanthine was lower (biotransformation 4) than previous—this is due to the low overall 

concentration of xanthine (<8 %) throughout the reaction. This was further supported by the 

proposed mechanism of XO (based on xanthine dehydrogenase, XDH, from Rhodobacter 
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capsulatus), in which hypoxanthine binds to the active site and is converted to xanthine by 

oxidation at the C-2 position. Xanthine is then released, before binding in a different orientation to 

present the C-8 for oxidation to give uric acid (Dietzel et al., 2009). This means that the 

concentration of the intermediate remains low throughout. 

 

 

Figure 5.5. An MCR-ALS model was applied to the UVRR data where it successfully deconvolved spectra into 
its pure components for biotransformation 4: (a) hypoxanthine (b) xanthine and (c) uric acid. (d) 
Shows the reaction dynamics from real-time UVRR measurements (denoted by outlined symbols) 
and off-line HPLC data (denoted by solid symbols) as a function of time for the conversion of 
hypoxanthine to xanthine to uric acid. UVRR spectra were obtained for 20 s with baseline 
correction, normalisation and smoothing applied (see SI ‘data processing’ for full details). Data 
shown are from replicate 1. 

 

5.5.5 Generalisation of the UVRR approach 

Where this work could be further explored includes investigating the two separate pathways known 

to catalyse the conversion of nitrile containing compounds into their corresponding carboxylic acid: 

either in a single step (nitrilase) or a two-step process (nitrile hydratase and amidase; see the SI, 

Figure S5.12a). Fluorometric and colorimetric assays have previously been reported, including 

successful differentiation between the two pathways, however, only semi-quantitative analysis has 
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been possible (Reisinger et al., 2006, Lin et al., 2011, Angelini et al., 2015). Extending on 

biotransformation 1, we have shown that we can potentially use this UVRR approach to monitor 

such cascades as the corresponding carboxylic acid involved in this pathway has unique, 

characteristic peaks (Figure S5.12b in SI). Furthermore, other nitrile containing substrates, e.g. 3-

pyridinecarbonitrile and pyrazinecarbonitrile, which are precursors for important pharmaceutical 

products, can similarly be monitored (Figure S5.12c and S5.12d in SI). These results further 

demonstrate the general utility of the UVRR approach for enzyme reaction monitoring. 

 

5.6 CONCLUSION 

In this study, we have developed a label-free, rapid, on-line screening method to monitor biological 

and industrially relevant biotransformations based on UVRR spectroscopy. To demonstrate the 

general utility of this approach, multiple substrates and enzyme systems were investigated which 

included single, multiple and cascade enzyme systems. UVRR spectra acquisitions were rapid (20 s 

per measurement) and when combined with MCR-ALS produced substrate(s) and product(s) 

concentrations that were completely in agreement with off-line HPLC measurements. Additional 

bench marking involved repeat biotransformations conducted over several weeks and this 

established the excellent reproducibility and robustness of this novel analytical approach. 

In conclusion, we believe that additional optimisation and configuration of the UVRR instrument set 

up will make this approach amenable to miniaturization and in situ point-and-shoot analyses (Ellis 

et al., 2015), thus enhancing the potential for wider application. The method could also be 

developed as a high-throughput screening technique for enzyme activity, including the monitoring 

of cascade biotransformations, as well as for investigating enzyme inhibitors. 
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5.8 SUPPORTING INFORMATION 

 

MATERIAL AND METHODS 

 

Reagents and Materials. 

All chemical reagents were of analytical grade and used with no additional purification unless 

otherwise stated. Acetic acid (HPLC), acetonitrile (HPLC), benzonitrile (≥99%), benzamide (≥99%), 

benzoic acid (≥99%), butanoic acid (≥99%), hypoxanthine (≥99%), methanol (HPLC), nicotinamide 

(≥98.5%), nicotinic acid (≥99.5%), 3-pyridinecarbonitrile (≥98%), pyrazinecarbonitrile (≥99%), p-

tolunitrile (≥98%), p-toluamide (≥99%), sodium acetate trihydrate (≥99%), uric acid (≥99%), water 

(HPLC), xanthine (≥99%), xanthine oxidase microbial lyophilized powder (EC 1.17.3.2) were 

purchased from Sigma Aldrich Ltd. (Dorset, UK). Potassium dihydrogen phosphate, dipotassium 

phosphate, pyrazinamide (≥99%), sodium carbonate, and sodium hydroxide were obtained from 

Fischer Scientific (Loughborough, UK). Nitrile hydratase was purchased from Prozomix (PRO-NHASE 

(018), LOT 2013-1, EC 4.2.1.84) (Northumberland, UK).  

 

Reaction conditions for biotransformations 1 and 2.  

A stock solution of nitrile hydratase (as sold by Prozomix) was prepared as follows: 250 μL nitrile 

hydratase solution was pelleted by centrifugation (1 min, 21,000 g) and the supernatant removed. 

The pellet was then re-suspended in 2 mL of TRIS buffer (4.0 x 10-2 M) and butanoic acid (4.0 x 10-2 

M) at pH 7.2 before use (stock concentration of enzyme not known).  Starting reaction mixture 

contained either benzonitrile (biotransformation 1) or p-tolunitrile (biotransformation 4) dissolved 

in potassium phosphate buffer at pH 7.2 (final concentration 1.25 x 10-2 M with 2.5 % MeOH) and 

nitrile hydratase solution (40 µL for biotransformation 1, 200 μL for biotransformation 2). 

 

Reaction conditions for biotransformations 3 and 4.  

A stock solution of xanthine oxidase was prepared by dissolving 7 mg of xanthine oxidase microbial 

lyophilized powder in 1.1 mL potassium phosphate buffer at pH 7.6 (stock concentration 2.25 × 10-5 

M). Starting reaction mixture contained either xanthine (biotransformation 3) or hypoxanthine 

(biotransformation 4) dissolved in water (final concentration 7.5 × 10-4 M), potassium phosphate 

buffer at pH 7.6 (final concentration 0.3 M) and xanthine oxidase (120 µL for biotransformation 2, 

150 µL for biotransformation 3).  
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Reaction sample preparation and monitoring. 

For all biotransformations, the reaction mixture was focused under the microscope objective in a 

small, glass Petri dish (see Figure S5.1).  At various time points after enzyme addition, UVRR and 

HPLC spectra were collected throughout the biotransformation. To minimise the risk of reduced 

focus on the sample through solvent evaporation and removal of volume (for HPLC analysis), the 

reaction was performed on a 10 mL scale. 

For biotransformation 1 and 2, at specific time points, 20 µL of sample was removed from the 

reaction mixture and immediately quenched and diluted with 180 µL with MeOH. The sample was 

then centrifuged at 21,000 ×g for 6 min. 100 µL of the sample was then transferred to a HPLC vial 

and subjected to HPLC analysis. 

For biotransformations 3 and 4, at specific time points, 20 µL of sample was removed from the 

reaction mixture and immediately diluted to 80 µL with water. The sample was then heated for 5 

min at 80 °C and centrifuged at 14000 ×g for 4 min. 60 µL of the sample was then transferred to a 

HPLC vial and subjected to HPLC analysis. 

 

INSTRUMENTATION  

 

UV-Vis Spectrophotometry.  

UV-Vis absorption analysis was carried out using Thermo Biomate 5 (Thermo Fisher 

Scientific Inc., Massachusetts, USA). 1 mL of the sample was pipetted into a quartz cuvette and 

inserted into a sample holder. Data were acquired over a wavelength range of 210 – 350 nm. 

 

HPLC.  

Biotransformations 1 and 2. HPLC separation was conducted using an Agilent Zorbax Eclipse Plus 

HPLC system set up for reverse phase separation consisting of a diode array detector. For both 

biotransformations, the column was a 100 × 4.6 mm, Phenomenex Eclipse Plus® C18 with a 3.5 µm 

particle size. For each injection, the run time was 12.0 min pumped at a flow rate of 1mL/min and 

at 30 oC column temperature. The mobile phase consisted of a linear gradient, starting conditions 

of 5% MeCN/H2O (plus 0.05 % TFA) held for 2 min before increasing to 75 % MeCN/H2O over 6 min. 

Prior to washing at 95 % MeCN/H2O for 1.5 min and re-equilibration to initial conditions over 2.5 

min (total run time 12 min). 5 µL of each sample was introduced using an auto-injector. UV 

absorbance was detected at 254 nm throughout. 

Biotransformations 3 and 4. HPLC separation was conducted using an Agilent 1100 series HPLC 

system set up for reverse phase separation consisting of a diode array detector. For the 

biotransformation 3, the column was 150 × 4.6 mm, Phenomenex Hyperclone C18 with a 5 µm 
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particle size. For each injection, the run time was 10.0 min. The mobile phase was 2 x 10-2 M 

aqueous potassium phosphate buffer at pH 6.5, pumped at a flow rate of 1.0 mL min-1. For 

biotransformation 4, the column was a 250 × 4.6 mm, ACE 5 C18-AR (Reading, Berkshire) with a 5 

µm particle size. For each injection, the run time was 12.0 min. The mobile phase was 0.047 M 

aqueous acetic acid buffer at pH 4.65, pumped at a flow rate of 1.0 mL min-1. For both 

biotransformations, 50 µL of each sample was introduced using an auto-injector. UV absorbance 

detection was measured at 254 nm. 

 

UVRR.  

UVRR analysis for all biotransformations. UVRR was performed using a Renishaw Raman 1000 

system (Renishaw, Wotton-under-edge, Gloucestershire, UK). Approximately 0.2 mW of power was 

delivered to the sampling point using a Lexel Model 95 ion laser emitting at 244 nm. The solution 

was continuously stirred under the laser to avoid photodegradation using a magnetic stirrer plate 

and magnetic bar. Spectra were collected with an acquisition time of 20 s. Only spectra with no 

demonstrable photodegradation and signal from the reaction vessel were used for analysis.  

 

DATA PROCESSING  

All data were exported from the respective instrument operating software and analysed using 

Matlab R2015a (The Mathworks, Natick, MA, USA). 

 

HPLC data analysis 

The peaks of the target analytes were integrated with the results of the HPLC data and served as 

an external validation data set to independently verify the accuracies of the MCR-ALS models in 

prediction.  

 

UVRR data analysis 

Multivariate curve resolution - alternating least squares (MCR-ALS) was employed due to the fact 

that the UVRR spectra of all three analytes are highly similar and do not possess characteristic peaks 

(Tauler, 1995, Jaumot et al., 2005). In MCR-ALS, the UVRR spectra were first baseline corrected, 

smoothed using wavelet smoothing and then normalised so that the sum of squares of each 

spectrum equals 1. This is to account for the decreasing signal strength and relatively increasing 

noise (attributed to the removal of aliquots for HPLC analysis (And specifically for biotransformation 

1 and 4 the inherent volatility of the solution). 
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The spectra of all the monitored time points of a single reaction were then augmented to form a 

t×n data matrix X where t is the number of time points monitored and n is the number of 

wavenumbers recorded.  Multivariate curve resolution using alternating least squares (MCR-ALS) 

was performed to deconvolve X into a product of two sub matrices C and S where C contains the 

“profiles” of the change in the concentrations the reactants during the reaction while S is the matrix 

storing the resolved spectra the reactants. Non-negativity constraint was applied to both 

concentration profile C and spectral profile S and each deconvolved pure spectrum had a unit norm 

(i.e. the sum of squares of each spectrum equals 1). 

