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Abstract

The ability to measure and understand protein @soence depends on the development of
light sources which can excite the intrinsic aramatnino acids, tryptophan, tyrosine, and
phenylalanine. In recent years the time-resolvwedysof protein fluorescence has been
limited to the excitation of tryptophan and tyrasinThe availability of the shorter
wavelength, 265nm light source, allows for the &atmn of phenylalanine which until
recently has been limited. In this thesis the direxcitation of phenylalanine is
demonstrated, using pulsed light emitting diodex] #he bi-exponential nature of its

fluorescence decay is investigated, and the effieggH on the fluorescence lifetimes.

One of the major difficulties with the study of pems is the lack of immobilisation
techniques for the study of proteins at the simgtdecule level, which provide little
perturbation of the protein. To try to achieve thise fabrication of novel molecular
nanoenvironments, based on sol-gel techniques,vdliow control and enhancement of
protein fluorescence has been developed. In thésid the application of sol-gel
techniques is demonstrated for the environment itbens trimeric form of
allophycocyanin (APC) at both the ensemble andsinglecule level. The optimisation
of the sol-gel technique as a generic approachmt@gment of proteins was developed
using the environment sensitive probe 6-propior{INN-dimethylamino)naphthalene
(PRODAN), which enabled monitoring of the hydrof/sind methanol removal stage of

the process.

For earlier diagnosis, ultra sensitive monitorimgl dreakthroughs in understanding the
causes of many diseases, we urgently need to geeétocal single molecule sensing.
Downstream, this might be accomplished by means thé fluorescence

nanosecond/nanometre microscopy of single biomaulexules.
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12 Introduction

1. Introduction

Fluorescence has found many applications in amalyicience due to its sensitivity, and
its ability to detect fluorophores at concentrasiai a few parts per billion. Fluorescence
occurs typically on the picosecond to nanosecameé tcale, and is therefore comparable
to the time scales of many molecular processesiorécence lifetime spectroscopy has
found application in many fundamental areas of mmeincluding the investigation of

proteins, membranes, inorganic crystals, semicaodsicand low dimensional structures

[1].

Proteins display intrinsic fluorescence in the ndémaviolet region due to the presence of
aromatic amino acids, namely tryptophan, tyrosiamed phenylalanine. These natural
markers allow for the study and monitoring of canfational changes within proteins,
which are reflected by shifts in fluorescence specthanges in quantum yield, and
alterations in fluorescence decay kinetics. B@naple intrinsic tryptophan fluorescence
has been used to monitor the complex formationhef grotein human serum albumin

(HSA) with two flavanoids, quercetin and morin [2].

The ability to measure and understand protein @scence depends on the development of
light sources which can excite the intrinsic aramatnino acids, tryptophan, tyrosine, and

phenylalanine. In recent years the time-resolvedysof protein fluorescence has been
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limited to the excitation of tryptophan and tyrasinThe availability of the shorter

wavelength, 265nm light source, allows for the &atmn of phenylalanine which until

recently has been limited. In this thesis the direxcitation of phenylalanine is
demonstrated, using pulsed light emitting diodex] #he bi-exponential nature of its
fluorescence decay is investigated, and the effiegH on the fluorescence lifetimes.

The immobilisation of proteins is crucial in seveepplications such as separation
science, bioreactor design, and the developmeselgictive chemical and biochemical
sensors. Hydrated silica sol gels can be appbetthé encapsulation of proteins whilst
retaining biological function. These materialseofthe advantage of being optically
transparent making them ideally suited to the apgibn of sensors based on changes in
absorbance or fluorescence [3]. However, thedilisrelatively little known about the
local environments within the nano-pores wherepitoéeins are encapsulated. Therefore,
it is important that methods be developed to allominvestigation of the composition of
the internal pore liquid and also to ensure thathareol, which denatures proteins, is

removed in the early stages of the synthesis.

The interest in single molecule protein studiestieen rapidly growing over the last few
years. While ensemble measurements allowed fasvenview of protein changes, the
ability to monitor a single protein molecule alloves recording of individual changes in
protein conformation and recording of the time psses involved. The ability to
monitor such changes in single-proteins may leadutther understanding of protein
dynamics, with possible enhanced understanding rotem mis-folding. This has
implications to diseases such as prion diseasebettis and cancer, which share the
pathological feature of aggregated misfolded protkposits [4].

At present, diagnosis and monitoring in clinicaddiiemistry is based on measurement of

average concentration, molecular form and bioagtivi ensembles of proteins and other
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macromolecules, thereby losing sensitivity and abdity to discriminate amongst the

range and pattern of biomolecular diversity in p&iby.

For earlier diagnosis, ultra sensitive monitorimgl dreakthroughs in understanding the
causes of many diseases, we urgently need to geeétocal single molecule sensing.
This might be accomplished by means of the flu@ese nanosecond/nanometre

microscopy of single biomacromolecules.

One of the major difficulties with the study of opeins is the lack of immobilisation
techniques [5] for the study of proteins at theglgrmolecule level, which provide little
perturbation of the protein. In order to try anchiage immobilised and unperturbed
proteins, down to single molecule, the fabricattdmovel molecular nanoenvironments,
based on sol-gel techniques, which allow controld aenhancement of protein

fluorescence has been developed.

With the continuing development of light sourceds asurface plasmon enhancement
techniques, the ability to study single proteinsotigh their intrinsic aromatic acid
residues is not unrealistic. The ability to uslimaturally occurring fluorescence in

proteins eliminates any intrusion by dye labelling.

The work presented in this thesis describes theldpment and application of silica sol-
gels and how in turn this matrix can be appliedhe immobilisation of environment

sensitive proteins for single-protein fluorescenceasurement. The application of
chemical scavengers to the removal of oxygen froth Isolution and the internal sol-gel
pore liquid is investigated as a method for staimg fluorophores. While not necessary for
ensemble measurements, the removal of oxygen walldd/ for easier measurement of

single-molecules by enhancing there stability loyiting intersystem crossing. While in
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the triplet state molecules are susceptible to ggbatdation which results in permanent
photodestruction of the molecule. Also, the appiccaof ultra-violet light emitting diodes
to the study of the aromatic amino acid phenylalans presented. The rotamer model is
discussed and applied to phenylalanine for the firme. Although the phenylalanine
chromophore in proteins is not expected to behdeastically to the results reported in this
thesis, the two environments will be more similzart those between the gas and solution
phases, from which we can still draw useful congmars. Although phenylalanine
fluorescence is difficult to detect in most proteimecause of its low quantum yield and
resonance energy transfer from phenylalanine tosige and tryptophan, the ability to
directly excite the chromophore may well take progghotophysics in new directions, for
example, by making use of this resonance energyfea or by observing phenylalanine
fluorescence directly in specific proteins whersoreance energy transfer to other amino
acids is inefficient.
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2. Background principles

2.1 Luminescence

Luminescence describes the emission of light from electronically excited state.
Luminescence can be divided into two categoriemyréiscence and phosphorescence, which

categorise the light emission.

Fluorescence occurs when molecules are radiatigebgxcited, from a singlet state, after
initial absorbance of photons. In an excited shgtate, an electron in the excited orbital is
spin paired to an electron of opposite spin in gneund-state orbital. The transition from
excited state to ground state, with associated ssomsof light (fluorescence), is therefore
described as being spin allowed as determined bBgtgm mechanical laws. The phenomenon
was first described by Sir John Frederick Williarergthel in 1845, after he observed the
emission of blue light as a result of ultra-vio(etV, sunlight) excitation of quinine in tonic

water [6].

Phosphorescence occurs when molecules radiatieeéxdited, from a triplet state, after initial
absorbance of photons. In an excited tripletestah electron in the excited orbital is spin
paired to an electron of same spin in the grouatestrbital. The transition from excited state

to ground state is therefore described as beingfepbidden.
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The electronic state and transitions between stdtasnolecule can be most readily illustrated
by a Jablonski diagram, as shown in figure. 2.Je §tound electronic state is represented by
S with §, S etc representing higher energy singlet statesTand, representing triplet states.
The states are arranged vertically by energy, wittansition from §to § associated with the
absorbance of energy and the inverse with the degpn by radiative (fluorescence) or non-
radiative mechanism. Electronic states are groupedzontally as determined by spin
multiplicity. Each electronic level are furtheivided into vibrational and rotational energy
levels. Therefore, the total energy of (E) is $shen of the electronic ¢ vibrational (E), and
rotational energies (g Typical wavenumber differences between eleattonbrational, and
rotational energy levels are 30,000 &n,000 crif, and 10 crit respectively [7]. The

wavenumber can be related to energy via equatibn 2.

———— Absorption
---------- # Fluorescence

\/\/\ Intersystem crossing

Internal conversion and vibrational relaxation

Phosphorescence

Energy

Y

N\

»
“NW
-

A

Sp

Figure 2.1 Jablonski diagram indicating electronicand vibrational energy levels and transitions.

When a molecule absorbs a photon, it is usualljtecdo a higher vibrational energy level
within an excited state, the process normally aiegrin 10™° secondsThe transitions
between states are depicted as vertical linesgurdi 2.1, to illustrate the instantaneous



18

2. Background principles

nature of the transition. The molecule rapidly xel to the lowest vibrational level, in a
process called internal conversion (loss of vilral energy, ~1& second timescales),
prior to radiative relaxation to the ground statergy level. Typically, internal conversion
results in energy of emission being of less magleitthat the absorbance energy, and
therefore the fluorescence emission is red shiftech that of the absorption spectrum.
This is known as the “Stokes shift” and was firssdibed by Sir George Gabriel Stokes in
1852 [8]. For most molecules fluorescence occumduskely from the lowest excited
state, and therefore the fluorescence spectrurheissame irrespective of the excitation
wavelength, as described by Kasha’s Rule [9]. fHu#ative transition fromSto S, is a
slower process with respect to internal conversind typically occurs on a nanosecond

timescale (18 seconds) and is called fluorescence.

2.2 Excitation of electronic states

2.2.1 Absorption

Absorption of electromagnetic radiation is the viegywhich the energy of a photon is taken up

by matter, typically the electrons of an atom.

When a molecule absorbs electromagnetic radiatisresultant energy has increased by an
amount of equal magnitude to the absorbed phofidme energy of the photon being derived

from the Nobel Prize winning Einstein equationshewn in equation 2.1.
E = hv = hch =hck (2.1)

Where E is the photon energy, h is Planck’s congt626 x 1G* J s), v is the frequency
(Hz), ¢ is the speed of light (it} A is the wavelength (nm), and k is the wavenumberjc



19

2. Background principles

The wavenumber (k) is calculated from the wavelerfgt via equation 2.2.
k = 2/ (2.2)

The Beer-Lambert law is the linear relationshipwestn absorbance and concentration of an
absorbing species. When working in concentratiotsuwf molarity, the Beer-Lambert law is

written as:
A = ecl (2.3)

Where A is the measured absorbancis, a wavelength-dependent absorption coefficibtit (

cm?), ¢ is the analyte concentration (mét)Land | is the path length (cm).

2.2.2 Absorption measurement

The absorbance can be measured in terms of chdngagnmitude between incident light and
transmitted light. Where transmitted light is defil as:

T=1/1 (24)

Where }is the intensity of monochromatic radiation entgrine sample and | is the intensity

of radiation leaving the sample.

Iy | I
Absorbed f
Incident Light Transmitted

Figure 2.2 lllustration of light transmittance and absorbance
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And absorbance can be defined in terms of transnté as:

A=- Ioglo |/ |0 = ecl (25)

2.3 Fluorescence parameters

2.3.1 Quantum yield

The fluorescence quantum yield can be describedeasumber of photons emitted relative to
the number of photons absorbed. If the rate ofatmshless decay is much smaller than the
rate of radiative decay, quantum yields close tdayumay be approached. Such quantum
yields are displayed by Rhodamine dyes, (Rhodai3has a quantum yield of 0.9), and this
is observed by their bright emission. The quanyietd is given by:

D=k /(ktky) (2.6)

Where @ is the quantum vyield, (kis the rate of radiative decay, and ls the rate of

radiationless decay.
It can be seen from equation 2.6 that the eneigy pf fluorescence is always less than unity.

Non-radiative decay describes all mechanisms bghvlkcited state decay occurs without
photon emission. Such mechanisms include dynamiicsional quenching, near-field
dipole-dipole interaction (or resonance energy g, internal conversion and inter-

system crossing.
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2.3.2 Fluorescence quenching.

Fluorescence quenching refers to any process wtetieases the fluorescence intensity.
There are a number of molecular interactions witigh result in quenching, namely excited
state reactions, molecular rearrangements, engagsgfer and collisional quenching. The most
commonly observed quenching mechanism is collisignanching, and this mechanism will

be discussed in detail in this chapter. One ob#s known collisional quenchers is molecular

oxygen, which quenches almost all known fluoroph¢i®,11].

Collisional (or dynamic) quenching describes thieratation of fluorescence by collisional
encounters between a fluorophore and the quenelelr,is described by the Stern-Volmer

equation (2.7).

Fo/ =14 k7, [Q] =1+ K, [Q) 2.7)

Where k and F are the fluorescence intensities in theredfesand presence of a quencher
respectively, kis the biomolecular quenching constantin the fluorescence lifetime in the
absence of quencher, and is the concentrationeofitiencher. The Stern-Volmer quenching

constant kg = koto.

Quenching is often represented by a plot gFFversus. The J data is expected to be

linearly dependent on the concentration of the ghen

In terms of fluorescence lifetime, the Stern-Volreguation can be written as (2.8):

o =Pl a1eko Q] (28)

Wherertp andt, are the fluorescence lifetimes, in the absencepaesence of a quencher

respectively.
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2.4 Time-domain fluorescence

Fluorescence measurements in the time-domain (finetry) provide considerably more
information content with regard to rates and hekoeetics of inter- and intramolecular
processes in comparison to the information provigjedteady-state fluorescence measurement
(fluorimetry) [12]. This is due to steady-stateesfpa providing average information over the

whole scan whilst fluorescence emission itself ecg@un a nanosecond time-scale.

Fluorescence lifetime measurements can be apptiethég determination of a fluorescent
molecules local environment e.g. pH, viscosity, gemature, polarity [13]. Also, information
regarding the shape and size of molecules [14] aindter-molecular distances [15] can be
determined using fluorescence lifetime measuremé&he use of the fluorescent molecule as a
probe for local environment can be illustrated bysidering the dependence of the molecular

fluorescence lifetimey on the rates of competing decay pathways as showquation 2.9.

= Uk + ko) = 1/ ky (2.9)

Wherek, is the radiative rate parameter (if),sand k is the non-radiative rate parameter and
kv the total decay rate. Bothdnd k,can be directly dependant on environmental factoch

as temperature, refractive index, and polarity [12]

There are two techniques for the measurement ofdicence lifetime, namely phase and
pulse fluorometry. In the time domain, a shortspubf light excites the sample, and the
subsequent fluorescence emission is recorded @scddn of time. This usually occurs on the
nanosecond timescale. In the frequency domainsdhgple is excited by a modulated source
of light at a frequencw. The fluorescence emitted by the sample has dasimaveform, but

is modulated and phase-shifted from the excitatiowe. Both modulation (M) and phase-shift
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() are determined by the lifetime of the sample sioig that lifetime ) can be calculated
from the observed modulation and phase-shift. EHhevant equations are shown in 2.10 and

2.11.

Tanoe = - ot (2.10)

M = 1/ (17?2 (2.11)

In the time-domain the fluorescent sample is erditg a pulse of light. The width of the pulse
is as small as possible, and considerably shant@omparison to the sample decay time
The fluorescence lifetime can be determined expartaily by measuring the time taken for
the fluorescence intensity to fall to 1/e of thé&iah intensity following excitation by &-

function pulse, as illustrated by figure 2.3.

Intensit
y Excitation pulse

Fluorescence

1e i

Figure 2.3. Schematic showing excitation pulse (---) and fluorescence decay (—). The fluorescence
lifetime (t) is determined by measuring time taken for fluoresence intensity to fall to 1/e after excitation.

The depopulation of the; State can be, in its simplest case, modelled byaorexponential

decay, as shown by equation 2.12.

diM*] _ _[M¥]
dt T

(2.12)
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Which upon integration gives (2.13):
[M¥] = [M*] o€ (2.13)

Where [M*] is the excited state concentration aheit, and [M*} is the excited state

concentration at time t=0, ands the molecular fluorescence lifetime.

2.4.1 Time -correlated single-photon counting (TCSE)

The application of the time-correlated single-pimotounting technique to the measurement of
fluorescence lifetime was first described by Bakn and Thomas in 1961, where they
demonstrated the measurement of the scintillagspanse for various crystals using gamma,
neutron and alpha excitation [16]. The basic ppals described by Bollinger and Thomas

remain the same, however excitation is now normadlyieved by optical excitation [12].

@ Fluorescent sample
Selected A excitation A emission from sample

e

& %Deteotor
Trigger
? Photomultiplier
8ync

D D | Discriminator

Start / Stop
o ¢ | Time-to—Amplitude Converter (TAC)
; IR _ Multi-channel analyser (MCA)

Figure 2.4. Generic layout for TCSPC.
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2.4.2 Time-Correlated Single-Photon-Counting fluoraneter.

A pulsed light source, such as a light emittingdéioqLED), mode locked laser, or more
traditionally a coaxial flashlamp is used to exdie sample repeatedly. The fluorescence
generated by excitation of the sample is obseryeal tetector, such as a photomultiplier tube,
and more recently an avalanche photodiode (APD}¥ aA excitation pulse is generated a
synchronization or “start” pulse triggers the chiaggof a capacitor in the Time-to-Amplitude
Converter (TAC), which in turn produces an analogudtage, or time-to-pulse height
conversion (TPHC), which is proportional to elapsiete between stop and start signals. The

stop signal being generated by the detection ofitsiephoton generated by sample emission.

The multi-channel analyser (MCA) records repetitatart-stop signals of the single-photon
events from the TAC, to generate a histogram otg@haounts as a function of time channel
units. The decay parameters are then extracted) wsi-line data analysis of the histogram

using numerical and statistical procedures.

2.4.3 Data analysis: Reconvolution and least squarenethod

The TCSPC technique is designed with the overail af determining the fluorescence
lifetime. Determination of the kinetic parametegguires the application of statistical methods

of data analysis.

A convolution is an integral that expresses thewamof overlap of one function as it is shifted

over another function.
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The measured excitation pulse is broader in corapario the optical pulse due to timing jitter

introduced by the TCSPC components. The main ssuof this broadening are the single-

photon timing detector such as a photomultiplieg timing electronics such as the constant
fraction discriminator, and optical components sashthe monochromator [12,17,18]. The

instrumental response is determined by measurigesponse from a scattering medium such
as silica solution. The measured instrumental iudith half maximum (FWHMMWUt,, can be

given by equation 2.14:
A, =[(A)%+ D (A6 (514

Where the timing jitter introduced by tlitt component in the TCSPC instrument is given by
At and the FWHM of the excitation pulse is givedty

A non d-function instrument response requires the decanwi of the fluorescence response
function with the instrument response in order @gover the fluorescence lifetime. The
experimental measurement Bt) overi channels of data allows for the convoluted form of
F(t) to be obtained [12,18]. The instrument responskfluorescence decay convolution can

be expressed as follows:
t
F(t) = j P)i(t-t)dt (545
0

WhereF(t) is the fluorescence decd(t) is the instrumental response, atiyithe theoretical

fluorescence response function which would be @drivoms-function excitation.
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2.4.4 Least-squares method

Least squares can be interpreted as a methodtiofyfidata [19]. In terms of fluorescence
decay the fit parameters €tc) are given an initial value and the fluoreseedecay profile

F’(t) is calculated by convolution of the above paransete?].

The chi-squaredyf) value represents the “goodness of fit” between ahtual deviation
(the difference between the fluorescence decayev@(i)) and the fitting function value
(Fy(i)), and the expected deviation, which is the deviagigpected due to statistical noise,

as shown in equation 2.16.

X ;JY(') i (')} ;a[W(I)] (2.16)

Equation 2.16 can be rewritten as:

o 2
actualdeviation

rJ (2.17)

X=) {
data

expectedieviatio

Where theéW(i) term is the weighted residual, aa@) is the statistical uncertainty of tli

data point.

If the correct fitting function is applied the aatuand expected deviation should be close to

unity, giving:

2
X = Number of data points (N) (2.18)
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However, the expected deviation is a statisticpleeiation, and as a result is an average value.

Also, the number of fitted parametessmust be taken into account, giving:

2

- X
X “N-0) (2.19)

Where, (Nw) is the number of degrees of freedom, and shoeildsed in place of N.

A ¥* value of 1 represents a good fit, although a vafyé between 1 and 1.2 is acceptable. A
v value > 1.2 suggest that an inappropriate moddleisng used to describe the data, or

systematic error is present.

Weighted residuals, as shown in figure 2.5, aregngortant means of assessing the goodness
of fit as they show where misfits occur. Normaiisatof the weighted residuals compensates
for the varying data precision within the data aetl between data sets. The deviations are
expressed in a statistically meaningful way in iohthe standard deviations of the associated

data noise, and the relationship between residumlg?is straightforward.

6 Fit 1 Time/10™ sec Chisg =2.328
: .
2
&0
i 2
ol
il T T T T r
a 20 Al 4] a0
Fit 2 Chisg = 1.035

4
3 4
o
-2

StDey

2.5. Weighted residuals for correct model and incaect fitting.



29 | 2. Background principles

2.5 Confocal microscopy

The basic concept of confocal microscopy was fitsbduced by Marvin Minsky in the mid
1950s [20]. However, due to a lack of powerfuhtigources, at the time, the concept went
relatively unnoticed. The confocal microscope fduenewed interest in the 1990s, due to the
advances in optics, more stable and powerful laseigh-throughput fibre optics, and
improved detectors. These advances resulted iaghkcation of confocal microscopes to the

routine investigation of molecules, cells, andrtyitissues that previously were not possible.

Confocal microscopy is a technique which allowstf@ construction of three dimensional
images and improved resolution compared with weléfmicroscopy. The improvement
in resolution is due to the presence of a pinhglertare placed in front of the detector

which ensures that only light within the focal pdais detected.

2.5.1 Principles of confocal microscopy

Coherent light is emitted from a laser (excitatsmurce) and then passes through a pinhole
aperture which is situated in a conjugate planaf@mal) with a scanning point on the
specimen. The laser light is reflected, by a dichmirror and scanned across the sample
in a defined focal plane. The fluorescence emigsichich is in the same focal plane, is
transmitted through the dichroic mirror and focusgédhe detector pinhole aperture, as
illustrated in figure 2.6. The ability of a dichcamirror to reflect the excitation light and
allow transmission of the sample fluorescence aldar the excitation and resultant

collection of fluorescence to be collected throtigdh same objective.
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Avalanche photodiode (APD)

Detector pinhole aperture

% Dichroic mirror

Laser excitation

Excitation

N
Fluorescence Q Chjective lens

Fluorescent sample

Figure 2.6. Principles of a confocal microscope.

This objective is responsible for the magnificatmfnthe substrate and the focusing of the
laser beam. The numerical aperture is a measutheobptical resolution and the light
sensitivity of the lens and is defined as follo®@<20):

NA =n sin6 (2.20)

Where, NA is the numerical aperture, n the refv@ctndex of the medium between lens

and sample, an@ half the angle subtended by the lens at its focus.

The detector pinhole aperture permits only liglst tis from the focal volume and rejects
any light occurring from above or below the foclne. As a result of the decrease in
focal volume, as compared with other microscopyhégues (wide-field), the signal-to-
noise (S/N) ratio is greatly improved with the cocdl technique.
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The low light levels passing through the detectmhple aperture necessitate the use of
highly sensitive photon detectors. For single roolle measurement low noise level is also
a requirement of the detector. There are threectl@s which are commonly used for

confocal microscopy, photomultiplier tubes (PMThaoged coupled devices (CCD) and

avalanche photodiodes (APD) [21].

There are two methods of obtaining images fromrdamal microscope, the first is termed
confocal scanning laser microscopy (CSLM), in timsthod the sample is fixed in place
and the laser beam scanned across the sample TR2]second method involves the laser
beam being fixed in place and the sample being th{®&]. The results presented in this
thesis were recorded using the latter method wighsample moved by a piezoelectrical

driven stage.

In confocal microscopy the laser excitation souscécused by a lens system to a very
small spot at the focal plane. The size of themlhation point ranges from approximately
0.25 to 0.8 micrometers in diameter (depending upenobjective numerical aperture)
and 0.5 to 1.5 micrometers deep at the brightasingity. The confocal spot size is
determined by the microscope design, wavelengthnoident laser light, objective

characteristics, scanning unit settings, and the bf specimen being imaged [24].

2.6 Silica sol-gels

Interest in sol-gel processing of inorganic matert@egan in the mid nineteenth century
with work published by Ebelman [25,26] on the fotima of a glass-like material and then

Graham [27] reported on the properties of silig@aThese early studies reported on the



32

2. Background principles

hydrolysis of tetraethyl orthosilicate (TEOS, Si($Pg), under acidic conditions. These
early experiments resulted in the formation of Silass like materials, however the long
drying times (~ 1 year) required for these gelspider to prevent fracturing, resulted in

very little technological interest at the time.