For the time points when HPLC measures were also taken, a linear regression model was built 

between the concentration profile of each reactant in C and the corresponding concentration 

measured by HPLC. The regression model was then applied to the whole concentration profile to 

get UVRR calibrated concentrations of the reactant over the whole monitored period of the 

reaction. 

 

 
 

Figure S5.1. Annotated instrument set-up to monitor biotransformation using UV resonance Raman 
spectroscopy. The x 40 UVRR objective was carefully focused onto the reaction mixture (10 mL 
scale), with 100 % power on sample (~ 0.2 mW at sampling point). Throughout the course of the 
reaction, samples for HPLC analysis were removed as well as UVRR data collected (20 s spectral 
acquisitions). The solution was constantly stirred using the magnetic stirrer plate beneath the 
stage and the magnetic stirrer bar in the reaction vessel. 
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Photo-Degradation of Sample 

We initially tried to photodegrade our sample so we were aware of the spectral changes to expect 

if the sample started to degrade or ‘burn’. Using biotransformation 3 as an example, we tried to 

photo-degrade the starting material, xanthine (in solution). After 30 min of constant interrogation 

of the laser on the sample, there were no changes in the spectra and thus no photodamage. Our 

only observation was the evaporation of solvent meaning as time increased, the sample point 

became out of focus and hence the spectra became nosier. We next looked at photo-degrading the 

corresponding solid sample, and after 45 min (vastly exceeding the total reaction time) we noticed 

broadening of peaks around 1550 cm-1 region (from C-C), similar to spectra of graphitic carbon-type 

species and charcoal, thus indicating ‘burning’ of the sample. These observations are in agreement 

with the literature (Schwan et al., 1996, Tallant et al., 1997, Ishimaru et al., 2007, Wang et al., 2011). 

 
 

 
 
 

Figure S5.2. Average UVRR spectra (n = 5) of a) initial solid xanthine sample and b) degraded solid xanthine 
sample after 45 min (after each min, a 20 s spectral acquisition was acquired). A broadening of 
peaks around 1550 cm-1 indicates C-C presence suggesting photo-degradation.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

a) b) 
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Table S5.1. Tentative UVRR band assignments for nitrile hydratase catalysed biotransformations at pH 7.2: 
benzonitrile and benzamide (biotransformation 1) and p-tolunitrile and p-toluamide 
(biotransformation 2) *(Chatterjee et al., 1978, Gao et al., 1990, Mrozek et al., 2001, Fleming et 
al., 2008, Brittain, 2009). 

 
 

vs-very strong, s-strong, m-medium, w-weak, vw-very weak, br-broad, sh-shoulder 

 

 

Table S5.2. Tentative UVRR band assignments for xanthine oxidase catalysed biotransformations at pH 7.6: 
xanthine to uric acid (biotransformation 3) and hypoxanthine to xanthine to uric acid 
(biotransformation 4) *(Kodati et al., 1990, Chowdhury et al., 2000, Krishnakumar and 
Arivazhagan, 2004, Arivazhagan and Jeyavijayan, 2010, 2011, Goodall et al., 2013). 

 

 
 
 

vs-very strong, s-strong, m-medium, w-weak, vw-very weak, br-broad, sh-shoulder 

 

 

Raman Shift (cm
-1

) Tentative band 
assignment* Benzonitrile Benzamide p-Tolunitrile p-Toluamide 

  
825 (w) 831 (w) Ring breathing 

1008 (m) 1008 (w) 
  

C-C-C trigonal breathing  
1145 (vw) 

 
1149 (m) NH

2
 rocking mode 

1185 (m) 1192 (w) 1185 (s) 1200 (m) C-H in-plane bend 
 

1415 (m) 
 

1426 (m) C-N stretch 

1601 (vs) 1608 (vs) 1612 (vs) 1620 (vs) C-C in-plane stretch 

2240 (s) 
 

2239 (s) 
 

C≡N stretch 

 

Raman Shift (cm
-1

) 
Tentative band assignment* 

Hypoxanthine Xanthine Uric Acid 

1601 (s) 1597 (vs) 1612 (s) C-N 

    1540 (wsh) - 

1468 (vs) 1472 (vs)   C-N or C-C 

1347 (m) 1410 (w) 1431 (m) C-O 

  1336 (s) 1359 (sh) - 

1291 (s) 1283 (s)   C-N, C-H bend 

1223 (w) 
  

Mixed ring vibrations, C-N 

  1041 (w) 1052 (s) Ring vibrations 

 995 (m) 995 (w) 995 (m) N-H bend, ring trigonal deformation 
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Bathochromic shifts of XO analytes 

Photo-degrading the sample led to an interesting observation regarding the UVRR spectra of 

xanthine. Notably, there were significant changes in spectral band positions and intensity between 

the solid spectra from xanthine and that in solution. Changes in environmental conditions (e.g. 

temperature, solvent, pH etc.) can lead to changes in some vibrational frequencies especially as for 

some molecules these functional groups will interact differently with the solvent (through 

H-bonding, as well as acidic/basic ions). This led to a pH investigation looking at the associated UV-

Vis absorption of xanthine and UVRR spectra, with the results indicating the observation of a 

bathochromic shift on increasing pH. In acidic medium (i.e. low pH), the nitrogen atom is free to 

lose its lone pair of electrons thus decreasing the delocalisation in the ring, leading to a decrease in 

conjugation, as observed in Figure S5.3, consequently, the compound becomes less energetic. As 

the energy needed for excitation is higher, there is a shift to absorbing at shorter wavelengths. 

Conversely, in alkaline medium (i.e. high pH), the opposite phenomenon occurs, and the oxygens 

lone pairs increase delocalisation and conjugation to the ring, (as observed in Figure S5.3) meaning 

the compound becomes more energetic, so less energy is required for excitation thus shifting to 

absorbing at longer wavelengths. This is supported by the increase in wavelength absorbance from 

λmax 267 to 272 nm when going from pH 3.6 to 9.2. Figure S5.3c and S5.3d) highlight key peaks that 

are affected by changing the pH of the solution. A similar, less pronounced effect was observed for 

hypoxanthine and uric acid (see Figure S5.4 and S5.5) (Bergmann and Dikstein, 1955, Ascher et al., 

2014). 
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Figure S5.3. (a) Average UVRR spectra (n = 5) and (b) UV-Vis absorbance spectra of xanthine at various pH: 
3.6, 5.0, 7.0, 7.6, 8.0, and 9.2. A bathochromic shift in the UV-Vis absorption spectra was observed 
on increasing the pH from pH 3.6 to 9.2, consequently, the UVRR spectra of xanthine changed 
due to it being in different ionisation states. (c) The intensity difference of the key peaks that 
change and (b) a plot of the centre of the peaks that shift on increasing the pH of the solution 
from pH 3.6 to 9.2. 

 

 

 

 

 

 

 

pKa
1
 = 0.8 

pKa
2
 = 7.7 

a) b) 

c) d) 
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Figure S5.4. (a) Average UVRR spectra (n = 5) and (b) UV-Vis absorbance spectra of hypoxanthine at various 
pH: 3.6, 5.0, 7.0, 7.6, 8.0, and 9.2. A bathochromic shift in the UV-Vis absorption spectra was 
observed on increasing the pH from pH 3.6 to 9.2, consequently, the UVRR spectra of 
hypoxanthine changed due to being in different ionisation states. (c) The intensity difference of 
the key peak that changes and (d) a plot of the centre of peak that shifts on increasing the pH of 
the solution from pH 3.6 to 9.2. 

 

 

 

 

 

 

 

 

 

 

 

c) d) 

pKa
1
 = 2.0 

pKa
2
 = 8.9 

a) b) 
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Figure S5.5. (a) Average UVRR spectra (n = 5) and (b) UV-Vis absorbance spectra of uric acid at various pH: 
3.6, 5.0, 7.0, 7.6, 8.0, and 9.2. A bathochromic shift in the UV-Vis absorption spectra was observed 
on increasing the pH from pH 3.6 to 9.2, consequently, the UVRR spectra of uric acid changed due 
to being in different ionisation states. (c) The intensity difference of the key peaks that change 
and (d) a plot of the centre of peak that shifts on increasing the pH of the solution from pH 3.6 to 
9.2. 

 

 

 

 

 

 

 

 

 

 

  

pKa
1
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pKa
2
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d) c) 



204 
 

 
 

 
 

Figure S5.6. Flow diagram summarising the data pre-processing and MCR-ALS process used for in predicting 
concentrations of each analyte from the reaction 

 

 

 

 

 

Raw UVRR spectra 

Baseline correction of 
UVRR data 

Normalisation of UVRR data 

Smoothing of UVRR data 
using wavelet smoothing 

MCR-ALS 

Deconvolved spectra of 
individual components i.e. 

analytes 

Corresponding integrated 
HPLC peak areas 

External  
validation 

Non-negativity constraint applied 



205 
 

 
 

Figure S5.7. An MCR-ALS model was applied to the UVRR data where it successfully deconvolved spectra into 
its pure components a) benzonitrile (substrate) and b) benzamide (product) as shown for 
biotransformation 1. 

 

 

 
 

Figure S5.8. HPLC calibrations for (a) benzonitrile (b) benzamide (c) p-tolunitrile and (d) p-toluamide at 254 
nm absorbance. Plots show the mean plus associated standard deviation (SD) error bars from 
triplicate data. 
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Figure S5.9. A MCR-ALS model was applied to the UVRR data where it successfully deconvolved spectra into 
its pure components (a) p-tolunitrile (green) and (b) p-toluamide (orange) as shown for 
biotransformation 2 (c) Shows the reaction dynamics from real-time UVRR measurements 
(denoted by outlined symbols) and off-line HPLC data (denoted by solid symbols) as a function of 
time for the conversion of p-tolunitrile to p-toluamide. UVRR spectra were obtained for 20 s with 
baseline correction, normalisation and smoothing applied (as detailed in ‘Materials and methods: 
data processing’). 

 

 

Table S5.3. The R
2
 co-efficients obtained for three replicates for the conversion of p-tolunitrile to p-toluamide 

(biotransformation 2). 

 

 

 

 

a) 

b) 

c) 

Replicate p-Tolunitrile R
2
 p-Toluamide R

2
 

1 0.892 0.860 

2 0.919 0.943 

3 0.884 0.938 
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Figure S5.10. An MCR-ALS model was applied to the UVRR data where it successfully deconvolved spectra 
into its pure components (a) xanthine (substrate) and (b) uric acid (product) as shown for 
biotransformation 1. 