Sols are a dispersion of colloid particles in akigphase. A gel is an interconnected rigid
network of nanometre size pores (typically < 10i#8]. The transition from sol to gel
occurs when the system can support a stress elfst@nd is defined as the gel poir),(t

at which point the network spans the containingeks

The sol-gel process is a wet-chemical techniqueciwifiorms a rigid network. The
complete hydrolysis of an alkoxide precursor, ressuh the formation of silicic acid
(SiOH,). Silicic acid is a highly reactive molecule whicapidly polymerises through
condensation reactions. Schematically the reacttan be written for tetramethyl
orthosilicate (TMOS):

Si(OCHg)4+ 4 H,O — Si(OH)4 + 4 CH;OH (Hydrolysis catalysed by acid)

nSi(OH); — porous network of (Sig)n + H,O (Condensation) (2.21)

The tetrafunctional nature of silicic acid can teguthe formation of a complex branched
polymer. Silicic acid polymerises into discretetfgdes that in turn aggregate into chains
and networks as first recognised by Carmen in 1290 The rates and formation of sol-
gels is highly dependent on pH, temperature, sohad SiQ concentration [28,30].

A generalised depiction of the sol to gel transitis illustrated in figure. 2.7. Nanometre
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size particles composed of silica clusters (A),nfoand aggregate together to form a
growing network (B), which spans the containingsetsat a timety and then shrinks

forming pores (C) [31].

Figure 2.7. lllustration of the sol to gel transiton (image reproduced courtesy of Dr Jan Karolin)

In a description presented by ller [30], he proplodet the polymerisation occurs in three

stages.

Polymerisation of monomer to form particles.
2. Growth of particles
Linking of particles into chains, then networkstteatend throughout the liquid medium,

increasing its viscosity to form a gel.

The polymerisation can be divided into three appnaxe pH domains [30]. It can be seen in
figure 2.8, that the gel times steadily decreadevéen pH 2 and pH 7, with the latter pH
having the shortest gelation time. It is assuniad dbove the isoelectric point (pH < 2) the

condensation rate is proportional to the ©dhcentration.
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<— pH 2 (isoelectric point for silica)

Gelation time (t))

pH 7 (Shortest

/ gelation time)

pH of solution

Figure 2.8. Representation of gelation time {} as function of solution pH.

2.6.1 Gel Ageing

After tg the properties of the gel continue to change, &iglgdrocess is termed gel ageing.
There are four potential mechanisms which can ogmlymerisation, syneresis, coarsening,
and phase transformation. These mechanisms cam eiticer individually or a combination

of two or more.

Polymerisation describes the increased connegibfithe gel network aftey as a result
of continued condensation reactions in a newly &atrgel. Nuclear magnetic resonance
(NMR) [32] and Raman spectroscopy [33,34] have shtvat condensation reactions can
occur long aftert;, due to the large concentration of labile silargybups. The
polycondensation will continue to occur providiftat there are silanol groups in close

enough proximity to react, resulting in increaseskslinking within the gel network.

Syneresis describes gel shrinkage with expulsfahe pore liquid, and is believed to be
caused by the same condensation reactions as grgeéietion. The condensation process

at the isoelectric point is at its slowest, whiclygests that the pore shrinkage is directly
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related to the condensation reactions within the Hee rate of syneresis decreases with

time [35]. Shrinkage is ultimately ceased by thmaining repulsive forces.

Coarsening (or Ostwald ripening) is a process s$alution and reprecipitation driven by
differences in solubility between surfaces with fefiént radii of curvature.
The result of dissolution-reprecipitation is to wed the net curvature of the solid phase.
Small particles disappear and small pores aredfile so the interfacial area decreases and

the average pore size increases [28]

2.6.2 Drying

The drying of porous materials can be divided ithie@e stages. The first stage involves
shrinkage of the gel by an amount equal to themellost by evaporation. This stage of
drying is completed when the shrinking of the gehses. The gel stiffens as drying

proceeds due to the formation of new bonds andceedse in porosity, with the tension in

the liquid rising correspondingly. The first dryistage is termed the constant rate period
(CRP) due to the fact that the rate of unit evagpomgoer unit area of drying is independent
of time [36,37].

The critical point is the point at which the shigle stops and cracking is most likely to
occur. The shrinkage is stopped when the gel emashfficient strength, as a result of
increased packing density, to resist further changEor alkoxide gels the critical point
coincides with the end of the CRP. At this polrg second stage of drying begins. When
the gel stiffens due to shrinkage, the radius efrtieniscus inside the pore becomes equal
to the pore radius. This results in a high capillaressure resulting in flow of the pore

liquid to the surface of the gel where evaporatakes place. The flow of liquid is driven
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by the gradient in capillary stress [38,39]. Thecond stage of the drying process is
known as the first falling rate period (FRP1).

The final stage of drying proceeds via evaporawdrthe liquid within the pore, and
diffusion of the liquid vapour to the surface oéthel. This final stage of drying is referred
to as the second falling rate period (FRP2). Thaeeeno further dimensional changes
within the gel during this stage, however theraaifoss of weight until equilibrium is

reached, which is determined by the ambient tentyperand partial pressure of water.

2.6.3 Thin films

One of the advantages of the using sol-gels istkigasol is ideal for the preparation of thin
films prior to gelation. Thin sol-gel films are mmonly prepared by processes such as
spinning, dipping or spraying. The thin films paegd and discussed in this thesis were

prepared using the spin coating technique.

Spin coating is a common method for depositing,thimform films onto substrates. Spin
coating can be divided into four stages: deposits@mn-up, spin-off, and evaporation [40].
During the deposition stage excess sol is dispeostathe surface of the glass slide. The
spin-up stage describes the flow of the liquid artyg, driven by centrifugal forces.
During the spin-off stage, excess liquid flows he perimeter and leaves as droplets. As
the film thins, there is a greater resistance aovftherefore the rate of removal of excess
liquid by spin-off slows down [28]. The final se@f spin coating involves evaporation

becoming the primary mechanism for film thinning.
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2.6.4 Precursor Structure

The growth and gelation mechanisms are essentialysame for bulk and thin film
formation, however there are several differing degtin the structural evolution of films
[41]. In the case of thin films the deposition @hd evaporation steps overlap. Therefore
evaporation of the sol, which compacts the stregtucompetes with continuing
condensation reactions, which stiffen the structesailting in an increase in resistance to
compaction. In bulk sol-gel formation the gelatimmd drying stages are separated. The
aggregation, gelation, and drying steps occur prueh shorter time scale for thin films, in
comparison to bulk sol-gels, and depend on the aatipn rate of the solvent (typically
water and methanol). Thin film networks have cdegibly less crosslinking (formed
during ageing) than present in bulk gels, due &dhorter duration of the deposition and
drying stages. The flow of fluid due to drainireyaporation, or spin-off combined with
attachment of the sol to the substrate surfacdtsesushear stress within the film during

the deposition, whereas bulk gels are not congtdaiim any direction [28].

2.6.5 Film Cracking

The disadvantage of sol-gel films is their tendemaycrack during the drying stage.
Cracking can be described as “drying failure” , @sdthe name suggests it describes the
failure of the system during the drying stage [4d]he stress in a film is approximately
equal to the tension in the liquid. Thereforethas gel becomes more rigid the tension in
the film becomes equal to the capillary stress,civhiesults in the film shattering.
Inorganic films which are thinner than approximatél5 microns do not tend to crack,
however films which are over 1 micron thick arefidiflt to dry without cracking [43-45].

It is therefore important to be able to control #pén coating in order to prepare crack free
thin films.
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2.6.6 Sol-gel chemistry

The work presented in this thesis is based on dhnendtion of sol-gels from alkoxide
precursors. In the presence of an acid, it id\iikeat an alkoxide group is protonated in a

rapid first step, as illustrated by the schematioven in figure 2.9 for protonation of

TMOS.
TMe (‘)Me
Si Si
@® _ ? @
WO/ E ~Some Tt H ) WO/ EoTome
OMe OMe ¢

Figure 2.9. Schematic for protonation of TMOS

Electron density is withdrawn from the silicon atamaking it more electrophilic and thus
more susceptible to attack from water. This resultthe formation of a penta-coordinate
transition state with significant SN2-type charad@8]. The transition state decays by
displacement of an alcohol and inversion of theai tetrahedron, as seen in figure 2.10.

TV HOH TMe
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Figure 2.10. Schematic for hydrolysis of TMOS.
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The reaction rate of the hydrolysis increases whth strength of the acid, therefore HCI
acid is commonly used as a catalyst. The hydmlgan also be catalysed by a base, and
proceeds via a nucleophilic mechanism. However,rtie of base catalysed hydrolysis
occurs at a much slower rate at the same catadysteatration. Due to the basic nature of

the alkoxide oxygen’s they tend to repel the noplele, OH [46].

2.6.7 Bioencapsulation in sol-gel nano-pores

The encapsulation of proteins within an inorgariicate matrix was first reported in 1990
by Braun and co-workers [47]. Although, there hdeen successful attempts at the
encapsulation of proteins within sol-gel materthlsre is still relatively little known about

the local environment, such as polarity, of theaged proteins.

During gelation a hydrated bio-compatible silicatrix containing pores of typically ~10
nm are formed around individual protein moleculagtching their size whilst connecting
to the network by smaller pores of ~1 nm; the tatteting as a conduit for analytes of
interest while excluding potentially interfering anamolecules. The optical transparency
afforded by silica sol gels makes them suitable dpplication as sensors based on
fluorescence changes. These features are ready-fftmdsensing applications and
potentially could be used to simulate natural cbods in single protein research with a
view to answering such fundamental questions as alldproteins of a given type fold by

the same pathway and how do proteins aggregate?
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2.7 Protein Fluorescence

The early works of Debye and Edwards [48] and maiiners [49,50], have shown that
proteins in agqueous solution possess intrinsicréscence in the near-ultraviolet region
(UV). Intrinsic protein fluorescence can be useddtructural and physiochemical studies
of proteins. The absorption and emission of pratén the near-UV region are due to the
presence of aromatic amino acid residues, namgbyaphan, tyrosine, and phenylalanine.
Interpretation of the fluorescence spectra of pmnsterequires a knowledge of the

spectroscopic properties of these amino acidsanstblated state [51,52].

Tryptophan is the most widely studied of the fllsment aromatic amino acids, due to its
high quantum vyield, resonance energy transfer frohenylalanine and tyrosine to
tryptophan being common in proteins, and its seMitsitto its environment which can
provide information on conformational changes. pfophan has the highest quantum yield
of the aromatic amino acids, with a quantum yield-0.2 in aqueous solution at room
temperature [53].

Tryptophan, in aqueous solution, has two absorgiamds, with absorption maxima at 280

nm (€280 = 5600 M'cm™) and 218 nméz15 = 33,000 M cm?), and peak emission centred

at ~ 348 nm. The absorption bands are as a resudtectron-vibrationalt — 7*

transition in the indole ring [54]. Indole has afjgtion peaks present at 225 nm and 270
nm. The presence of the electron withdrawing caybgxroup in close proximity to the
indole ring, results in the shift in absorption Barfor tryptophan. The structure of indole

and tryptophan are shown in figure 2.11.
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Figure 2.11. Tryptophan and indole structure (at i 7).

Tryptophan can be selectively excited between 2¥543m, which avoids excitation of

tyrosine in proteins.

Early studies of the fluorescence lifetime measemnof tryptophan indicated that it
decayed with a single exponential [55,56]. Howgetrgptophan studied over the pH range
2 to 10.6 indicated a three exponential decay. fhinee lifetimes were assigned to the
cationic, zwitterionic, and anionic forms [57]. ist now largely understood that the origin
of the multi-exponential decay of tryptophan is dte the presence of rotational

conformational isomers (rotamers), as will be désed in further detail in 83.3.

Tyrosine, in neutral agueous solution, has its gdigmn maxima at 275 nn€g;s = 1230 M
tem™) and 222 nmész = 8000 M' cm™), and peak emission centred at ~ 303 nm. The

absorption is due t@ — T* transitions [54]. The quantum vyield of tyrosinerieutral

aqueous solution is ~ 0.14 [53]. Tyrosine hasaeloquantum yield than tryptophan, but it
may still contribute significantly to protein flusscence. However, the fluorescence from
tyrosine can be easily quenched by nearby tryptopkaidues due to resonance energy
transfer. The fluorescence decay for tyrosine (pbj ields a double exponential. Again

this is attributed to the rotamer model which isl&y accepted for tyrosine.

Phenylalanine is weakly fluorescent in comparisdth ihe other two aromatic amino
acids, with an absorption maxima in neutral aquesmistion, at 257 nm of 200 Mcm’™,

and peak fluorescence emission centred at ~ 282Ihhas a quantum yield of ~0.02 [58].
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However, the availability of improved LED sourcé®was for the direct excitation of this
residue [59]. Although weak, a further understagdof the phenylalanine residue could

lead to further information on energy transfer witproteins.