 

 
 
 

Figure S5.11. HPLC calibrations for a) hypoxanthine b) xanthine and c) uric acid at 254 nm absorbance. Plots 
show the mean plus associated standard deviation (SD) error bars from triplicate data.  
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Table S5.4. A summary of the R
2
 co-efficients across all three replicates for the conversion of hypoxanthine 

to xanthine to uric acid (biotransformation 4). 

 

 

 

XO biotransformation 4: supporting proposed mechanism 

Noticeably, the R2 value of xanthine was low for the three-analyte biotransformation 

(biotransformation 4) – this is due to the low overall concentration of xanthine (<8 %) throughout 

the reaction. This is further supported by the proposed mechanism of XO (based on xanthine 

dehydrogenase, XDH, from Rhodobacter capsulatus) whereby hypoxanthine binds to the active site 

and is converted to xanthine by oxidation at the C-2 position.  Xanthine is then released, before 

binding in a different orientation to present the C-8 for oxidation to give uric acid (Dietzel et al., 

2009). This means that the concentration of the intermediate remains low throughout.  

 

 

 

 

 

 

 

 

 

 

Replicate Hypoxanthine R
2
 Xanthine R

2
 Uric Acid R

2
 

1 0.904 0.171 0.935 

2 0.736 0.001 0.928 

3 0.628 0.245 0.765 
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Figure S5.12. (a) Overall schematic illustrating the two known pathways to catalyse the conversion of nitrile 

containing compounds into their corresponding carboxylic acid, either in a single step (nitrilase) 
or a multicomponent process (nitrile hydratase and amidase) Plots b-d) show average UVRR 
spectra (n = 5) of each analyte: (b) pure spectra of benzonitrile, benzamide and benzoic acid (1.25 
x 10-2 M, pH 7.2) (c) pure spectra of 3-pyridinecarbonitrile, nicotinamide (vitamin B3) and nicotinic 
acid (2.5 x 10-2 M, pH 7.2) and (d) pure spectra of pyrazinecarbonitrile and pyrazinamide (anti-
tuberculosis drug) (2.5 x 10-2 M, pH 7.2). Characteristic peaks are annotated. UVRR spectra were 
obtained for 20 s with baseline correction, normalisation and smoothing applied (as detailed in 
‘Materials and methods: data processing’). 
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6.2 ABSTRACT 

Process Analytical Technologies (PAT) are used within industry to give real-time measurements of 

critical quality parameters, ultimately improving the quality by design (QbD) of the final product 

and reducing manufacturing costs. Spectroscopic and spectrophotometric methods are readily 

employed within PAT due to their ease of use, compatibility towards a range of sample types, 

robustness and their multiplexing capabilities. We have developed a UV resonance Raman (UVRR) 

spectroscopy approach to quantify industrially-relevant biotransformations accurately, focusing on 

nitrile metabolising enzymes: nitrile hydratase (NHase) and amidase versus nitrilase activity. 

Sensitive detection of the amide intermediate by UVRR spectroscopy enabled discrimination 

between the two nitrile-hydrolysing pathways. Development of a flow-cell apparatus further 

exemplifies its suitability towards PAT measurements, incorporating in situ analysis within a closed 

system. Multivariate curve resolution-alternating least squares (MCR-ALS) was applied to the UVRR 

spectra, as well as off-line HPLC measurements, to enable absolute quantification of substrate, 

intermediate and product. Further application of hard modelling to MCR-ALS deconvolved 

concentration profiles enabled accurate kinetic determinations, thus removing the requirement for 

comparative off-line HPLC. Finally, successful quantitative measurements of in vivo activity using 

whole-cell biotransformations, where two Escherichia coli strains expressing either NHase 

(transforming benzonitrile to benzamide) or amidase (further conversion of benzamide to benzoic 

acid), illustrates the power, practicality and sensitivity of this novel approach for multi-step, and 

with further refinement we believe multiple micro-organism biotransformations.   
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6.3 INTRODUCTION 

 

Nitrile hydrolysing enzymes, namely, nitrilases, nitrile hydratases (NHase) and amidases, are 

extensively used within chemical synthesis in industry owing to their high selectivity and activity as 

well as their broad substrate specificity (Zhou et al., 2005). These nitrile metabolising enzymes work 

at ambient temperature(s) and pressure(s) and can offer enantioselective control, meaning they 

are attractive alternatives within pharmaceutical processes. At present, acrylamide (>30,000 tons 

per year), nicotinamide (Vitamin B3, >6,000 tons per year), (R)-mandelic acid (a drug precursor), 

pyrazinamide (an antituberculosis agent) and 5-cyanovaleramide (a herbicide intermediate) are 

largely synthesised using nitrile hydrolysing biocatalytic routes (Asano et al., 1982, Mauger et al., 

1988, Nagasawa et al., 1988, Kobayashi et al., 1992, Ghisalba et al., 2009, Gong et al., 2012). There 

has also been increasing interest in the detoxification of wastewater containing toxic nitriles of 

anthropogenic origins using nitrile hydrolysing enzymes (Wang et al., 2004, Gong et al., 2012).  

Due to the appealing nature of these biocatalysts, different techniques to monitor the progression 

of these biotransformations have been investigated. On-line techniques (in contrast to off-line) are 

often more desirable as they directly monitor the reaction in real-time, providing rapid, continuous 

feedback. As such, sample manipulation, extraction or (partial) purification is no longer required 

prior to analysis, reducing the error by minimizing the need for sample transfers and handling. 

Furthermore, real-time reaction monitoring greatly improves the efficiency and accuracy of the 

overall process within PAT (process analytical technology), an essential component of QbD (quality 

by design) (Hinz, 2006, Undey et al., 2011). Fluorometric and colorimetric assays are examples of 

on-line techniques that have been widely studied to monitor nitrile hydrolysis. Examples of 

colorimetric assays include those that rely on changes in pH (Banerjee et al., 2003, Santoshkumar 

et al., 2009, Angelini et al., 2015, Black et al., 2015), whereas spectrophotometric assays have 

involved monitoring ferrous and ferric ions (He et al., 2011, Lin et al., 2011), as well as NADH 

consumption when paired with an amidase and glutamate dehydrogenase (Reisinger et al., 2006). 

Whilst these techniques are advantageous over other more time consuming and labour-intensive 

off-line techniques, such as HPLC, NMR or GC-MS or LC-MS, a major limiting factor is the 

requirement of a fluoro- or chromo-genic substrate, along with limited diagnostic and structural 

information (Kumar and Clark, 2006, Acker and Auld, 2014). Consequently, there is an increased 

effort towards the emergence of new and improved high-throughput screening (HTS) methods 

within biocatalysis and in situ PAT techniques. Raman spectroscopy offers considerable potential 

as a physicochemical technique for monitoring real-time enzymatic catalysed biotransformations. 

However, ‘normal’ Raman scattering is often too weak, limiting its application, yet enhancements 
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of 103 – 105 are attainable when deep-UV (244 nm in this case) excitation is employed. In UV 

resonance Raman (UVRR) spectroscopy the laser frequency coincides with the electronic transitions 

of the molecules under investigation, specifically aromatic and conjugated systems, thus enhancing 

the Raman response (Asher and Johnson, 1984, Asher, 1993). 

We recently demonstrated that UVRR could successfully monitor the real-time progression of 

biotransformations using either NHase or xanthine oxidase (conversion of hypoxanthine to 

xanthine, followed by xanthine to uric acid) (Westley et al., 2017). UVRR achieved results that were 

in agreement with off-line HPLC analysis, but with a >30-fold reduction in acquisition time (20 s 

measurement time for UVRR versus >10 min for each HPLC run). Ultimately, rapid and sensitive 

detection of these analytes was possible by exploiting aromatic functionality which is inherent to 

their structure. 
 

 
 

Figure 6.1. Enzymatic conversion of benzonitrile to the corresponding carboxylic acid (benzoic acid) and/or 
carboxamide (benzamide). 

 

In this study, we further investigate the application of UVRR to discriminate quantitatively between 

nitrile metabolising enzymes. Nitrile catabolism comprises of two distinct pathways: (1) direct 

generation of carboxylic acids via nitrilase; and (2) a two-step process whereby nitrile hydratases 

catalyse the formation of an amide, which is subsequently hydrolysed by an amidase to give the 

corresponding carboxylic acid (Figure 6.1) (Zhou et al., 2005). Consequently, discrimination 

between these pathways until now has been problematic as they generate the same final product, 

resulting in only semi-quantitative or qualitative analysis. We describe how UVRR spectroscopy can 

be used in real-time to easily distinguish between the two pathways, without the requirement of 

additional fluoro- or chromo-genic substrates, enabling full recovery of the reaction sample whilst 

affording quantitative analysis. Furthermore, a flow-cell apparatus has been developed to reduce 

signal-to-noise interference, further demonstrating its amenability for use in industrial processes 

(closed system enabling direct in situ measurements). Finally, investigations were extended to 

include whole-cell biotransformations (in vivo), omitting protein purification steps thus further 

increasing the overall speed and utility of this technique. 
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6.4 EXPERIMENTAL 

6.4.1 Reagents and Materials.  

All chemical reagents were of analytical grade and used with no additional purification unless 

otherwise stated. A nitrile hydratase (EC 4.2.1.84) construct was kindly provided by the Uwe 

Bornscheuer group (Greifswald University) (Rzeznicka et al., 2010), and an amidase (EC 3.5.1.4) 

synthetic gene was purchased from Genewiz (New Jersey, USA). Full details of cloning, expression 

and protein purification is described within the SI. 
 
 

6.4.2 Reaction sample preparation. 

The starting reaction mixture contained either benzonitrile or benzamide (final concentration 1.25 

x 10-2 M) in potassium phosphate buffer (2.5 x 10-2 M, pH 7.2). Reactions were performed using 

either purified enzyme (in vitro) or Escherichia coli whole-cells (resting state) which expressed 

either NHase or amidase protein (in vivo). For reactions involving purified enzymes, NHase + 

amidase (6.0 x 10-6 M and 3 x 10-6 M, respectively) were added to the reaction mixture to initiate 

the biotransformation. For whole-cell biotransformations, NHase or amidase (500 µL or 250 µL 

respectively, of concentrated whole-cells in buffer) were introduced into the reaction mixture or a 

combination of the two (375 µL of NHase and 25 µL of amidase of whole-cells in buffer). See SI, 

supplementary methods for further information. 
 
 

6.4.3 UVRR Instrumentation.  

UVRR was performed using a Renishaw Raman 1000 system (Renishaw, Wotton-under-edge, 

Gloucestershire, UK). Approximately ~0.2 mW of power was delivered to the sample using a Lexel 

Model 95 ion laser (frequency doubled) emitting at 244 nm.  
 
 

6.4.4 Reaction set-up.  

UVRR monitoring of biotransformations were performed using a flow-cell set-up. In brief, a quartz 

flow-cell was focussed beneath the UVRR microscope objective, which was connected to the 

reaction reservoir using tubing (Figure S6.1 in SI). Continuous stirring of the reaction mixture was 

achieved using a peristaltic pump, along with a stirrer bar agitating the reaction reservoir (the 

location at which enzyme is added and HPLC samples removed). A total reaction volume of 10 mL 

was used, UVRR analysis was performed using a 20 s acquisition time at various intervals (mainly 

every minute). In addition, every 2-3 min 20 µL of the reaction mixture was removed and quenched 

with MeOH (180 µL), before being subjected to comparative HPLC analysis.  
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6.5 RESULTS AND DISCUSSION 

 

6.5.1 Multi-step enzyme biocatalysis 

To explore if UVRR could distinguish between the two nitrile metabolising pathways, we 

investigated the more complex, two-step pathway combining both a nitrile hydratase and an 

amidase. A flow-cell apparatus was developed and optimized to reduce signal-to-noise interference 

by incorporating a quartz flow-cell at the site of UVRR analysis (images of the set-up are shown in 

Figure S6.1 in SI). Benzonitrile was investigated as the starting material (SM), which produces both 

benzamide as the intermediate (I) and benzoic acid as the final product (P) in the presence of NHase 

and amidase (Figure 6.1). Characteristic UVRR peaks for each analyte are highlighted in Figure 6.2 

(see Table S6.1 in SI for tentative band assignments). Benzamide and benzoic acid produce very 

similar UVRR responses yet subtle differences are seen, most noticeably, one can observe the peak 

shift from 1413 to 1389 cm-1 (benzamide to benzoic acid) and the weak peak at 847 cm-1 which is 

absent in both benzonitrile and benzamide but present within the benzoic acid product.  

 
 

Figure 6.2. Average UVRR spectra (n = 2) of each analyte under investigation: benzonitrile (blue), benzamide 
(red) and benzoic acid (green). Spectra were obtained at 1.1 x 10-2 M in potassium phosphate 
buffer (2.5 x 10-2 M, pH 7.2), using conditions and concentrations that were representative of the 
initial reaction mixtures, with characteristic peaks identified (see Error! Reference source not f
ound. in SI for assignments). UVRR spectra were obtained for 20 s with baseline correction and 
normalisation applied (see the SI, “Data processing” for full details).  
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Initially we looked at the conversion of benzonitrile to benzamide and subsequently to benzoic acid 

using NHase and amidase in vitro (purified enzymes), with comparative HPLC measurements 

acquired to confirm that the in situ UVRR measurements were accurate. Multivariate curve 

resolution-alternating least squares (MCR-ALS) is a soft-modelling method, used mathematically to 

deconvolve an instrumental response into the pure contributions of individual components present 

within a mixture. The input of pure spectra of each component of the mixture is an initial 

requirement, and the iterative method can then deconvolve the complex mixture and provide 

concentration profiles of each component (Tauler, 1995, Jaumot et al., 2005). To benchmark this 

approach HPLC measurements of the same samples allows the comparison of the known analyte 

concentrations with the predicted UVRR concentrations via MCR-ALS modelling, thus serving as 

external validation (an overview of the spectral pre-processing and MCR-ALS process is shown in 

Figure S6.2 in SI). One can also compare how well the pure analyte spectra (as initially inputted into 

the model) and the resolved MCR-ALS spectra agree with one another and in this case the real and 

deconvolved were congruent (Figure S6.3 in SI).  

It is important to note that UVRR spectra were acquired every minute throughout the monitoring 

process, whereas HPLC aliquots were taken less frequently (2-3 min intervals). Time points 

consisting of both HPLC and UVRR measurements were used as the training set for the MCR-ALS 

model, with only UVRR measurements used as the test set. Figure 6.3 shows the resolved 

concentration profiles, illustrating very good agreement between the HPLC and UVRR predictions. 

The MCR-ALS model correctly recognized all three components within the reaction mixture, despite 

their spectral similarities. Thus, enabling distinction between the two-step pathway (NHase + 

amidase) versus nitrilase catalysis (no intermediate). Regression-coefficient values (R2) 

demonstrate the proportion of variability within a data set, as accounted for by the statistical model 

(MCR-ALS). Generally, R2 values closer to 1 demonstrate excellent fit and correlation between the 

HPLC measured and UVRR predicted concentrations. Results are provided in Figure S6.4 in SI for all 

three analyte components – benzonitrile (SM), benzamide (I) and benzoic acid (P) – with their 

corresponding R2 values: 0.9637, 0.9076 and 0.9895, respectively, indicating very good agreement 

between the two techniques.  
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Figure 6.3. An MCR-ALS model was applied to the UVRR data where it successfully deconvolved spectra into 
its pure components for the biotransformation using pure enzymes. This figure shows the 
reaction dynamics from the real-time UVRR measurements (denoted by circular symbols) and off-
line HPLC data (denoted by cross symbols) as a function of time for the conversion of benzonitrile 
(SM; blue) to benzamide (I; red) to benzoic acid (P; green), catalysed by NHase and amidase, 
correspondingly.  

 

To complement the incorporation of UVRR within on-line PAT processes further, we wanted to 

explore the application of hard modelling (HM) (Molloy et al., 1999, de Carvalho et al., 2006), as 

this would remove the requirement for external calibration (i.e. the additional HPLC 

measurements). The multivariate curve resolution-alternating least squares-hard modelling (MCR-

ALS-HM) process is shown in Figure S6.5 in SI. In brief, assuming that the two steps of the 

biotransformations both followed a first-order reaction, the resolved concentration profiles from 

MCR-ALS were used to determine the reaction rate constants k1 and k2 using the kinetic models as 

shown in Figure S6.6 in SI. The concentrations of the reactants at any time points during the reaction 

were then derived using the estimated k1, k2 and the known initial concentration of the starting 

material (i.e. benzonitrile). The MCR-ALS-HM results are shown in Figure 6.4 along with comparative 

HPLC results to highlight their consistency. One can see that the results are once again in good 

agreement, particularly for the benzonitrile (SM). However, benzamide and benzonitrile HM 

concentration profiles do not agree with the HPLC calibration concentrations quite as well. The 

MCR-ALS-HM approach assumes that 100 % of the SM (i.e. benzonitrile) is converted to product(s) 
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(i.e. benzamide + benzoic acid). Upon further inspection of the total concentration throughout the 

monitoring process, we experience significant fluctuations in total mass, consequently causing a 

disparity between the HPLC and MCR-ALS-HM results. The total analyte concentration at various 

timepoints (as calculated by HPLC) is shown in Table S6.2 in SI. After the initial timepoint, a 

substantial drop in the total concentration occurs and a third of the starting concentration is 

unaccounted for, which subsequently increases again with increasing time (final timepoint 

concentration = 96 % of starting concentration). We hypothesise that these variations in the total 

concentration is a consequence of reduced solubility of the intermediate (benzamide), resulting in 

partial insolubility before being converted to benzoic acid (product) where it is soluble once again 

due to the reduced concentration of benzamide. As the MCR-ALS and HPLC results (Figure 6.3) were 

in such good agreement with one another, we can conclude that both techniques (UVRR and HPLC) 

are detecting this reduction in concentration and it is a true effect. Unfortunately, the HM results 

cannot adjust for this mass imbalance, thus we see a discrepancy between the MCR-ALS-HM and 

HPLC results (Figure 6.4). Nevertheless, we can calculate reaction rate constants using the MCR-

ALS-HM model and these constants were k1 = 0.3316 and k2 = 0.0797 for NHase and amidase, 

respectively (the equations for kinetic calculations are shown in Figure S6.6 in SI).  

 

 
 

Figure 6.4. Multivariate curve resolution-alternating least squares-hard modelling (MCR-ALS-HM) results 
show good agreement with HPLC measured concentrations. Calculated kinetic rates of each 
enzyme were k1 = 0.3316 and k2 = 0.0797 for NHase and amidase, respectively.  

k1 = 0.3316 

k2 = 0.0797 
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6.5.2 Whole-cell biotransformations incorporating multi-step enzyme biocatalysis 

In addition to the in vitro pure enzyme assessment above, we wanted to perform this 

biotransformation using in vivo conditions using whole-cells. Omitting protein purification steps 

would increase the overall efficiency and speed of this real-time monitoring approach, further 

proving its suitability within industrial processes. NHase and amidase were expressed within E. coli 

BL21 (DE3) cells using optimised expression conditions (see SI section ‘Protein expression and 

purification’). Once cells were induced for protein expression and allowed to grow overnight, the 

cells were harvested by centrifugation and re-suspended in potassium phosphate buffer prior to 

use within the reaction. To ensure that bacterial cells were in the resting state and no further 

growth was experienced, optical density (OD) measurements at 600 nm were performed 

throughout the monitoring process. OD600 measurements were relatively consistent throughout the 

60 min period and thus we conclude that there was no significant further bacterial growth (see SI 

section ‘OD600 measurements’ and Table S6.3). Initially we performed two separate whole-cell 

biotransformations: the first contained E. coli expressing NHase for conversion of benzonitrile (SM) 

to benzamide (P), and the second biotransformation with benzamide (SM) used E. coli expressing 

amidase, generating benzoic acid (P).  

The first one-step, in vivo biotransformation studied was the conversion of benzonitrile to 

benzamide using E. coli cells expressing NHase activity. Consistent with our previous investigations, 

both UVRR and HPLC measurements were taken and MCR-ALS analysis performed. The MCR-ALS 

resolved profiles for starting material and product can be observed in Figure S6.7, along with the 

predicted concentration profiles and known HPLC concentrations comparisons of each analyte 

(Figure S6.8 in SI). The resolved MCR-ALS spectrum of benzamide (P) was less successful than 

benzonitrile (SM), reflected in their R2 values of 0.7286 and 0.9514, correspondingly. This is likely 

due to the E. coli background response coinciding with the benzamide product peaks within the 

region of 1200 – 1800 cm-1. Despite this the MCR-ALS modelled concentrations versus HPLC results 

(Figure 6.5) are evidently in very good agreement with one another and the UVRR approach can 

successfully quantify the whole-cell catalysed hydrolysis of benzonitrile to benzamide.  

As with the pure enzyme reactions hard modelling was further applied to these results, however as 

previous, the reaction experienced a reduction in the total concentration (assuming benzamide 

insolubility) which had a substantial effect on MCR-ALS-HM. The final reaction timepoint (t = 18 

min) had a 38 % mass loss when compared to the starting concentration, thus rendering the MCR-

ALS-HM results inaccurate (MCR-ALS-HM kinetic equations are shown in Figure S6.9 in SI).  
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Figure 6.5. MCR-ALS model applied to the whole-cell biotransformation of benzonitrile (SM, blue) to 
benzamide (P, red) using NHase-containing E. coli cells. Figure shows the reaction dynamics from 
the real-time UVRR measurements (denoted by circular symbols) and off-line HPLC data (denoted 
by cross symbols) as a function of time.  