The fluorescence decay of phenylalanine was unétemtly believed to be
monoexponential. However, the there has been tresadence that is not the case, and
that it does indeed display a multiexponential glaghich is dependent on pH [60]. This
provides evidence for the application of the rotamedel to phenylalanine, which is not
surprising considering it contains the same bramicgoups as both tryptophan and
tyrosine, which are largely responsible for theeefffdescribed by the rotamer model. The

structure of both tyrosine and phenylalanine carsdsn in figure 2.12.

(e}

Hy;N——CH,——CH——OH Hy)N CH,——CH——O0OH
CH, CH,
OH
Tyrosine Phenylalanine

Figure 2.12. Structure of aromatic amino acids: tyosine and phenylalanine.
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3. Amino acid: Phenylalanine

3.1 Introduction

The application of light emitting diodes (LED) asciation sources for time-domain
fluorescence study is not a new area of reseafidie application of such sources has
been well documented. However, the ability to cbi@@se intrinsic protein fluorescence
by direct excitation of aromatic amino acids, hawsiluecently been difficult due to
limitations in LED technology. The absorbance lsatithe fluorescent aromatic amino
acids, tyrptophan, tyrosine and phenylalanine camixrited using LED sources at 295,
280 and 265 nm respectively [59,61,62] with presib&D wavelength limitation at ~370

nm [63], which precluded most intrinsically fluocesit proteins .

Progress in the fabrication of deep ultraviolet jUMGaN light emitting diodes (LED)
has been considerable in recent years [64]. Rlgcém first results on exciting protein
fluorescence using 280 nm [62] and 295 nm [61] ldBDrces have been demonstrated by
the Photophysics Research Group at Strathclydeddsity in collaboration with Horiba
Jobin Yvon IBH Ltd, Glasgow. The development ofedé&JV LED’s not only makes the
study of protein fluorescence simpler and less esipe than the mode-locked lasers or
flashlamps used previously, but also offers theempidl of new miniaturised
implementations such as lab-on-a-chip technologygusnmunoassays, thereby opening-
up new approaches to point-of-care and rapid distip® In biomolecular research this
technology is providing researchers with cheapesrenreliable and simpler means to
achieve excitation of not only amino acids and gt but also other important
fluorophores such as nicotinamide adenine dinuideofNADH). Compact ultraviolet
(UV) LED devices offer advantages over traditiodakp-UV sources by way of ease of

use, rapid collection times and less susceptiltititinterferences [62].
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In the following section, fluorescence lifetime reeeements were performed using a 265
nm AlGaN light-emitting diode (LED) excitation sam& and recorded using an IBH
5000U fluorescence lifetime system (Horiba JobiroiYyBH Ltd., Glasgow, UK) with
excitation and emission monochromators incorpogagirholographic grating in a Seya-

Namioka geometry.

3.2 Characteristics of 265 nm LED

The 265 nm LED operates stably with an output povfeypically ~1.3 uW average and
~2.3 mW peak at 1 MHz repetition rate (Hamamatswgrameter type no. S1227-1010
BQ placed as close as possible to the LED). Theuybower of the 265 nm LED

compares favourably with the previously reportedasgcond sources ie 280 nm LED
[62],295 nm LED [61], and hydrogen flashlamp [65] (TaBl&).

Source Average Peak Power/ Pulse width/ns
Power/uW miy

|BH 5000F 045 12 0.9

Flashlamp

265 nm light 132 23 1.2

emitting diode

280 nm light 0,70 12 0.6
emitting diode

295 nm light 0.35 0.6 0.6
emitting diode

Table 3.1. Source average power, peak output poweand pulse width.IBH NanoLED drive circuitry
operated at 1 MHz to produce LED pulsing and TCSPGynchronisation.Note that the flashlamp power
is integrated between 200 and 900 nm.
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The instrumental full width of half maximum (FWHMJ the 265 nm LED, including the
detector response, is ~ 1.2 ns. This is a littieater but comparable to the flashlamp
(~0.9 ns) and other UV LEDs [61,62].

Normalized Intensity

T T v T T
250 300 350 400 450 500
Wavelength (nm)

Figure 3.1. (A) Emission spectral profile of 265 m LED with 2 nm bandwidth. The FWHM of the
main peak is ~12 nm. (B) Fluorescence spectrum o£310° mol I phenylalanine at pH of 7.4 excited
using the 265 nm LED. The structure of phenylalania is also shown.

The spectral width of the 265 nm LED, shown in fey3.1 (A), was recorded using a
SPEX FluoroMax 2 with 2 nm spectral bandwidth. Bpectral FWHM observed is ~12
nm, which is consistent with values reported fdreotLEDs [61,62].

The spectrum also shows a weaker broadband emiasie00 nm, a feature which was
reported as being present in the spectral proditeaf280 nm LED [62]. For this reason
the source output needs to be prefiltered to erthatethis longer wavelength component
is not detected along with the Stokes shifted #isoence. This long wavelength emission
cannot be used for exciting other fluorophores tuéts long decay time previously
reported for the aforementioned 280 nm LED as b#irthe region of ~500 ps [62h a
previous report by Shatalov et. al. [66] in whidiey described the time-resolved
electroluminescence of an AlGaN-based light-engtiiodes with emission at 285 nm,

they reported the presence of a long-wavelengttssaon band centred at 330 nm. They
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concluded that the long-wavelength emission bamdreg at 330 nm is caused by the
carrier recombination from the conduction band e teep acceptor levels in the p-

AlGaN layer at room temperature.

Hitherto the excitation of phenylalanine fluoresoerdecay required the use of bulky,
expensive or high maintenance pulsed sources sidyrechrotrons [67], mode-locked
lasers [68], or flashlamps [65] and/or working abtegmtially problematical high
concentration (>18 mol 1Y) where self-absorption or excimers can occur. T[E®
enables the fluorescence decay of weakly emittihgnglalanine to be measured
routinely in the condensed phase, even in dilutatism, the results of which will be

discussed in this chapter.

3.3 Rotamer model

The complex multi-exponential fluorescence decayetcs of tyrosine and tryptophan
can be described in terms of conformational isomnadneh display distinct decay times.
The photophysical properties of the aromatic anacms depend on the status of the
amino and carboxyl groups (neutral, protonated)adeg, amidated) although they are
separated from the chromophore by two methylenepg§1,52]. The multi-exponential
decay kinetics have been interpreted in terms tammers of this side chain, which can
perturb according to pH, the phenylelectrons responsible for the fluorescence. The
quenching efficiency is controlled by the oriertatiof the quenching groups and the

process is distance dependent.

The rotamer model for tryptophan was first desctibg Szabo and Rayner [69], based on
the Gauduchon and Whal rotamer model [70], wheey tinterpreted the emission in
terms of non-interconverting ground state rotanwdrdéhe molecule in solution. The
rotamer model for tyrosine and tryptophan photopisyss now widely accepted. Because
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of steric effects between the side chain of tryptapand the polypeptide backbone, all
rotamers are not equally probable. Newman projestior tryptophan rotamers [71] of
the indole side chain are shown in figure 3.2. Tlyptophan rotamer with the greatest
population and the lifetime of 3.1 ns is (A), wheéhe quenching group nearest to the
indole is the small amino group. Rotamer C is soh@wess probable, as the larger
carbonyl group is the closest one to the indolée Teast likely rotamer is B, with both
the amino and carbonyl group close to the indoleis Totamer may have the short
lifetime of 0.51 ns. The presence of different toghan rotamers has been independently
confirmed by NMR spectroscopy. Thus the uniquergsthree-dimensional structure
appears as a somewhat a relative term, at leasilution. The structure may be better

described by the presence of conformers in eqiuilitor

INDOLE INDOLE INDOLE
H NH HR co 0G H
H H - H H H
CO H NH
(A) (B) (<)

Figure. 3.2. Newman projections for tryptophan rotaners. The Newman projections indicate the
rotation of the indole group about the G-Cg bond [71].

The presence of rotamers, however, does not fulyaén the multiexponential decay in
proteins containing a single tryptophan residue.tie indole ring assumes different
positions in a polypeptide chain, a slightly diéfiet position of neighbouring quenching

groups may also result in a multiexponential decay.
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3.4 Phenylalanine

Phenylalanine with only a benzene ring and a mettey/lgroup is weakly fluorescent. The
experimental sensitivity (the product of quanturelyiand molar absorbtivity maximum)

is especially low for this residue. Phenylalanihgofescence is observed only in the
absence of both tyrosine and tryptophan. The sisipieture of phenylalanine may pre-
eminently demonstrate the effect of structure aoritsscence. The presence of a hydroxyl
group, as in tyrosine, causes an increase in fheeree. If an indole ring is added as in
tryptophan, the relative fluorescence intensitinigeased even further. Phenylalanine is
one of three fluorescent amino acids present irieprs, however its use in protein

structural studies has been limited due to its ¢mantum yield and short wavelength of

excitation.

Hitherto it has been reported that aqueous phemjla exhibits a mono-exponential
fluorescence decay. The results presented heoet r@pi-exponential fluorescence decay
of aqueous phenylalanine [59] observable over a&wH range. Phenylalanine has a
guantum yield of ~ 0.02, some 10x lower than thdtyptophan ¢ = ~ 0.2) [72]. Such
weak fluorescence, short wavelength and energysfeario tyrosine in proteins, has
rendered phenylalanine an unpopular fluorescentoepréor monitoring biological
functions and protein structural studies. Desfpiiese shortfalls however, it has been
demonstrated that intrinsic phenylalanine fluoraseefrom calmodulin mutants can be
used to gain information on calcium binding usingthb steady-state [73] and time-
resolved fluorescence [74], and the fluorescenp@mies of superoxide dismutase can be
obtained from intrinsic phenylalanine fluorescefs.

There have been extensive supersonic jet studifsarescent amino acids cooled in the
gas phase which have produced evidence for theéeexes of ground state conformers

[76, 77-79]. In the case of L-Phenylalanine twacelenic statesgn* and nt*, are thought
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to be overlapping in the;S$tate with the main transition considered to be the
transition [80]. The mixing between these two Sat®uld be expected to depend on the
local environment and conformation of the amino earboxylic group n-orbitals and the
n*-orbital of the carboxylic acid group with respegtthe phenyl plane. Philips et. al. [79]
using laser-induced fluorescence and supersonmoming found spectral evidence for
six conformers in tryptophan. They detected comffhaorescence lifetimes among some
of the conformers, and concluded that the confordegendent lifetimes in the range 10
to 13 ns were due to interaction between the aragid side chain group and the indole
chromophore. However, the role of the inter-corimgrtL, and'Ly S, excited states[81],
known to be present in tryptophan, relative to oamiers is still unclear. In the case of
phenylalanine in a supersonic jet Hasimoto e{.7&8]} have recently reported the presence
of six conformers with a lifetime spread in thegar29 to 87 ns i.e. much greater than
tryptophan. Two of these conformers were identifssdntramolecular hydrogen bonded
(IHB) forms, the most stable of which in thg Sate has the shortest lifetime reported at
29ns, which is considerably shorter in comparisorthe fluorescence lifetime of 68ns
recorded for the other IHB conformer [78]. Whether not the large spread in
phenylalanine lifetimes can be accounted for byf@wners or overlapping electronic
states or a combination of both has yet to be bsheol.

Contrastingly previous reports on aqueous phenyiaa have reported a single
exponential fluorescence decay, thus suggestingghesexcited conformer in the time
window of the fluorescence or a number of indistisgable conformers [68,82]. This is
perhaps surprising given the multi-exponential retwf tyrosine and tryptophan
fluorescence decays in solution, the multi-expoia¢iecay observed for phenylalanine
residues in transmembrane domain sequences [68]tlendyas phase behaviour of
phenylalanine [78].
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3.5 Experimental

In the experiments described here, L-phenylalanfr89%), volumetric standard
hydrochloric acid solution, volumetric standard isod hydroxide solution, borate buffer
(pH 9.2) and spectrophotometric grade methanol .99 were obtained from Sigma-
Aldrich Co. (Dorset, UK). Phosphate buffered sal{i®BS) was obtained from Oxoid
Ltd. (Basingstoke, UK). All fluorescence measueeits were carried out on the IBH
5000U fluorescence lifetime system (Horiba JobiroiYyBH Ltd., Glasgow, UK) with
excitation and emission monochromators incorpogatirholographic grating in a Seya-
Namioka geometry. The excitation and emission mbrmmators were tuned to 265 nm
and 280 nm respectively with 6 nm bandpass. Bxmitavas provided by the 265 nm
pulsed light-emitting diode [59] operating at 1 Mkgpetition rate with a pulse width of
~1.2 ns. All samples were measured in Teflon cdgpe x1 cm quartz type fluorometric
cells (Optiglass Ltd., Essex, UK). Fluorescenceagts were accumulated to 10,000
counts in the peak channel over 4,096 channels2@iths channel width.