 

Next, the second step of the biotransformation (benzamide to benzoic acid) was monitored in the 

presence of amidase-expressing E. coli cells. The increased expression of amidase in vivo, relative 

to NHase, enables a much lower quantity of cells to catalyse the reaction (which we estimated to 

be 1:15), hence the E. coli background does not overtly dominate the UVRR response and 

characteristic peaks are observed. Thus, the MCR-ALS soft modelling approach was applied to the 

UVRR and HPLC data and were shown to be in very good agreement with one another (R2 = 0.9439 

and 0.9862 for benzamide and benzoic acid, Figure S6.10 and S6.11 in SI). Figure 6.6A illustrates the 

similarity between the two methods. The total concentration remains stable throughout, so MCR-

ALS hard modelling was applied to the data, removing the requirement of comparative HPLC (MCR-

ALS-HM kinetic models shown in Figure S6.9 in SI). Results of the MCR-ALS-HM are shown in Figure 

6.6B, where one can see that the hard modelling results (represented by the solid lines) are highly 

comparable to the off-line HPLC measured concentrations (dashed lines), enabling an accurate 

measurement of the kinetic rate, identified as k = 0.1986.  
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Figure 6.6. Modelling results for amidase-expressing bacterial whole-cells catalysing the conversion of 
benzamide (SM) to benzoic acid (P). (A) MCR-ALS soft modelling results and (B) MCR-ALS hard 
modelling results, kinetic rate was calculated as k = 0.1986.  

 

Finally, we combined the two different E. coli together. As discussed above the relative expression 

levels of NHase were very low in comparison to that of amidase, and this required a much larger 

quantity of NHase-containing E. coli cells within the reaction mixture. We established using HPLC 

(data not shown) that the 15:1 ratio of NHase:amidase enabled detectable concentrations of 

benzamide before its subsequent hydrolysis to benzoic acid. Unfortunately, despite this 

optimisation to see the intermediate, in vivo UVRR reaction monitoring in the presence of NHase + 

amidase (15:1 ratio) was unsuccessful due to the high density of E. coli cells. Figure S6.12A in SI 

shows the corresponding UVRR spectra over the reaction time course, one can easily identify the 

decreasing nitrile peak at 2234 cm-1, indicative of benzonitrile (SM) consumption. However, the 

bacterial cells produce a UVRR response which has peaks coinciding with those characteristic of 

benzamide and benzoic acid (1200 – 1800 cm-1, see Figure S6.12B in SI) which meant that 

subsequent MCR-ALS modelling was unsuccessful. Despite trying to include the biomass peak 

profile within the MCR-ALS model (as an additional individual component) the deconvolution into 

four individual components (SM, I, P and biomass) was still unsuccessful. We believe that if the 

NHase expression had been higher that we would have been able to achieve an in vivo 

biotransformation using multiple organisms; however we are yet to find a clone that has sufficiently 

high expression at this time. 

 

 

k = 0.1986 
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6.6 CONCLUSIONS 

We have successfully demonstrated how UVRR can be used in a real-time, label-free and rapid (20 s) 

manner to discriminate between nitrile-metabolising pathways (NHase + amidase versus nitrilase) 

by observation of the amide intermediate. Combining on-line UVRR measurements with off-line 

HPLC analysis, MCR-ALS modelling could be implemented to quantify each of the components 

accurately within the reaction. High R2 values demonstrate that the two analytical techniques are 

in very good agreement with one another. The similarity of the UVRR responses of the intermediate 

(benzamide) and product (benzoic acid) does not appear to impact the model’s ability to distinguish 

them, further indicating the sensitivity and selectivity of this combined UVRR + MCR-ALS approach. 

In contrast to previous open pot reactions where products and substrates may evaporate (Westley 

et al., 2017), the development of a flow-cell apparatus enables collection of UVRR measurements 

through a quartz flow-cell, highlighting its suitability within PAT processes and facilitating 

measurements within a closed system. To complement the application of a closed system further, 

hard modelling was combined with MCR-ALS (MCR-ALS-HM) as to remove the requirement of 

external HPLC measurements, with results shown to be in good agreement with off-line HPLC 

(validation). However, fluctuations in the total concentration (arising from reduced solubility of the 

intermediate) reduced the accuracy of the model as the mass of the system was no longer in 

equilibrium.  

Finally, to extend our investigations and the applicability of this approach towards industrial 

development, we introduced in vivo conditions by using E. coli whole-cells which expressed either 

NHase or amidase activity. Omitting protein purification is attractive as it increases the overall 

speed, enabling faster turnover of the desired product. Low-level expression of NHase in vivo and 

the consequent requirement of a high density of bacterial cells led to unsuccessful detection and 

discrimination of the individual analytes when performed in the presence of both NHase and 

amidase bacterial cells. However, separating the two individual biotransformations proved to be 

very successful. MCR-ALS soft modelling and hard modelling approaches could be applied to the 

amidase-catalysed reaction, owing to its high-level expression (in vivo) and avoidance of solubility 

interference. We are confident that these results showcase the sensitivity and accuracy of UVRR 

spectroscopy for in situ, continuous measurements of enzyme activity, and its suitability for 

implementation within industry.   
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6.8 SUPPORTING INFORMATION  

 

 

SUPPLEMENTARY METHODS  
 

 

 

Reagents and materials.  

All chemical reagents were of analytical grade and used with no additional purification unless 

otherwise stated. Acetonitrile (HPLC grade), benzonitrile (≥99%), benzamide (≥99%), benzoic acid 

(≥99%), butanoic acid (≥99%), nitrilase (EC 3.5.5.1), TRIS HCl and water (HPLC grade) were 

purchased from Sigma Aldrich Ltd. (Dorset, UK). Potassium dihydrogen phosphate, dipotassium 

phosphate and sodium hydroxide were obtained from Fischer Scientific (Loughborough, UK).  

 
 

Reaction conditions for in vitro biotransformations. 

NHase + amidase. Nitrile hydratase and amidase were expressed and purified as described in the 

‘Protein Expression and Purification’ section. The starting reaction mixture contained benzonitrile 

(final concentration 1.25 x 10-2 M with 2.5% MeOH) dissolved in potassium phosphate buffer (2.5 x 

10-2 M, pH 7.2). The reaction was initiated upon the addition of NHase (6.0 x 10-6 M) and amidase 

(3 x 10-6 M).  
 

 

Reaction conditions for in vivo biotransformations. 

NHase. Nitrile hydratase was expressed as stated in ‘Protein Expression and Purification’ section. 

Bacterial culture was harvested by centrifugation (4000 xg, 4 °C for 10 min), followed by 

resuspension in potassium phosphate buffer (2.5 x 10-2 M, pH 7.2) in 1/40th of the expression 

volume (for example, 400 mL of bacterial expression culture was resuspended in 10 mL buffer = 40x 

concentration). N.B. bacterial cells were in a resting state and did not display further growth (see 

Table S6.3 for OD600 measurements). The starting reaction mixture contained benzonitrile (final 

concentration 1.25 x 10-2 M with 2.5 % MeOH) dissolved in potassium phosphate buffer (2.5 x 10-2 

M, pH 7.2). The reaction was initiated upon the addition of NHase E. coli suspension (500 µL). 

Amidase. Amidase was expressed as stated in ‘Protein Expression and Purification’ section. 

Bacterial culture was harvested by centrifugation (4000 xg, 4 °C for 10 min), followed by 

resuspension in potassium phosphate buffer (2.5 x 10-2 M, pH 7.2) in 1/40th of the expression 

volume. The starting reaction mixture contained benzamide (final concentration 1.25 x 10-2 M) 

dissolved in potassium phosphate buffer (2.5 x 10-2 M, pH 7.2). The reaction was initiated upon the 

addition of amidase E. coli suspension (250 µL). 

NHase + amidase. Nitrile hydratase and amidase were expressed as stated in ‘Protein Expression 

and Purification’ section. Bacterial cultures were harvested by centrifugation (4000 xg, 4 °C for 10 
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min), followed by resuspension in potassium phosphate buffer (2.5 x 10-2 M, pH 7.2) in 1/40th of the 

expression volume. The starting reaction mixture contained benzonitrile (final concentration 1.25 

x 10-2 M with 2.5 % MeOH) dissolved in potassium phosphate buffer (2.5 x 10-2 M, pH 7.2). The 

reaction was initiated by the addition of NHase E. coli suspension (375 µL) and amidase E. coli 

suspension (25 µL).  

 
 

Reaction sample preparation and monitoring. 

For all biotransformations (purified enzyme and E. coli whole-cell), the reaction mixture was 

focused under the microscope objective within a quartz cuvette attached to the flow-cell set-up 

(see Figure S6.1). At various time points after enzyme addition, UVRR and HPLC spectra were 

collected throughout the biotransformation monitoring period. The reaction was performed on a 

10 mL scale, allowing for a large enough volume to fill the flow-cell set-up (~6 mL) and allow for ~4 

mL of residual volume to enable HPLC sample collection (reaction reservoir, see Figure S6.1).  

For all biotransformations, at specific time points, 20 μL of sample was removed from the reaction 

mixture and immediately quenched and diluted with 180 μL of MeOH. The sample was then 

centrifuged at 21,000 × g for 6 min. 100 μL of the diluted sample was then transferred to a HPLC 

vial and subjected to HPLC analysis. 

 

INSTRUMENTATION AND DATA PROCESSING 
 

 

HPLC Analysis.  

HPLC separation was conducted using an Agilent Zorbax Eclipse Plus HPLC system set-up for reverse 

phase separation consisting of a diode array detector. For all biotransformations, the column was 

a 150 × 4.6 mm, Phenomenex Eclipse Plus® C18 with a 3.5 µm particle size. For each injection, the 

run time was 12.0 min pumped at a flow rate of 1 mL min-1 and at 30 °C column temperature. The 

mobile phase consisted of a linear gradient, starting conditions of 5% MeCN/H2O (plus 0.05 % TFA) 

held for 2 min before increasing to 75 % MeCN/H2O over 6 min. Prior to washing at 95 % MeCN/H2O 

for 1.5 min and re-equilibration to initial conditions over 2.5 min (total run time 12 min). 5 µL of 

each sample was introduced using an auto-injector. UV absorbance was detected at 254 nm 

throughout. 

 

UVRR analysis.  

UVRR was performed using a Renishaw Raman 1000 system (Renishaw, Wotton-under-edge, 

Gloucestershire, UK). Approximately ~0.2 mW of power was delivered to the sampling point using 

a Lexel Model 95 ion laser emitting at 244 nm. The reaction mixture (10 mL) was continuously 
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stirred, using a magnetic stirrer plate and magnetic bar, as well as continuous circulation around 

the flow-cell set-up using a peristaltic pump to avoid photodegradation. Spectra were collected 

with an acquisition time of 20 s. Only spectra with no demonstrable photo-degradation and signal 

from the reaction vessel were used for analysis; the effects of photodegradation has been 

previously investigated (Westley et al., 2017) and in the present study no observable 

photodegradation products were observed. 

 
 

Data Processing.  

All data were exported from the respective instrument operating software and analysed using 

Matlab R2015a (The Mathworks, Natick, MA, USA). 

 
 

HPLC data analysis.  

The peaks of the target analytes were integrated with the results of the HPLC data and served as 

an external validation data set to independently verify the accuracies of the MCR-ALS models in 

prediction. 

 

UVRR data analysis.  

The work-flow of the MCR-ALS soft modelling is provided in Figure S6.2. The data were exported as 

Galactic .spc files and then imported into Matlab. The spectra were baseline corrected and then 

normalized to unit norm (i.e. sum of squares of each spectrum equals 1). MCR-ALS was then applied 

to obtain the resolved concentration profile C and pure spectra S matrices. A linear regression 

model was built for each reactant using the HPLC measurements and the corresponding readings 

in C at the same time points. This model was then applied to all the time points in C to calculate the 

concentrations of the reactant on all the monitored time pints. 

For hard modelling, the concentration profiles were used to estimate the reaction rate constant k 

using the corresponding kinetic model as shown in Figure S6.6 and S6.7. The concentrations of each 

of the reactant of any time point during the reaction can then be determined by using the 

concentration of the starting material and the estimated k. 
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Figure S6.1. Annotated instrument set-up, including flow-cell apparatus, to monitor biotransformations using 
UV resonance Raman spectroscopy. The 40x UVRR objective was focussed into the quartz flow-
cell containing the reaction mixture. 100 % power on the sample (~0.2 mW at sampling point) 
with UVRR data collection using a 20 s acquisition time throughout the time course. Mixing of the 
reaction sample was achieved using a stirrer bar within the reaction reservoir, as well as 
continuous flow of the mixture via the peristaltic pump (anti-clockwise direction of flow, plastic 
tubing connects the quartz flow-cell to the reaction reservoir). Samples for HPLC analysis were 
removed from the reaction reservoir. Note: set-up as shown above contains E. coli whole-cells, 
thus the reaction mixture is opaque in appearance. 

 
 
 

Table S6.1. Tentative UVRR band assignments of benzonitrile, benzamide and benzoic acid at pH 7.2 
* (Chatterjee et al., 1978, Gao et al., 1990, Mrozek et al., 2001, Brittain, 2009, Sparrow et al., 
2001, Trout et al., 2005) 

 

 
 

 

vs-very strong, s-strong, m-medium, w-weak, vw-very weak. 
 

Raman Shift (cm
-1

) 
 

Tentative band assignment* 

Benzonitrile Benzamide Benzoic acid  

  
847 (w) C-H ring breathing 

1005 (m) 1001 (w) 1007 (m) C-C-C trigonal breathing  
1138 (vw) 1141 (vw) NH

2
 rocking mode 

1180 (s) 1187 (w) 1180 (w) C-H in-plane bend 
 

1413 (m)  C-N stretch 

  1389 (m) C-H ring stretch 

1598 (vs) 1602 (vs) 1602 (vs) C-C in-plane stretch 

2234 (s) 
 

 C≡N stretch 
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Figure S6.2. Flow diagram summarising data pre-processing and MCR-ALS process used for predicting 
concentrations of each analyte from the reaction mixture. 

  

 

Raw UVRR spectra 

Baseline correction of 
UVRR data 

Normalisation of UVRR data 

MCR-ALS 

Deconvolved spectra of 
individual components i.e. 

analytes 

Corresponding integrated 
HPLC peak areas 

External calibration 

Non-negativity constraint applied 
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Figure S6.3. MCR-ALS deconvolved spectrum (dashed, red line) of individual analytes from the mixture 
compared with their known UVRR spectrum from standards (solid, blue line). The initial reaction 
mixture includes benzonitrile (SM) and is initiated upon the addition of NHase and amidase as 
purified enzymes.  
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Figure S6.4. MCR-ALS prediction from UVRR of analyte concentrations versus HPLC measured concentrations 
(mM). With R2 values ranging from 0.9076 to 0.9895 and indicates that results are in very good 
agreement with one another.  
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Figure S6.5. Flow diagram summarising the MCR-ALS and HM processes. MCR-ALS model predicts the 
concentration profiles of each analyte, which are then taken forward to HM.  

 

 

 
 

 

Figure S6.6. Kinetic model used within the MCR-ALS-HM approach to calculate the concentrations of each 
analyte at any time point during the reaction where A is benzonitrile, B is Benzamide, C is Benzoic 
acid and t is time. We assume that the biotransformations followed a first order reaction, during 
which A had converted to B, and B had subsequently converted to C, at reaction rate constants 
k1 and k2 respectively.    

𝐴 
𝑘1
՜ 𝐵

𝑘2
՜ 𝐶 

𝑑[𝐴]

𝑑𝑡
= −𝑘1[𝐴] 

𝑑[𝐵]

𝑑𝑡
= 𝑘1[𝐴] − 𝑘2[𝐵] 

𝑑[𝐶]

𝑑𝑡
= 𝑘2[𝐵] 

[𝐴] = [𝐴]0𝑒−𝑘1𝑡 

[𝐵] = [𝐵]0𝑒−𝑘2𝑡 + 𝑘1[𝐴]0

𝑒−𝑘1𝑡 − 𝑒−𝑘2𝑡

𝑘2 − 𝑘1

 

[𝐶] = [𝐶]0 +  [𝐵]0(1 − 𝑒−𝑘2𝑡) + [𝐴]0(1 +
𝑘1𝑒−𝑘2𝑡 − 𝑘2𝑒−𝑘1𝑡

𝑘2 − 𝑘1

) 
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Table S6.2. Table denoting the total concentration of analytes with the reaction mixture at various timepoints 
as calculated by HPLC (calibration adjusted concentrations).  

 

Time (min) 0 2 4 6 8 10 13 17 20 23 26 

Total conc. 
(mM) 

11.27 7.76 7.47 8.08 7.99 8.95 9.25 9.85 10.63 10.43 10.85 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

OD600 measurements 
 

To ensure that bacterial cells were in the resting state, and that the observed in vivo enzyme activity 

(substrate conversion to product(s)) was not a consequence of an increase in bacterial density, 

measurements at 600 nm (OD600) were taken throughout the time course (Table S6.3). These 

controlled experiments (no substrate) enabled identification of the OD600 values that remained 

relatively consistent throughout. Thus we could be confident that the E. coli cells were in a resting 

state and no further growth was occurring. OD600 measurements were performed using the same 

reaction conditions used as the UVRR whole-cell monitoring experiments, but with the substrates 

omitted (i.e. benzonitrile/benzamide).  

 

 

Table S6.3. Table stating the OD600 values at various time points throughout the reaction monitoring process. 
Samples were diluted 1:5 prior to OD600 analysis.   

  

E. coli whole-cells 
OD600 at time point 

0 min 10 min 20 min 30 min 60 min 

NHase 0.668 0.642 0.585 0.697 0.609 

Amidase 0.360 0.360 0.341 0.377 0.335 

NHase + Amidase 0.537 0.560 0.513 0.575 0.505 
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Figure S6.7. MCR-ALS deconvolved spectrum (dashed, red line) of individual analytes from the mixture 
compared with the known UVRR spectrum (solid, blue line). The initial reaction mixture includes 
benzonitrile (SM) and is initiated upon the addition of NHase-containing E. coli cells.  

 

 

 

   

 

Figure S6.8. MCR-ALS predicted UVRR concentration versus HPLC measured concentration (mM). NHase 
whole-cell biotransformation gave R2 values of 0.9514 and 0.7286 for benzonitrile (SM) and 
benzamide (P), respectively. 
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Figure S6.9. Kinetic model used by MCR-ALS-HM approach to calculate the concentrations of each reactant 
at any time during the one-step biotransformations where A is benzonitrile or benzamide (as the 
product), B is benzamide (as the starting material) or benzoic acid and t is time.  We assume that 
reaction followed a first order reaction in which A had converted to B at a reaction rate 
constant k.   

 

 

 

     
 

 

Figure S6.10. MCR-ALS deconvolved spectrum (dashed, red line) of individual analytes from the mixture 
compared with their known UVRR spectrum (solid, blue line). Initial reaction mixture includes 
benzamide (SM) and is started by the addition of amidase-containing E. coli cells. 

 

 

 

 

𝐴 
𝑘
՜ 𝐵 

𝑑[𝐴]

𝑑𝑡
= −𝑘 [𝐴] 

[𝐴] = [𝐴]0𝑒−𝑘𝑡 

[𝐵] = [𝐴]0 − [𝐴]0𝑒−𝑘𝑡 

Note: Assuming that all A had converted to B! 
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Figure S6.11. MCR-ALS predicted UVRR concentration versus HPLC measured concentration (mM). Amidase 
whole-cell biotransformation gave R2 values of 0.9439 and 0.9862 for benzamide (SM) and 
benzoic acid (P), respectively. 

 

 

 
 

Figure S6.12. (A) UVRR spectra of in vivo biotransformation involving benzonitrile (SM) to benzamide (I) then 
benzoic acid (P) using NHase and amidase from within whole-cells. Colour bar represents the 
changing UVRR response with time. (B) UVRR response of standards: benzamide (red), benzoic 
acid (green) and E. coli BL21 (DE3) cells (grey) in potassium phosphate buffer (2.5 x 10-2 M, pH 
7.2). Bacterial peaks at 1329 and 1481 cm-1 coincide with characteristic benzamide (1413 cm-1) 
and benzoic acid (1389 cm-1) peaks.  
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PROTEIN EXPRESSION AND PURIFICATION 

 

Cloning and Expression. 

Nitrile Hydratase. Constructs containing the genes encoding the α- and β- subunits of the nitrile 

hydratase (NHase) from Rhodoccus equi TG328-2 in pET21a and the associated NHase activator in 

pET28a were generously provided by the Uwe Bornscheuer group (Greifswald University) 

(Rzeznicka et al., 2010). The pET28a construct containing the activator gene was transformed into 

E. coli BL21 (DE3) using kanamycin (50 µg/mL) selection. The resulting cells were then transformed 

with the pET21a construct containing both the α- and β-NHase subunits using kanamycin (50 

µg/mL) and ampicillin (100 µg/mL) for selection. E. coli BL21 (DE3) cells transformed with 

recombinant NHase (α- and β-subunits) + activator plasmids were initially grown overnight at 37 °C 

in LB medium containing kanamycin (50 µg/mL) and ampicillin (100 µg/mL), before 100-fold dilution 

in 2x YT medium containing kanamycin (50 µg/mL) and ampicillin (100 µg/mL). Cultures were 

subsequently incubated at 37 °C with shaking until an OD600
 = 0.8. Incubation was continued at 18 °C 

with shaking until an OD600 = 1.0, prior to induction with IPTG (1 x 10-4 M) and incubation at 18 °C 

with shaking for a further 20 h. After this time, cells were harvested by centrifugation at 4000 xg, 

4 °C for 10 min. Pelleted cells were stored at 4 °C until purification or resuspension in potassium 

phosphate buffer (2.5 x 10-2 M, pH 7.2) for in vivo reactions. 
 