Results

The fluorescence decay times and fractional intexssof aqueous phenylalanine, were
measured, over a pH range of 1 to 13 and in methdn@aqueous solution, and contrary
to previous reports, a weak, but nevertheless wigde second fluorescence decay

component is present at all pH values except atHThe results are shown in table 3.2.
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Conditions 4 (ns) A T (ns) Flpo) < 7
{pc) {ns)

pH1 279007 20 5084 £ 002 03.0 5838 1.020
pH4 381009 2a Tal+002 93.0 744 1.040
pH6 3A1+£0.10 4.8 T12+0.04 051 £.95 1.081
pH74FPB3 348 +£0.08 i1 673+ 003 79 .66 1.015
pH 9.2 horate 384013 36.0 6.57 = 0.04 6.0 5.50 1.020
pH 10 374047 16 Tla+003 74 KA 1.062
pH 13 455001 1aa - - 4,55 0.957
Iulethanal 4090011 1.7 058+ 003 3.3 043 0.991

Table 3.2 — Fluorescence decay components and avgeadecay time of aqueous L-phenylalanine over
a pH range of 1 to 13. Data obtained from L-phenwlanine in methanol is included for comparison.

By analogy with the other fluorescent amino acius two component nature might be
attributed to two stabilised rotamers of the sidaic existing in solutions on a time scale
longer than that of the fluorescence: for exampleat (ot necessarily uniquely) L-cis-

phenylalanine and L-trans-phenylalanine as showigime 3.3.
J o \f'

. b s
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Figure. 3.3. lllustration of possible stabilized réamers based on cis- and trans-isomers of L-
phenylalanine looking along the G-C, bond. Models generated from the MNDO semi empiril
Hamiltonian in the MOPAC 2000 quantum mechanics pakage.

In the pH range 4 to 10, the two distinct decay ponents are one low amplitude

component around 4 ns and the other high amplitaeponent around 7 ns. A faster
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fluorescence decay in solution as compared to thgerscooled gas phase is to be
expected due to increased collisional quenchintpénformer. It is also perhaps not too
surprising to find some evidence in solution of tenformer behaviour found in the
super-cooled gas phase. At pH 1, it is concludedstiorter decay times are as a result of
the full protonation of the molecule as the pH asvér than the pKa of the hydroxyl
group. Here, the positive charge will draw elestdensity away from the aromatic ring
system, resulting in a quenching effect. At pH th& molecule will be fully deprotonated
creating an environment where evidently either ooe rotamer is stable or the two
rotamers are indistinguishable in terms of the rifsoence decay due to the extreme
negative charge, paralleling the gas phase whéfieraefit conformers can give a similar
decay [78,79]. Unusual behaviour is observed in9aMborate buffer solution with the
increase in relative amplitude of the shorter demayponent. The fluorescence decay of
phenylalanine at 265 nm excitation and 280 nm aons& nm bandpass throughout) in
pH of 9.2 buffer and fitted functions for one andot exponential components are

illustrated in figure 3.4.

Instrumantal Response
woeee Flugregcance Decay
—— Fitted Functions & Residuals

Counts
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Figure 3.4. LED instrumental pulse, fluorescence demy of 3x10° mol I"* phenylalanine in borate
buffer (pH 9.2), fitted function, and weighted resiluals for a bi-exponential (Fit 2) and a mono-
exponential (Fit 1) model. Chi-squared values aren®wn for comparison.
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It is clear from the chi-squared value that oneagemomponent is insufficient to describe
the kinetics and a two-component model is requiredtially, it was assumed that this was
a pH effect, although as this behaviour is not ples# at higher pH, it may be due to the
salinity of the buffer solution, containing sodiuetraborate and borate acid, having an
effect through stabilisation of both rotamers.hdts been reported for indole derivatives,
that the presence of different salts has a varétgffects depending on the derivative
studied [83-86]. In some cases the quantum yieldseased slightly while in others slight
decreases were observed. The experiment was edpewny times to ensure that the
results were correct and not an experimental anpmakhould be noted that the choice of
buffer is crucial when working in the UV region.n this work potassium hydrogen
phthalate buffer solution (Fisher Scientific, pHwis initially chosen as a buffer. However
the presence of an aromatic ring in the structstgwn in figure 3.4, resulted in
background fluorescence making it difficult to abtaesults for phenylalanine in this
solution.

O OH
O

O KT

Figure 3.5. Potassium hydrogen phthalate structure

Data obtained from L-phenylalanine dissolved in hmabl replicates the bi-exponential

and rotamer behaviour in a non-aqueous solvent.
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3.7Summary

While the results presented here are consistenth #ie existence of rotamers in
phenylalanine in solution it is possible that themaybe other explanations. While
influence of overlappingr* and nt* states on the fluorescence decay, is not disealint
the coupling would be expected to be strong in tgmiy in itself favouring mono-
exponential behaviour. By contrast the case fecrdie fluorescence decay components
associated with stabilised rotamers in fluorescamino acids continues to be
demonstrated, most recently in a maximum entropghysof the influence of quercetin on
tryptophan in protein [2]. While not expecting thieenylalanine chromophore in proteins
to behave identical to the results reported héreetis more similarity between the two
environments than between gas and solution phase \rhich we are still able to draw
useful comparisons.

The rotamer model for tyrosine and tryptophan ppbysics is now widely accepted, but
the existence of rotamers in phenylalanine hasehithlacked supporting evidence
because of its apparent mono-exponential decayolatien [50,61,67].The findings
described in this chapter differ from these presicesults and suggest there is much more
commonality between the photophysics of all thfeerescent aromatic amino acids than
has perhaps hitherto been appreciated.

The recent availability of UV light emitting diodeslows us to probe the intrinsic
fluorescence from aromatic amino acids, leadingdii@ct measurement of protein
conformation changes. With the continuing developmaf light sources and surface
plasmon enhancement techniques, the ability toyssidgle proteins through their
intrinsic aromatic acid residues is not unrealisfihe ability to apply naturally occurring

fluorescence in proteins eliminates any intrusigndge labelling, as the current single
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protein strategies utilise. Therefore the abitityunderstand the photophysics of these
aromatic amino acids leads to a better understgrafimtrinsic protein fluorescence with
the hope of being able to utilise this natural ttmldetect metabolites at the single

molecule level, with implications to the detectamd control of many diseases.
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4. Silica sol-gel optimisation for bioencapsulation

4.1 Introduction

Organic fluorophores form a diverse group of profesponsive to the conditions of their
local environment. As a result these fluorophoras lbe applied to the study of a wide-
range of phenomena such as protein dynamics, aalsensing, DNA sequencing, and
membrane structures [13,87,88]. Many fluorophoragehbeen designed (or found to
have) sensitivity to parameters such as pH, pglaritydrophobicity, viscosity,

temperature, and pressure [89-93]. These parameg@r®ccur on a macroscopic scale

(i.e. solvent properties) or a microscopic scalg.(@side proteins and membranes).

4.1.1 Solvatochromic effect

Several dynamic processes may be involved in thkeSt shift (82.1), including energy
loss due to dissipation of vibrational energy, s&@bution of electrons in the surrounding
solvent molecules induced by the changed (usualtyeased) dipole moment of the
excited fluorophore, and specific interactions hestw the fluorophore and solvent or
solutes including hydrogen bonding and formation cbarge-transfer complexes. A
precise interpretation of the solvent sensitivity fluorophores requires a detailed
knowledge of the effects of solvents on the endegegls in both the ground and excited
states of the individual fluorophores. A completgantitative description of all these
processes and their effects on fluorophores iseautily available, but we can use simple
theories about solvent-fluorophore interactiongterpret these spectral shifts in terms of
the average environment surrounding the fluorophore
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The fluorescence emission can be further shiftddwer energy wavelengths still due to
solvent effects. A bathochromic shift, describeshét of the spectral band to lower
frequencies (longer wavelengths), informally reddrto as a red shift, with increasing
solvent polarity. It is also called positive sobetiromism. Bathochromic shifts are

sometimes accompanied by a decrease in the quameldrof the fluorophore

6-propionyl-2-(N,N-dimethylamino)naphthalene (PROWA structure shown in figure
4.1, was first introduced by Weber and Farris idd$94], and since this time has found
widespread use as an environment sensitive fluenésprobe. PRODAN has been
utilised in the study of protein binding domain$][9to probe inclusion complexation
with monomeric [96] and polymeric cyclodextrins [9the effects of high pressure on
PRODAN-liquid interactions [98], the structure gfitl bilayers and cellular membranes,
solvation dynamics in neat polar liquids [99], iohiquids [100]and supercritical fluids
[101,102].

The attachment to the aromatic ring system of twougs, which are respectively a good
electron donor and a good electron acceptor, esulstrong polarity sensitive effects.
This effect is strongest when the distance betwberdonor and acceptor groups is at a
maximum. In a naphthalene derivative this critagafulfiled when the groups are

attached to the 2 and 6 position of the rings.

The dipole moment of PRODAN after excitation, irages as charge is transferred from
the electron donating alkylamine group (\lRo the electron accepting carbonyl group
(C=0) (intramolecular charge transfer, ICT). Rapidhe solvent molecules reorganise
around the dipole, lowering the system energy. orupansfer of the fluorophore from

water to a less polar environment there is a maled shift in the emission maximum
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wavelength, and an increase in the quantum yielth@fPRODAN, as shown in figure

4.1.
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Figure 4.1. 6-propionyl-2-(N,N-dimethylamino)naphttalene (PRODAN) fluorescence emission spectra
change with increasing solvent polarity. PRODAN ws used at a concentration of 2.2 uM aniex - 350
nm.

4.2 Sol-gels

Porous silica sol-gels were synthesised by acidigsgd hydrolysis of tetramethyl
orthosilicate (TMOS) where methanol (MeOH) is fodves a side product.

Schematically the reaction can be written:

Si(OCHg)4+ 4 H,O — Si(OH)4 + 4 CH;OH (Hydrolysis catalysed by acid)
(4.2)
nSi(OH)4 — porous network of (SiG)n + H,O (Condensation)

An intrinsic problem with the preparation of silisal-gels, using orthosilicate precursors,
is the release of alcohol during the reaction pgscevhich denatures protein through an



59

4. Silica sol-gel optimisation for bioencapsulation

alteration of the native structure [103,10%herefore it is imperative that alcohol is
removed from the sol and the internal pore soluenpH adjusted, to within protein

survival range, by the addition of phosphate andteduffers.

4.3Experimental

The stoichiometric equation shows that the fulldoygkis of 1 mol TMOS requires 4 mol
of H,O. In this work small volumes of sol-gels are @uem from 4.5 ml of the TMOS
precursor. Molar calculations conclude that 2.2 ahlH,O is required for complete
hydrolysis at the selected volume of TMOS. In tbiepter two sol-gel samples are
prepared at different composition and the resuitagared. One sample was prepared at
the stoichiometric ratio of ¥ (2.2 ml) and the second sample prepared withssxce
water (5 ml HO).

TMOS sol—gels were prepared by sonicating togefoer30 min, 4.5 ml TMOS, distilled
water (one sol was prepared at stoichiomteric watéume of 2.2 ml, and a second sol
prepared with excess water volume of 5 ml), andhl.hydrochloric acid (0.1 N). The sol
prepared with excess water (5 ml) giving a moléorel,O/TMOS = 9.4 where the excess
water ensures complete hydrolysis of the orthagic The sols were kept at 4 °C for 5
days, allowing the hydrolysis step to effectivelach completion without promoting
gelling through the condensation steps, and ordy tracuum distilled at 50 °C for ~3-5
min at 200 mbar to remove MeOH. It is essentiak thleOH is removed prior to the

introduction of proteins to the sol as it is harhéubiologically active molecules.

The protein pH survival range is between pH 648s therefore imperative that the sol be
neutralised prior to the addition of the proteihis is achieved by the addition of
phosphate buffer solution (PBS, pH 7.4) and bobatiéer solution (pH 9.2), at a 50 %
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viv. Neutralisation of the sol by PBS only resultsa very rapid gelation time of
approximately 5 minutes. However, the additionbofate buffer solution extends the
gelation time to approximately 10 minutes. Thisws for the processing of the sol into
monoliths and thin films. The final solution ofetlgel is within the protein pH survival

range as determined by universal indicator.

PBS buffer solution was prepared by dissolving 1ISR8blet (Oxoid Ltd.) in 100ml of
distilled H,O. The borate buffer solution was prepared byolgsg 1 borate tablet

(Fisher scientific Ltd.) in 100ml distilled 4@. Buffer solutions were stored at 5°C.

Steady-state fluorescence analysis was performedg ua Perkin-Elmer LS 50B

spectrometer with excitation at 360 nm. Steadyestaror was calculated using a
Rhodamine 6G (R6G) reference sample. The stardkaridtion (S.D.) of the reference
sample was calculated, with experimental errorgriaks £ 1 x S.D. All fluorescence

analysis was carried out using special opticalgtasettes (Starna scientific Ltd).

4 4Results

Calibration curves were constructed for PRODAN peakelength and intensity change
with increasing methanol concentration in aqueasti®n, until the cuvette contained
only MeOH (24.68 mol L). A linear regression plot can be seen for PRODge¥k
wavelength with increasing MeOH concentration. e Halibration curve for PRODAN
intensity, also plotted against increasing MeOHcemtration, yielded a polynomial fit.

Calibration curves are shown in figure 4.2.
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Figure 4.2 Calibration curves for PRODAN in agueoussolution with increasing concentration of
MeOH. The changes in peak wavelength-(-----) and normalised peak intensity (------ ) are shown.

As the MeOH concentration increases there is arease in PRODAN fluorescence
intensity (shown in figure 4.2). This result imststent with PRODAN photophysics.

Two silica sol solutions were prepared by aciddgatd hydrolysis of TMOS, as
discussed in detail in preceding sol-gel sectioBoth samples were prepared with
identical TMOS concentration, and differing concations of HO. PRODAN

fluorescence was monitored in both samples.

The PRODAN fluorescence for the sol-gel samplepgred with a stoichiometric
concentration of KD (molar ratioTMOS:HO = 4), was monitored over a five day ageing

period.
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Figure 4.3. Steady state fluorescence for sol-getgpared with stoichiometric ratio of TMOS:H,0.
The changes in peak wavelength-¢-----) and normalised peak intensity (------ ) are shown.

The steady-state fluorescence showed a blue shRRODAN peak wavelength and an
increase in quantum yield after 24 hours ageinghasvn in figure 4.3. The blue shift in
peak fluorescence wavelength is consistent with PRI fluorescence in a less polar
environment. The results suggest that the hydiolylsthe TMOS precursor occurs over
the first 24 hours of sol ageing. As a result bistsample being prepared at a
stoichiometric ratio of TMOS:}D, the hydrolysis step results in reaction of atev and
the generation of MeOH. The change in peak wagtteof PRODAN from 506 nm to

498 nm is consistent with peak emission recordédae®H.

After the initial 24 hour period a red-shift in PRAN peak wavelength was recorded,
which can possibly be attributed to the electroeogition and emission transitions of
PRODAN being sensitive to the solvent acidity. Pnesence of basic sites (the carbonyl
group, tertiary amine group) can undergo significelmanges with electron transition.
Therefore, the electron transition in PRODAN carrkadly depend on the acidic nature
of the solvent [105]. The formation of silicic acid, as a result of TEnydrolysis,

initially results in a sol of acidic pH. Silicic @; however, is inherently unstable and
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rapidly condenses with itself with the eliminatiohwater forming, dimers, trimers, and
eventually resulting in the formation of a gel. Thpelymerisation of silicic acid

monomers results in an increase in the pH of the so

This change in PRODAN fluorescence corresponds thange in the polarity of the
probes local environment. The blue-shift in peav@length and increase in fluorescence
intensity over the first 24 hours provides a gauadigation that the hydrolysis occurs over

this period.

The sample prepared with a higher concentration HgO (excess,molar ratio
H,O/TMOS =9.4) showed no significant change in PRODAeak wavelength,
however, there was a significant increase in quantield after a 24 hour ageing period,
as shown in figure 4.4. This result is consisteith WWRODAN fluorescence in a lower
polarity environment, which again is attributedttee formation of MeOH during the
TMOS sol-gel hydrolysis step. The change in PRODIAdrescence occurs again over
the first 24 hours which is consistent with results the sol-gel prepared at a
stoichiometric ratio of TMOS:}D.
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Figure 4.4. Normalised PRODAN fluorescence intensitfor TMOS sol-gel prepared with excess kD
as measured over time.
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The increase in peak fluorescence intensity indg#tat hydrolysis is occurring over the
initial 24 hour ageing period. Therefore, to béeai® monitor hydrolysis kinetics and
thus pinpoint the ageing time required for the lojglis a second sample of the same
composition was monitored on an hourly basis. fEselts are shown in figure 4.5.
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Figure 4.5. Normalised PRODAN fluorescence intengitin aTMOS sol-gel prepared with excess D
as measured over sol ageing time. The changes inagewavelength (------- ) and normalised peak
intensity (------- ) are shown.

There is an initial decrease in peak wavelengthr dlve initial 1 hour period. This
suggests that the hydrolysis reaction initiatesaatast rate. The peak wavelength
stabilizes after this initial period. However, ttheorescence intensity increases for a 48
hour period after the initial measurement. Thiggasts that the hydrolysis is still
continuing over the first 48 hours of the gel agein

A further experiment was performed to ensure thataghange in PRODAN fluorescence
was in fact reporting on the hydrolysis step. Tagueous samples were prepared
containing TMOS, at concentrations present in tbe and MeOH at concentration
calculated by assuming complete hydrolysis of TM@S4x conc. 1:4 molar ratio of
TMOS:MeOH ). The fluorescence intensity of PRODANhe MeOH sample was of a
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higher magnitude with respect to the sample comg@imMOS, with no significant
change in PRODAN peak wavelength between both smplTMOS having less polar
character (and thus PRODAN having higher quantuetdyithan MeOH, it would be
expected that the highest peak fluorescence inyensiuld be measured in the TMOS
sample. However, the highest peak intensity waerded on the MeOH sample. The
higher concentration of the latter (4x), resulthiigher fluorescence intensity with respect
to the PRODAN fluorescence intensity in the TMO$gke. This result is in agreement
with the trend seen for sol ageing over first 2drsofor the sol sample prepared at higher
water concentration, where there is a change ordkcence intensity without a change in
peak wavelength. Over the first 24 hours thererigeacted TMOS, which becomes

hydrolysed with the resultant formation of MeOH.

The result also provides further evidence thatdi@nge in PRODAN fluorescence is a
direct result of MeOH formed during TMOS hydrolysis shown in figure 4.6.
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Figure 4.6. PRODAN steady-state fluorescence in aqaus solution containing MeOH and TMOS.

The peak for both samples was 521 nm.
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The change in PRODAN fluorescence was measuredsmt af samples with differing
vacuum distillation time. Increase in rotary evagpion time results in red shifted
After 180 seconds

rotary evaporation time, the PRODAN peak emissi@velength is consistent with that

PRODAN fluorescence associated with more polar renment.

found in an aqueous environment, as shown in figure A decrease in PRODAN peak
fluorescence intensity is observed, which is asgedi with an increase in environment
polarity. As methanol is removed, PRODAN respondsat more water like polar
environment as can be seen by a decrease in ityt@ssshown in figure 4.7.
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Figure 4.7. PRODAN steady-state fluorescence asanfction of increasing vacuum distillation time.

After vacuum distillation, phosphate buffer solati@and borate buffer solution were
added to the remaining sol volume, 15ml of eaclpeesvely. Change in the sol pH
rapidly increases the gelation timg) (tesulting in the formation of a gelled monolith i
the cuvette. The addition of buffers neutralizes gbl-gel and provides a suitable internal

pore liquid for protein encapsulation within thd-gel pores. Therefore the fluorescence
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response of PRODAN was measured in phosphate adfation, borate buffer solution
and a combination of both buffers as per the sbl+grutralisation protocol, and
normalised with respect to PRODAN fluorescenceistilted H,O. As can be seen from
the spectra, shown in figure 4.8, PRODAN peak wawgth corresponds to an agueous
environment in each of the buffer solutions. Thisralso no significant change in peak
intensity for any of the buffer solutions with resp to PRODAN peak intensity in
distilled H;O.
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Figure 4.8. Steady-state spectra for PRODAN in vaoius buffer solutions.

The fluorescence spectra of PRODAN in a sol wassoreal, prior to rotary evaporation
and also prior to the addition of phosphate andateobuffer solutions, and the results
compared with those for a sol prepared with remo¥ahethanol and neutralisation. The
alcohol free and neutralised sol was then measagath at 1 hour after the gel point. The
PRODAN spectra recorded in the sol prior to vacudistillation, shows blue-shifted
peak wavelength and higher fluorescence intensitgomparison with PRODAN in an
aqueous environment. The PRODAN spectra of thealtel vacuum distillation and
addition of buffers shows a red-shifted fluoreseepeak and decrease in quantum vyield

compared with the spectra recorded prior to remo¥ainethanol and pH adjustment.
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The peak wavelength and quantum yield are consistéth PRODAN fluorescence
corresponding to an aqueous environment. Therspestorded 1 hour after the gel point
showed little significant difference from spectexorded prior to gel point. The results

are shown in figure 4.9.

Normalised intensity

400 450 500 550 600 650 700
Wavelength (nm)

Figure 4.9. PRODAN fluorescence spectra recorded iTMOS sol-gels, prior to the removal of
methanol by vacuum distillation ¢------- ), and after, methanol has been removed-<-----). For
comparison the PRODAN spectra in the methanol fregel 1 hour after the gel point is shown (—)-

4.5 Sol-gel encapsulated hexokinase.

The biocompatibility of the optimised sol-gel mathewas ascertained by the entrapment

of the enzyme hexokinase, which is important inrttetabolism of glucose.

The intrinsic fluorescence of hexokinase in solutio(excitation = 295 nm,
emission = 330 nm) is attributed to tryptophandess in the protein. Each monomer
subunit of hexokinase consists of two lobes withedt in the middle; binding of glucose
to the active site in the cleft causes the two $aisemove closer together, and with this a
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quenching of fluorescence occurs [106]. Therefore improved technique for the
encapsulation of hexokinase could lead to the dgweént of a glucose sensor based on a

change in intrinsic protein fluorescence.

Hexokinase was encapsulated in two sol-gels prdpaseng different methods. Gel A
was prepared at a stoichiometric ratio of TMO®Hand after 5 day ageing period, the
sol was vacuum distilled for two minutes. Gel Bswaepared with excess® and aged
for five days, and the resulting sol vacuum distilifor 3 minutes. The results were
compared with hexokinase in8l. Hexokinase was used at a concentration 3fr6l

L™, and excited at 290 nm. The results are shovigime 4.10.
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Figure 4.10. TMOS sol-gel encapsulated hexokinasend in H,O. Hexokinase was used at a

concentration of 10° mol L and Aex - 290 nm.

The results illustrate the improvement offered bg PRODAN optimised method (gel
B). The peak fluorescence intensity shows a mankeckase in the optimised method

(28%) as compared with Gel (A). The intrinsic flascence of hexokinase in gel A is
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quenched, by possibly insufficient removal of algolor unreacted TMOS. The
optimisation of the vacuum distillation techniqug BRODAN fluorescence ensures that
any detectable alcohol has been removed. Alsoptiésence of excess® ensures the
complete hydrolysis of TMOS.

The optimised method shows an increase in hexokineesak fluorescence intensity
compared with hexokinase sample ipCH This effect is possibly as a result of slower
oxygen diffusion through the porous sol-gel netwofrkyptophan residues in proteins are
known to be dynamically quenched by oxygen [107]10Be quenching effect of oxygen

on fluorescence, and the protection offered bygetd-and application to single molecule

fluorescence will be discussed in a later chapter.

4.6 Summary

The ability of PRODAN to report on the polarity i local environment, provided an
ideal choice with which to monitor the hydrolystes for the formation of a TMOS sol-
gel, and also report directly on the internal emwiment of the sol-gel nano-pores. The
sensitivity of the probe provided a good indicatfon the completion of the hydrolysis
stage and complete removal of methanol, by vacuistillation, through change in sol
polarity. The removal of methanol is essential footein survival and thus the
application of PRODAN as an indicator for its rerabprovides an efficient method for
ensuring that no detectable methanol remains instileprior to the introduction of
protein.

Timings for pre-aging and distillation of the sdisol were determined by investigating a
parallel series of samples containing the envirartally sensitive fluorophore 6-

propionyl-2-(N,Ndimethylamino) naphthalene (PRODA#d)report on the progression of
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the hydrolysis reaction and on the compositionhaf distillate. With increasing MeOH
concentration the response of PRODAN fluorescemscéwbnfold, first a shift can be
observed in the peak wavelength, as compared terwiat HO the spectrum peaked at
521 nm and in MeOH at 498 nm) and second an inereasluorescence intensity, i.e.
quantum yield. The increase in peak wavelengthdamlease in quantum yield shows the
sensitivity of PRODAN to the removal of methanahdaprovided a vacuum distillation
time for complete removal of detectable methandie Bensitivity of PRODAN to its
environment provided a method of measuring the tietgiired for the completion of the
hydrolysis and distillation steps. This ensureak tthe pore liquid was free of methanol

such that protein could be added without denatumati

The improved ability of this method to the measwatof intrinsic fluorescence is

demonstrated by the increased fluorescence inyeoshexokinase immobilised in sol-gel

nano-pores. With the application of this methad the continuing development of ultra-
violet light sources and understanding of intrinamino acid fluorescence, it may be
possible in the future to monitor single proteinghaut the requirement of attaching bulky
fluorescent tags as previously required. And furtiare, the specific ability to encapsulate
hexokinase may have application to single-moleaglieose sensing as a function of

intrinsic fluorescence change.