Amidase. A synthetic E. coli codon optimised gene for an enantioselective amidase was purchased 

from Genewiz (US) using the nucleotide sequence as previously published by Trott (Trott et al., 

2002) from Rhodococcus erythropolis strain MP50. The amidase gene was sub-cloned into 

pET28a(+) vector containing N-terminal His-tag using restriction sites, HindIII and NdeI. The amidase 

encoding gene was amplified using E. coli DH5α competent cells, following the QIAprep Spin 

Miniprep Kit Protocol. For protein expression, the pET28a(+) containing amidase plasmid was 

transformed into BL21 (DE3) competent cells, using kanamycin (50 µg/mL) for selection. E. coli BL21 

(DE3) cells transformed with recombinant amidase plasmid were initially grown overnight at 37 °C 

in LB medium containing kanamycin (50 µg/mL). The resultant culture was diluted 100-fold in LB 

with kanamycin (50 µg/mL) and grown at 37 °C with shaking until reaching an OD600 = 0.6. IPTG (1 x 

10-4 M) was then added to the culture for induction and grown at 18 °C with shaking for 20 h. After 

this time, cells were harvested by centrifugation at 4000 xg, 4 °C for 10 min. Pelleted cells were 

stored at 4 °C until purification or resuspension in potassium phosphate buffer (2.5 x 10-2 M, pH 

7.2) for in vivo reactions. 
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Protein Purification. 

Cell pellets harvested from the E. coli protein expression were resuspended in imidazole-containing 

loading buffer (NHase buffer containing TRIS HCl buffer (5 x 10-2 M), NaCl (1 x 10-1 M), butanoic acid 

(4 x 10-2 M) and imidazole (1 x 10-2 M), pH 7.5, amidase buffer containing phosphate (5 x 10-2 M), 

NaCl (5 x 10-1 M) and imidazole (1 x 10-2 M), pH 7.2). Cells were disrupted by sonication and the 

lysate was clarified by centrifugation (4 °C, 40 min, 10,000 xg). The soluble extract was loaded onto 

Ni-NTA column (Qiagen) and the column washed with purification buffer containing 3 x 10-2 M 

imidazole (NHase) or 1 x 10-2 M and 6 x 10-2 M imidazole (amidase). Purified NHase and amidase 

were eluted using 3 x 10-1 M imidazole concentration with their respective buffers. Protein samples 

were subjected to buffer exchange with either TRIS HCl buffer (1 x 10-1 M) containing butanoic acid 

(4 x 10-2 M) pH 7.5 for NHase, or potassium phosphate buffer (1 x 10-1 M, pH 7.2) for amidase, using 

spin concentration (Vivaspin 20 centricon, 10,000 MWCO) before subsequent storage at -20 °C.  

The final protein concentration was determined using Thermo Scientific NanoDrop 2000 

spectrophotometer. SDS-PAGE was used to separate proteins according to their size, enabling 

protein identification and gave an idea of purity. SDS-PAGE gels for each protein can be seen in 

Figure S6.13 and S6.14. 

 

 

 

 

 

 

 

 

 

 

 
 

Figure S6.13. SDS-PAGE (16 %) of NHase protein expression using Ni-NTA. Both the α and β subunits can be 
clearly visualised. 

 

 

 

 

 

35 kDa 
 

25 kDa 
 

 
15 kDa 

 
 
10 kDa 

1      2         3      4 
1 = Cell free lysate 
2 = Flow through  
3 = 3 x 10-2 M Imidazole wash  
4 = 3 x 10-1 M Imidazole elution 

NHase β subunit (24,115 Da) 
NHase α subunit (23,312 Da) 



240 
 

 

      
 

 

Figure S6.14. SDS-PAGE of amidase protein expression using Ni-NTA. 
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7 DISCUSSION 
  



242 
 

7.1 Discussion and Future Perspectives 

The research presented throughout this thesis has demonstrated that Raman spectroscopy has 

successfully enabled rapid and sensitive measurements of enzyme activity, and in some cases, 

permitted reliable quantitative determinations – including on-line assessments. Enhancement 

techniques, such as SERS and UVRR, have been the focus in this work, as normal Raman responses 

were too weak to generate reasonable signals and this is because of the concentrations used in 

these biotransformations. Several different classes of enzyme were studied, and there are some 

important conclusions that can be drawn from the work as a whole.  

This research has demonstrated the capabilities of Raman spectroscopic techniques to detect 

analytes of interest directly; i.e. this method is label-free and does not require reporter molecules. 

Numerous biotransformations have been studied throughout, including flavin-dependent 

halogenases (Chapter 2 and 3), protease (α-chymotrypsin, Chapter 4), esterase (PLE, Chapter 4), 

oxidase (xanthine oxidase, Chapter 5), nitrile hydratase (Chapter 5 and 6) and an amidase (Chapter 

6). Each of these biotransformations involve different aromatic substrates with varying functional 

group moieties, including nitriles, carboxylic acids, amines, alcohols, etc. Through the application 

of either SERS or UVRR, and optimisation of the associated condition parameters, we have 

successfully characterised their corresponding substrates and/or product(s) directly. 

As Raman spectroscopy offers characteristic chemical information that is molecule specific, it was 

important to address its sensitivity at distinguishing between structurally very similar compounds 

(including regioisomers and enantiomers). It is of great importance to be able to distinguish 

between structural isomers/stereoisomers as the different forms can have a significant impact on 

the bioavailability and reactivity of a drug molecule, as well as inducing adverse effects. SERS 

investigations could successfully detect subtle differences arising from differences in the 

regiospecific position of halogen atoms around small aromatic structures, as demonstrated in 

Chapter 2. In addition, the development of a novel, pseudo-enantiomer type-approach (Chapter 4) 

facilitated observations into an enzymes enantioselectivity using SERS, easily distinguishing 

between the two enantiomeric forms. Similarly, UVRR proved to be very sensitive as it easily 

discriminated between the different oxidised states of purine structures (hypoxanthine, xanthine 

and uric acid, Chapter 5).  

Moreover, both enhancement techniques utilised in this research could be performed as on-line 

(i.e. real-time) or at the very least, at-line (i.e. quick analysis of external samples) methods. This 

enabled rapid analysis (10 – 20 s) of the biotransformation samples, which is an essential parameter 

for use as an alternative HTS assay. On-line measurements completely avoid the need to modify 

the system prior to analysis, i.e. quenching and removing protein content. Not only does this 
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increase the efficiency by reducing the overall analysis time, but it also improves accuracy by 

avoiding errors incurred through sample handling and transfers (Workman et al., 2007).  

Finally, throughout these investigations, the pairing of chemometric analysis with Raman has aided 

the interpretation and understanding of the data. Simple univariate methods, such as plotting the 

peak area of characteristic bands, as well as more complex, multivariate methods have been used 

to uncover trends. MCR-ALS (Chapter 4, 5 and 6) models have been used to quantify analytes 

successfully, generating results that are in excellent agreement with robust, off-line HPLC analysis. 

Furthermore, the application of hard modelling (MCR-ALS-HM, Chapter 6) revealed that 

comparative, low-throughput HPLC measurements were not a necessity for quantification. Further 

demonstrating the utility of Raman and its potential within industrial monitoring processes, such as 

PAT.   

As presented in the thesis introduction (Chapter 1), it is extremely important to develop new and 

improved techniques that are amenable for high-throughput screening, particularly when huge 

libraries of enzyme variants are produced during mutagenic strategies. Directed evolution has 

played an important role in the development of enzymes and their increasing incorporation within 

synthetic routes, such as pharmaceutical synthesis. Current HTS methods often suffer from long 

acquisition times and require high concentrations (HPLC/NMR). Conversely, much faster methods 

with lower limits of detection are used (fluorometry/colorimetry/MS), however these techniques 

give very limited structural information surrounding the analyte(s) under investigation and are 

limited due to their requirement of a fluorescent/colorimetric reagent. Ultimately, advancements 

in HTS would lead to huge improvements within this field and further support the incorporation of 

biocatalysts within synthetic methodologies (Kumar and Clark, 2006, Packer and Liu, 2015). SERS 

and UVRR investigations have been very successful at demonstrating their potential as alternative 

HTS methods, with notable advantages: both techniques offer rapid analysis, using either a 10 or 

20 s acquisition time, which is a significant improvement over 10 – 24 min HPLC analysis (in the 

studies presented). Moreover, throughout all SERS investigations portable instrumentation was 

used, showcasing its versatility as an inexpensive instrument capable of excellent reproducibility 

and sensitivity.  

Chapter 2 explored SERS to discriminate between regioisomers of small, halogenated aromatic 

structures, primarily chloroanthranilic acid. This proved to be very effective at identifying subtle 

spectral differences arising from the regiospecific position of a halogen atom around an aromatic 

ring. Combining chemometric analysis, such as PCA and its associated loadings plot, helped to 

identify these discreet spectral differences. These findings reiterate that SERS is a very sensitive and 

information rich technique, providing structural information that HPLC is not capable of. However, 
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the innate mode of action to attain SERS responses, i.e. analyte(s) experience favourable 

interactions with the metal nanoparticles, caused numerous complications when analysing complex 

halogenase reaction samples. Favourable interactions are analyte specific, and unless they have 

been previously documented within the literature, it is very much a trial and error approach to 

attain SERS responses, if at all. Ultimately, the analysis of halogenase reaction samples proved 

unsuccessful due to strong competition/favoured interactions of the cofactors (predominantly FAD) 

over the starting material and product(s).  

This highlights a notable drawback of SERS: unless the reaction/analyte(s) have previously been 

investigated, then the discovery and optimisation of the SERS process can be extensive and time 

consuming, as there are many variable parameters (i.e. aggregating agent, metal, reducing agent, 

pH, etc). Alternatively, algorithms or fractional factorial designs have been effectively incorporated 

within experimental design to significantly reduce the quantity of experiments to achieve optimal 

responses (Fisk et al., 2016). Both methods help to identify key parameters to test during the 

optimisation process, substantially reducing the number to experiments. Mabbott and colleagues 

present a prime example whereby the optimisation of mephedrone detection using SERS was 

reduced to 288 experiments from the original 1,722, by adopting a fractional factorial design 

(Mabbott et al., 2013).  Furthermore, the complexity (i.e. more than one analyte present) can 

complicate SERS analysis as it can lead to competition for the metal surface. If competition is 

experienced, positive interactions of the desired analyte(s) may be inhibited and hence 

obstruct/prevent SERS responses (as experienced in Chapter 2). It is these factors that may limit 

the widespread adoption of SERS within industrial screening processes.  

To combat competition at the nanoparticle surface, as experienced by flavin-dependent 

halogenases in Chapter 2, whole-cell biotransformations were developed. Whole-cells are 

advantageous as they reduce analysis time by avoiding protein purification steps, along with 

benefiting from in situ recycling of essential cofactors (i.e. FADH2 or NADH), ultimately leading to 

reductions in cost and complexity. Chapter 2 highlights that the application of whole-cells 

significantly reduced complexity by utilising cofactors that were innate to the cell. However, RadH 

(flavin-dependent halogenase amenable to whole-cell activity) suffered from low-level expression, 

hence a substantially high density of bacterial cells was required to achieve moderate activity 

(equivalent of 10 mL of bacterial culture resuspended in 1 mL reaction volume, halogenating >30 % 

chrysin at 5 x 10-4 M concentration). Ultimately, bands associated to the bacterial cells dominated 

the SERS response and led to difficulties identifying the substrate and product. Figure 7.1 

demonstrates that if the quantity of bacterial culture is reduced (i.e. the number of cells), then 

chrysin (RadH substrate) becomes increasingly detectable as more characteristic SERS bands are 
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observed amongst the bacterial response. Therefore, with further optimisation of whole-cell 

conditions to increase protein expression, it would seem reasonable to suggest that SERS 

measurements would be successful towards halogenase biotransformations.  