The PRODAN optimised protocol, described in thiamtler, provides a generic approach
for the encapsulation of sensitive proteins. Fenrtiore, the method can be applied to the

immobilisation of proteins for single-molecule fhescence study.

The method we have described here has allowedhéoericapsulation of the environment
sensitive trimeric form of Allophycocyanin (APC)) both monolith form for ensemble
measurement and in thin films for single-molecwdaefocal measurement, as discussed in

further detail in the 85.4 and 86.4.2 respectively
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5. Allophycocyanin

5.1 Introduction

APC belongs to the phycobiliprotein family whicheapresent as aggregates in
phycobilisomes that lie near chlorophyll reactioenites in Cyanobacteria and
Rhodophyta (blue—green and red algae respectivldl§p]. Each allophycocyanin
monomer contains two phycocyanobilin chromophosé®wn in figure 5.1, which are

labelled a2184 andB84 to denote its position in the protein backbone.

COOH COOH

Figure 5.1.Phycocyanobilin Chromophore

The monomer has a fluorescence peak emission anG38laturally, the close proximity
of the monomers results in dipole interaction rsglin exciton splitting as illustrated in
figure 5.2. The chromophores are considered tce haxcitation energy delocalised
between them, with an associated red—shifted faoenece peak emission at 660nm. The
trimeric state of allophycocyanin is thus very sgves to environment, with changes

resulting in dissociation to monomeric form.
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Figure 5.2. Schematic for monomeric and trimeric fom of allophycocyanin

The trimeric APC structure in aqueous buffer soluthas a fluorescence emission peak at
660 nm associated with exciton splitting of theochophore and until the present work
has required the use of cross-linking to preseneettimeric form down to the single-
molecule level [110,111].

Previous attempts at preserving the trimeric stmecbf APC in a sol-gel matrix have
been unsuccessful, even when maintaining neutralepphr before or after gelation
[112], presumably due to the protein’s extreme isigitg (through such mechanisms as
disrupted hydrogen bonding) to the vicinal solvearisl pH changes generated, resulting

in dissociation to the monomeric form [113].
5.2 Sol-gel preparation

TMOS sol-gel was prepared by sonicating togethar,30 min, 4.5 ml TMOS, 5 ml
distilled water and 0.1 ml hydrochloric acid (0.}; §iving a molar ratio KO/ TMOS = 9.4
where the excess water ensures complete hydralf/$iee orthosilicate. The APC was not
added at this point (as commonly done), but thesslaged by typically storing it for five

days (i.e. much longer than previous protocols [Et4+4°C, allowing the hydrolysis step



74

to effectively reach completion without promotinglling through the condensation steps,
and only then vacuum distilled at 50°C for circanb at 300 mbar to remove MeOH.

Finally, the sol was neutralised by the additiomahixture of 15ml PBS (phosphate buffer
saline, pH 7.4) and 15 ml borate buffer (pH 9.2)isTboth neutralises the sol and dilutes

any remaining polymerisation products.

The removal of MeOH and pH adjustment of the sduoes a rapid transition to the gel
state. Therefore APC had to be added quickly tostiiet this point in order to achieve a
homogenous dispersion of the protein. The optimuned for sol ageing and vacuum
distillation of MeOH, for this encapsulation protbevere obtained using PRODAN [94] in

parallel measurements on equivalent sols used rfateip encapsulation as described in
84.4.

5.3 Experimental

APC (Sigma-Aldrich Ltd) was used without furtherrifigation. Stock solution was
prepared in PBS (pH 7.4, Oxoid Ltd, Basingstoke,)UBol-gels were prepared by the
sonication of 4.5 ml TMOS, 5 ml @, and 0.1 ml HCL (volumetric standard 0.1010M)
for 30 minutes at 50°C. The sols were aged foaysdinder refrigerated conditions prior
to vacuum distillation and neutralisation of thd. sd'he stock solution of APC was
diluted into the sol to give a final concentratiail.28 x 10’ moldm®. The sol was then

left to reach the gel point in the optical glassette.

Ensemble fluorescence measurements were recorded &mbin-Yvon Fluoromax 2

spectrometer.
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5.4 Results and discussion

For up to 500 hours the fluorescence emission péancapsulated APC was close to
660 nm demonstrating dominance of the aqueous rignferm, but with a gradual
decrease, until rapidly decreasing to 638 nm awshio figure 5.3. During this period the
gel loses weight and we associate these changepurnié shrinkage and greater exposure
to silanol groups as aqueous buffer evaporateghendel dries, a process which could be
ameliorated by re-hydration. After 500 hours theofescence emission peak shifted

rapidly to 638 nm, corresponding to the monomeBJ11
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Figure 5.3. Fluorescence peak wavelengtiA) of APC encapsulated in a sol-gel nano-pore measd
over 560 hour period.

The APC trimer fluorescence spectrum encapsulaedyuhe pre-aged method described
here as compared with a sol-gel we prepared withoeHaging by the method described
by Ferrer et. al [114], is shown in figure 5.4. Tlager resulted in dissociation of the

trimer as shown by the blue shift in the peak wangth, and an increase in full width



half maximum (FWHM). A monomer fluorescence spacity prepared in aqueous

solution at pH 4, is also shown for comparison.

1.2 T T T T T T T T T T T T T T T T T T T

42 nm

ke

Bite .

0.8

0.6

normalized intensity

0.4

0.2

R & S R R R S B S B S A A AN A

TSN T OV N T T YN N T T T Y N N T 1

0+ 7"r 77 77T 7T 7
620 640 660 680 700

wavelength (nm)

Figure 5.4. Fluorescence spectra of APC (excitatioat 550 nm) encapsulated in a sol-gel monolith
prepared according to the new protocol with pre-agig (——) and according to previous protocols
[114] without pre-aging - — — ). FWHM are indicated. For comparison the emissiorspectra of APC
in its monomer form (-----) is also shown (recorded for APC dissolved in watet pH 4).

5.4.1 Fluorescence lifetimes

The fluorescence lifetime of decay componenfor the monomeric form, prepared by
the addition of methanol to APC/PBS solution, shamsincrease in both fluorescence
lifetime and relative amplitude with respect to thmeric form in PBS, as shown in table
5.1. The change in fluorescence lifetime and inataamplitude is likely to be as a direct
result of dissociation of the trimer and thus ceesaof exciton splitting between the

andp chromophores.

The fluorescence lifetimes, and relative amplitydesorded for APC encapsulated in a

sol-gel nano-pore after 24 hours is directly corapbr to the results for APC in its



trimeric form in buffer solution. The trimeric foris the dominating form present after

this gel ageing period as confirmed by steady-dlatbeescence spectra peak emission.

After sol-gel ageing for 720 hours there is an éase in the fluorescence lifetimeg)
and also an increase in relative amplitudig. (The results are consistent with the
fluorescence lifetimetq) and relative amplitudef,j recorded for the monomeric form,

prepared by the addition of methanol to APC/PB&tsmh.

APC sample 7 (ns) J1 (%) 5 (ns) F ) 7

Trimeric form

(APC PBS)

0.156 £0.060 1.710 176020010 23290 0.970

Monomeric form

(APC PBS/MeOH)

0,725 £0.090 14.980 1.940+0.020 385020 1.240

APC sol-gel

0.116 £0.020 3310 173020010 96690 0.970
(24 hours)

APC sol-gel

(720 hours)

0717 £0.080 18530 17300010 381470 1.070

Table 5.1. Fluorescence lifetimes for APC in trimdac and monomeric form in solution and
encapsulated in TMOS sol-gel nano-pores.

Despite the additional difficulties of observatiadhg sol-gel matrix permits detection of
trimeric APC down to 2 x I8 mol dm?® as shown in figure 5.5. This compares to
sensitivities of APC in PBS recently reported of 20*2mol dm?® trimer using fluorescence

at 660 nm and 1 x 18 mol dm? using surface enhanced resonance Raman scattering
(SERRS) [115] (the latter without distinguishingween the monomer and trimei$ERRS

and fluorescence analysis was carried out on asRaw Microscope 1000 with a Renishaw

RL633 632.8 nm helium-neon laser and 50 X, 0.5 migakaperture long-working distance



objective. The accumulation time was 10 s and é@selution 2 cril. Measurements were

carried out in 250 pl microtitre plates.
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Figure 5.5. Trimeric APC detection limit in TMOS sol-gel monolith measured wh Renishaw
microscope 1000Xex 632.8nm)

5.5 Summary

APC dispersed in silica sol-gels prepared accortbnipe protocol presented in this report
remains in a trimeric form for up to 500 hours Wefdissociating. This is evident from the
fluorescence emission spectra where a band carsdrecentred at 660 nm corresponding
to the exciton coupling of phycocyanin chromophd@slised in different subunits of
APC. At this time the solvent is also expellednirthe silica monolith and accumulates to
a ~1 mm thick liquid layer on the top of the sammad thus the change in protein
aggregation state is possibly related to porenkhge and increased exposure to silanol

groups.
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To illustrate the importance of silica sol pre-agion the stability of APC, the results of

encapsulation in the method described in this shesis compared with the previous state
of the art preparation method reported by Ferrat £14] . The emission spectra recorded
on APC dissolved in a sample without pre-agingtg¢famethod) is consistent with the

monomeric form, i.e. a blue shift in the peak wawgth and an increase in full width half

maximum as compared to the spectra recorded on iP@ie trimeric form with the

encapsulation method described here.

Fluorescence lifetimes were recorded for trimemm anonomeric forms in buffered
solution. The lifetimes recorded for the trimeiocm were in agreement with fluorescence
lifetimes recorded for the APC encapsulated in bgeb for a 24 hour period. The
fluorescence lifetime for a sol-gel sample whichsvaged for 720 hours was in agreement

with the sample recorded for the monomeric formatution.

It was previously reported that phycocyanin fluoexe can be detected from freely
diffusing APC molecules in PBS buffer solution at@ncentration of 2 x I mol dni®
[115]. Here the detection limit, for ensemble meament, in a silica sol-gel has been
demonstrated as 2 x tbmol dm? despite the additional difficulties of observatuch as

light scattering.
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6. Single-molecule fluorescence

6.1 Introduction

The capability for single molecule detection (SM@hich has been fully realised only in
the last decade or so, has yet to be exploitetinical medicine. Amongst the reasons for
developing SMD methods in medicine is the assayamdlytes present at ultra-low
concentrations in the early stages of disease {engour markers for early diagnosis of
cancer or cytokines for the prediction of cardiamtdar disease and type 2 diabetes) or in
established disease (e.g. suppressed thyroid stimglhormone in thyrotoxicosis). Time-
related intermediates, such as those occuring getzyme-catalysed reactions also could
be identified. Most importantly, macromolecules, ieth have subtle conformational
differences, can be detected and counted. Instetet aneasurement of ensembles, where
averaging renders minor forms undetectable, SMD allayv the pathology to be related,
for the first time, to the pattern distributionshgle molecular species. The prion disorders
and other protein-folding diseases (e.g. Creutzlaltbb disease) are obvious examples
where sensitive early diagnosis is currently imgdesand where structure-specific SMD
has a high chance of clinical value. Fluorescemreceld itself to SMD of biomolecules
because of extreme sensitivity (single-photon)nds-invasive and non-destructive nature,
and its multidimensional specificity, which enabldentification of species in a mixture
such as cell cytosol. Fluorescence wavelengtiensity, excited state lifetime, spatial
location and polarisation can all depend on mokacsiiructure. Fluorescence spectroscopy
and microscopy are established techniques for Btgdynolecular ensembles, but
conventional fluorescence microscopes have a dtftna limited spatial resolution of ~

A/2, typically 300 nm. Amongst the technologies 8D by fluorescence microscopy
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(wide field, confocal, total-internal reflectionanning near field optical microscopy
(SNOM) has by far the best resolutiom\&0 ~ 50 nm. This is achieved by a metal-coated,
narrow fibre optic tip (emitting evanescent wavesld ~ 5-10 nm away from the sample in
the so-called near field as opposed to the fad fisdled by conventional microscopes. The
limited area thus excited in SNOM enables seleabiojust one molecule and dramatically
reduces both background fluorescence and scatligied(Rayleigh and Raman), which
might otherwise contaminate the detection of irdlnal fluorescence photons from single

molecules.