 
 

 

 
 

Figure 7.1. SERS spectra (averages of n = 4) of RadH biotransformation supernatant containing chrysin (2.5 x 
10-5 M) and the equivalent of either 10 mL E. coli culture (top), 5 mL (middle) or 2 mL (bottom). 
Characteristic chrysin peaks have been highlighted in grey. Data have been baseline corrected 
and normalised.  

 

Yan et al. recently showcased the capabilities of desorption electrospray ionization coupled with 

ion mobility mass spectrometry imaging (DiBT-IMMS) to image whole-cell bacterial colonies and 

semi-quantitatively measure product generation in real-time. Their results were noticeably 

improved when a halogen atom was incorporated within the analytes structure, as this permitted 

the natural isotope ratios to be detected, increasing the analytes signal within the complex 

biological matrix (Yan et al., 2017). Perhaps this MS imaging approach would be suited towards the 

analysis of halogenase activity as the sensitive halogen atom is ‘installed’ by the enzyme. In 

addition, we have already demonstrated that RadH halogenase is compatible towards in vivo 

(whole-cell) activity, further supporting its fitness.  

To actively combat competition at the nanoparticle surface within SERS analysis of halogenase 

samples, sulfur functionalisation was investigated (Chapter 3).  Previous examples within the 
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literature have demonstrated that interactions experienced by a molecule and the metal 

nanoparticle surface can be substantially increased using thiol-modifications (Stewart and Bell, 

2011, Gühlke et al., 2016). Hence, halogenase active-substrates were designed to incorporate thiol-

functionality to exploit its strong affinity towards silver. This proved efficacious, resulting in specific 

targeting of the thiol-functionalised substrate and its corresponding product. It was found that 

complex cofactors became a negligible contribution in the SERS spectra, as desired. However, this 

was accompanied by a complete loss of enzyme activity towards these substrates. Despite no-

demonstrable enzyme activity in Chapter 3, these observations identified that thiols were 

extremely good functional groups to promote favourable and strong interactions in SERS, which 

supported our investigations in Chapter 4. 

To examine the sensitivity of SERS further, having proved its effectiveness towards regioisomers, it 

was used to distinguish between enantiomers (structural mirror-images around a chiral centre). 

Previous attempts within the Goodacre group determined that a direct approach of enantiomer 

discrimination using SERS was not attainable (C. Westley’s PhD thesis, 2017 ‘Raman Spectroscopy 

and its Enhancement Techniques for Direct Monitoring of Biotransformations’), therefore we 

developed a pseudo-enantiomer type-approach (Chapter 4). Chiral thioester substrates were 

designed so that subsequent enantioselective hydrolysis of the thioester would afford a thiol-

containing product, employing advantageous interactions with the nanoparticles as determined in 

Chapter 3. The thiol-linker associated to the thioester bond was varied dependent on the 

enantiomeric form (L- versus D- and 1-propanethiol versus 2-propanethiol). Within this work, the 

sulfur-containing substrates (thioesters) were shown to be active towards two different classes of 

enzyme, α-chymotrypsin and PLE. Not only could we quantitatively monitor enzyme activity in real-

time using SERS (MCR-ALS modelling with additional HPLC analysis), but enantioselectivity could be 

determined relative to the hydrolysed, detected thiol.   

Nevertheless, this thiol-functionalisation approach experienced several complications. Firstly, thiols 

are prone to oxidation, forming disulfide bonds. We demonstrated (in Chapter 4) that 

instantaneous capture of thiols was achievable by introducing the nanoparticles into the 

biotransformation samples, thus avoiding oxidation. This also enabled real-time SERS 

measurements which is a novel concept for monitoring biotransformations in an on-line manner. 

However, this method is only suitable towards mixtures that contain un-modified reaction 

components that do not interact with the nanoparticles (i.e. no SERS response is generated). If 

other analytes interact (i.e. the starting material(s)), the nanoparticles may experience undesirable 

competition at the surface upon generation of the thiol product. In addition, the nanoparticles 

might also begin to aggregate out of solution before the product (thiol) can interact, resulting in 
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non-quantitative responses and problematic analysis. Secondly, our investigations revealed that 

PLE showed a preference towards the thiol linker of the thioester bond (i.e. the straight chain, 1-

propanethiol, was favoured over the branched chain isomer, 2-propanethiol). This preference gave 

falsifications of the enzymes innate enantioselectivity. If a similar thioester approach was employed 

within the screening of mutagenic strategies (i.e. directed evolution to modify enantioselectivity), 

and a similar preference towards the pseudo-part of the thioesters was experienced, this would 

cause misrepresentations of activity and ultimately render the screen invalid. Thirdly, cysteine 

residues present on a protein’s structure can participate in thiol-disulfide redox exchange reactions 

(Trivedi et al., 2009). Commonly, colour-producing reagents, such as Ellman’s reagent (5,5'-

dithiobis-(2-nitrobenzoic acid) or DTNB), are employed to quantitatively determine the presence of 

a free thiol group in the cysteine residues (Ellman, 1959). More recently, sophisticated isotopic 

labelling paired with intact MS measurements have also been used to determine the redox-state of 

thiols in a protein (Thurlow et al., 2016). Noticing that these reagents (i.e. Ellman’s reagent) often 

contain free thiol groups, hence enabling the formation of a disulfide bond, it is likely that the thiol 

products produced upon enzymatic thioester hydrolysis are also likely to interact with cysteine 

residues (if there are cysteines within the proteins structure). This would likely render the thioester 

pseudo-enantiomer screen qualitative rather than quantitative if a portion of the thiol is interacting 

with the protein, rather than being detected at the nanoparticle surface.  

Therefore, Chapter 4 has highlighted that pseudo-enantiomer substrates must be carefully 

designed to enable enzymatic activity but avoid linker preference, as well as identifying that many 

control experiments must be performed before it could be confirmed that the substrates are 

suitable. Again, this lengthy optimisation process may hinder its acceptability and use throughout 

industry and academia; however, little progress has been made towards methods that are capable 

of enantiomer discrimination. Hence, this proof-of-principle research illustrates that Raman could 

be an attractive alternative.  

Once again, Chapters 5 and 6 explored real-time measurements of enzyme activity, yet this time 

utilising UVRR spectroscopy. UVRR measurements avoid the complications that are often 

associated with SERS as nanoparticles are not involved, thus the (tedious) optimisation steps are 

avoided. However, this technique requires analytes to contain a chromophore, and have electronic 

transitions that coincide with the laser frequency (244 nm in this case). Therefore, this limits its 

universal application as many molecules may not possess these qualities. On the other hand, most 

biological molecules possess such functionality, therefore supporting its suitability within 

biocatalysis and the pharmaceutical industry. Firstly, in Chapter 5, nitrile hydratase and xanthine 

oxidase biotransformations were studied using an open pot reaction set-up. MCR-ALS modelling, 
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combined with HPLC analysis confirmed that UVRR was extremely successful at monitoring the 

biotransformations, enabling reliable and reproducible quantitative measurements (Westley et al., 

2017). However, the monitoring process experienced an increase of noise over time, arising from 

the openness of the set-up (attributable to the removal of aliquots for HPLC analysis and 

evaporation of reaction components). As a result, we extended this approach in Chapter 6, to 

incorporate a flow-cell apparatus, which increased the signal-to-noise ratio, reducing the level of 

pre-processing when compared to the previous open vessel set-up. Development of this closed, 

flow system also established its suitability to be incorporated within PAT. Conventional Raman 

methods are frequently used within PAT for at-line or on-line analysis, which further supports the 

likelihood of UVRR being introduced into similar processes. UVRR lasers, and their associated optics, 

are comparatively expensive and are not as robust as normal Raman, so this could affect its 

adoption within industry and processes control. However, having demonstrated its aptness towards 

monitoring biological applications, plus this technique avoids additional reagents/solvents (i.e. 

HPLC) and full recovery of the reaction sample, the initial financial investment might not be so 

unappealing in the long-term.  

Furthermore, in Chapter 6, we used additional hard modelling analysis combined with MCR-ALS 

(MCR-ALS-HM) to yield quantitative measurements, removing the necessity of external HPLC 

validation (provided that 100 % solubility of all reaction components is evidenced). E. coli whole-

cells expressing amidase protein were highly successful at performing the biotransformation, with 

the substrate and product easily detectable within the complex biological mixture, despite their 

UVRR responses being highly similar. This example illustrates the sensitivity of UVRR, combined 

with chemometric analysis, to uncover subtle spectral differences. Therefore, it would seem 

reasonable to suggest that this approach could be suitable towards a wide range of analytes and 

biotransformations, both in vitro and in vivo sample types, provided a chromophore is present. 

Moreover, as we successfully demonstrated monitoring three analytes in situ, it would be 

interesting to explore this further by increasing the number of analytes under study (i.e. n = 5, 6, 

etc). Provided that characteristic bands for each analyte were present, this method could rival SERS’ 

current multiplexing capabilities (Laing et al., 2016).  

Overall, the outcomes of the studies presented in this thesis have been extremely positive. Despite 

no publishable work on the first two research chapters encompassing halogenase activity (Chapters 

2 and 3), this work helped develop the ensuing research. Initially tackling a complex and 

problematic biotransformation highlighted several features that needed to be overcome: 

simplification of the biotransformations (i.e. avoiding cofactors) and sulfur functionalisation to 

promote strong and favourable interactions (regarding SERS). These opening investigations also 
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demonstrated the power of SERS to discriminate between regioisomers, which subsequently 

inspired efficacious enantiomer investigations (Chapter 4). Experiments utilising UVRR 

enhancement were extremely effective and demonstrated that a simpler method (in comparison 

to SERS) could produce highly reliable and reproducible results in real-time.  

Clearly, we have shown Raman’s ability for monitoring enzymatic biotransformations and its use as 

an alternative HTS approach. As there is an unmet demand for rapid, universal HTS assays, 

especially when considering analytes involving regioisomers and enantiomers, the results within 

this thesis support the suitability of SERS and UVRR to meet these requirements. With further 

optimisation (i.e. improvements in whole-cell protein expression), increasing the number of 

biotransformations studied and reductions in associated Raman instrument costs, it is reasonable 

to believe that Raman will gain increasing interest and development within monitoring processes. 

To conclude, several novel Raman approaches have been developed, including real-time SERS 

analysis, regioisomer and enantiomer discrimination, along with on-line UVRR measurements of 

both in vitro (purified enzyme) and in vivo (whole-cells) biotransformations, ultimately affording (in 

some cases) quantitative determinations of substrate and/or product concentrations. 
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