However, despite the resolution advantages offese8NOM, it has been shown that far-
field confocal microscopy can be experimentally enoonvenient [116,117]. The single

molecule images in this chapter were taken usimfooal microscopy.

6.2 Single-molecule fluorescence

Single molecule detection has been demonstratathigie molecule imaging [118-120],
lifetime measurement of the excited states of simgblecules [116,120,121], and single

molecule spectroscopy [122,123].

In a fluorescence image, a spot will be consida®émission from a single molecule if it
fulfils the following criteria. (i) The size of thepot must be of the same order as the
diffraction-limited size of the illumination focus the confocal set-up or must be
considerably smaller in the near field. (ii) Thgrsl intensity must be of the order of that
expected considering the properties of the molecdhk intensity of the illumination, and
the efficiency of the optical detection path. {ilie density of spots per area must relate to

the concentration of dye molecules in solutiorv) Tihe bleaching process should occur in
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a single event with a discrete intensity drop ® Iblackground level and should not present

intermediate intensity values [124].

Rhodamine 6G (R6G) dye molecules are a good cHioicgngle molecule imaging due to
there high quantum efficiencyd{ = 0.95) and photostability (photobleaching quantum
yield @, = 5.7 X 10). The single molecule fluorescence of R6G mokestik well
documented [118, 125-127] and therefore providgda choice of fluorophore to initially

try and image single molecules using the confocaetaacope.

Fluorescence blinking describes the disappearahfiaarescence intensity from a single

molecule, and is as a result of transition of th@etule to a non-fluorescent triplet state
(T). Fluorescence blinking is a characteristicswfgle-molecules and therefore provides
direct evidence for the detection of single-molesul During single molecule imaging, as
measured using confocal microscopy, some of theeoutgs disappear on subsequent
scanning, as shown by single rhodamine 6G (R6Gyénmafigure 6.1. This is because the

single molecules are blinking and/or photobleachingng the observation.

Figure 6.1. Fluorescence blinking for R6G
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Blinking occurs when molecules undergo intersysteassing to the triplet state. These
molecules remain dark until they return to the gibwstate [10], and once again get
promoted to an excited singlet state. In some eyttley are bleached, as illustrated by
the Jablonski diagram shown in figure 6.2.
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Figure 6.2. Jablonski diagram of the relevant statefor photobleaching

Absorption (kpd from § to § may lead to nonradiative internal conversior),(k
fluorescence (), or intersystem crossingi{§ to T:.. From T, the molecule may relax
back to 9 (ky), or absorb a second photonr4(kr,) and go to T. From there, the molecule
may either relax back to 1T (krno71) Or react (kac), leading to irreversible
photobleaching.

Collisions with paramagnetic molecular oxygen seradecules more readily into a triplet
state after excitation. Photobleaching, as a redfuieaction with oxygen whilst in the
triplet state, poses a fundamental limitation te itiformation content of single molecule

fluorescence measurement [128]. Ideally, a sintleréphore should last long (slow
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photobleaching) and not show temporal fluctuatiohfiluorescence intensity as a result

of transition to a triplet state.

The spin coating of the fluorophore in polymer tfilms should offer some protection
from photobleaching. However, to observe singlerbphores for extended periods of
time, a method to remove,@rom solution is required, as will be discussedaitater

chapter.

6.3 Experimental

Thin films for single-molecule confocal fluorescenmicroscopy were prepared by spin
coating 3@L of R6G (Fluka) stock solution prepared in poly{hymethacrylate)
(PMMA, Sigma-Aldrich, Mw ~ 350,000) on a washedsglanicroslide cover slip. R6G
was prepared to a concentration of 181 in PMMA, and the PMMA stock solution was

prepared to a concentration of 5mg/ml in chlorof¢8mgma-Aldrich).

Thin sol-gel films, for single molecule measuremesgtre formed by diluting the APC
stock solution into the alcohol free neutralizetiasal spin coating to form the film. The

concentrations of the protein for single molecuksasurement were typically 1mol I,

Microscopy measurements were performed usin@-&NOM (WITec GmbH) aligned
for confocal microscopy in reflection mode. Exdiat with an Nd:YAG laser (532 nm)
was delivered by a single-mode optical fibre. Tkarh was collimated and focused using
an infinity corrected microscope objective to drdiftion-limited spot. Fluorescence was
collected by the same objective and focused to Ki-mode fibre coupled to a single-

photon avalanche photodiode (APD). The sample \\a®d on a piezoelectrically driven
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scanning stage. A 2D image was acquired by scanhagample line by line and plotting
signal from the APD. Single molecule spectra wexeorded using a CCD/Spectrograph
(Andor Model DV401A-BV/ Princeton instruments Mod&P2300i), interfaced to the
SNOM through an optical fibre. The microscope barseen in figure

6.3.
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Figure 6.3(A) Schematic for single molecule confatmicroscopy experimental set up.
(B) Hard at work searching for elusive single molades ona-SNOM (WITec GmbH).

6.4 Results: Single R6G fluorescence

Typical blinking, of an R6G molecule, can be obsdrnn figure 6.4, where the intensity
drops to the background level and the moleculesstiayk over time periods of typically
milliseconds to seconds. The intensity differerafendividual molecules, is thought to be
as a result of different orientations of the flysinore relative to the polarisation of the
incident light.
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Figure 6.4. Confocal fluorescence image showing fitescence emission from single Rhodamine 6G
molecules in a PMMA thin film. The concentration ¢ R6G was 10°°mol L™,

6.4.1 Single molecule detection: Filter effect

In order to detect single molecules it is essemtigliminate scattered light. The correct
combination of filters is crucial to cut down thadikground noise, in order to observe
single-molecule fluorescence. The importance effillters is illustrated in figures 6.5 and
6.6.

Figure 6.5 shows a confocal image of R6G in a PMM#in film. R6G was used at a concentration of
10*M. The image was recorded by scanning over a 20xPn area and a 550 nm long pass filter (LP)
was used eliminate background noise signals.

The confocal image (figure 6.5) shows no eviderfcsirmle molecule fluorescence. The

fluorescence signal is lost in the high level ofkground noise. However, when a second
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570 nm LP filter is added, the single molecule R#8@rescence can be observed
(evidenced by blinking), as shown in figure 6.6heTlonger wavelength filter (relative to

the typical peak wavelength of R6G) is requireddiogle molecule detection.

Figure 6.6 shows the confocal image over the sam8x20 um shown in figure 6.5. This scan was
recorded using a combination of both a 550 and a Bhm LP filters.

This experiment illustrates the importance of ocdrifdters, in order to improve signal to

noise ratio for single-molecule fluorescence datect

6.4.2 Allophycocyanin Single molecule Fluorescence

Typical single molecule fluorescence images of AR@ecules encapsulated in silica sol-
gel, as evidenced by blinking, are shown in figét&. Sol prepared as previously
described and containing APC at low concentratitypi¢ally < 10° mol dm® was
applied onto a microscope slide. Images obtaingedobusing on the gelled sample
surface using bright light illumination with a NikolOOx objective were acquired at a
depth of circa Jum beneath the surface. Fluorescence images wdesteal using a 645

nm long-pass filter.



2 um
. —

Figure 6.7. Single molecule APC fluorescence in sgél nano-pores.

The single molecule images display a range of saa$ shapes as the fluorophore is

sometimes bleached during a sample scan. Fig@reshows the corresponding single-

molecule emission spectra to be consistent with AP®e trimeric form. For comparison

the emission spectrum recorded on a single APC culdeunder the same conditions but

without the removal of methanol and pH adjustméntthe latter case APIS clearly shown
to be dissociated into the monomeric form, illustig the importance of the sol-gel

optimisation on protein survival.
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Figure 6.8. Trimer (——), and monomer { — — -, fluorescence spectra for single APC molecules

entrapped in the pores of a sol-gel thin film. Thespectra have been normalised to equal intensity
(counts/sec) and the baseline set to zero.
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Due to the close proximity of the APC monomer emisspectra to the excitation source
wavelength, a 550 nm notch filter was requiredlitmiaate the laser source. It can be seen
from figure 6.8 that any signal recorded at bluéeth wavelengths from 550 nm is due to

random noise.

6.5 Summary

Single molecule detection is a difficult technigaed represents the ultimate level of
sensitivity. The signal to noise ratio needs tabefficient as possible. R6G has a high
guantum efficiency and relative photostability, amak therefore chosen as a fluorophore,
in this work, for the initial detection of singleatecules. Initially the problem with the
detection of R6G single molecules was the choiciédtefs. The correct choice of filters,

are important to improve the signal to noise r&diosingle molecule detection.

Fluorescence blinking provides direct evidencesioge molecule detection. During this
state the molecules “switch off” as they intersgsteross to a triplet state. The images
shown in this chapter for R6G show this effect #metefore provide evidence for single
molecule detection. The application of this flysiore for single molecule detection
allowed for understanding and improving of the cmal technique for recording single
molecules, prior to the imaging of less quantunicediit and photostable fluorophores

and proteins.

The ability to entrap a single protemolecule and control its aggregation, as demorestrat
with APC, illustrates the potential of single maléx fluorescence for studying the bio-
molecular interactions that underpin diseases siscthe fatal prion disorders of protein

folding (BSE, Creutzfeld-Jacob disease and pos#idfieimer's and Parkinson's diseases)
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at their most fundamental level, with potentialieschange implications for generic
understanding of disease pathology and therapeutdditionally, encapsulating APC in
silica sol-gel nano-pores is a further step towardtabolic sensing e.g. glucose assays
using APC labelling of the glucose-binding lectegncanavalin A [129]. Also, this
technology may provide the basis for integratiothimi “lab-on-a-chip” sensors which are
capable of bringing to bear the whole panoply abfescence techniques and technology.
This includes for example, intrinsic protein fluscence excited with ultra-violet light
emitting diodes [43,46,47], microfluidics [130]ufirescence resonance energy transfer to
detect metal ions either directly [131] or inditgaising a chelate [132] and anisotropy
[133].
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7. Oxygen scavenging

7.1 Introduction

Organic fluorophores are prone to irreversible phl#aching due to photochemical
reactions mainly photo-oxidation, which limits thember of photons emitted. Although
the effect is not always influential during enseenbleasurement, it is always paramount
in the collection of data at the single-molecublelevhere oxygen efficiently reduces the
fluorescence lifetime by promoting other quenchimgchanisms, e.g. inter-system
crossing to a “black” triplet state. The quantureld for photobleaching varies between
fluorophores, with typical values ranging betwe@? + 10° [134,135]. The inverse of
the photobleaching quantum yield effectively detees the total number of emitted

photons on average before photobleaching [136].

Quenching of the fluorophore excited state occutserw the excitation energy is
transferred to the oxygen molecule, generating fitst excited state of the oxygen
molecule, which is known as the singlet oxyg&@,). There is a resultant decrease in
fluorescence intensity and the occurrence of pHesahing. The latter occurs due to self-
sensitisation through reaction of the fluoropharethe ground singlet state, with the
highly reactive'O, species [137]. The quantum yield for photobleaghiaries greatly

among fluorophores [138].

Singlet oxygen also reacts with amino acids suctcysteine, histidine, tryptophan,
tyrosine, phenylalanine, as well as guanosine oxggbonucleic acid (DNA) [139]. As
well as having an effect on intrinsic fluorescerafearomatic amino acid, oxidative

damage impairs the folding and function of biomales.



92

7. Oxygen scavenging

Although some medical applications take advantdgsoto-sensitisation (photodynamic
therapy), it is generally accepted as being a negatffect. Many fields such as
development of solar concentrators [140], solidestasers [141], and single molecule
spectroscopy [142,143] and detection suffer froratpdensitisation, and therefore there

is a lot of current research being currently danerprove the stability of dyes.

The photo-survival of fluorophores can be extenolediinimising the presence of triplet-
state oxygen and its highly reactive metaboliteshsas singlet oxygert@,), hydroxyl
radical (OH) and hydrogen peroxide®}. This can be achieved through deoxygenation
[144], the addition of oxygen scavengers such asrbg acid, propyl gallate, and the
glucose oxidase/catalase (GODCAT) system, floodivegsample with inert gas such as
argon or nitrogen [145], or operating in a vacul4q].

7.1.1 Ascorbic acid

Ascorbate acts as an antioxidant by being availtblenergetically favourable oxidation.

Reactive oxygen species oxidise (take electroms)flascorbate to form dehydroascorbate
through the free radical intermediate monodehydrdsmte, as illustrated in the
schematic diagram shown in figure 7.1. The reaabixygen species are reduced to water

while the oxidised forms of ascorbate are relayathble and unreactive.

L-Ascorbic acid Dehydroascorbic acid

Figure 7.1. Schematic for the reaction of L-Ascorlz acid with oxygen
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The retardation of photobleaching can be achiewedhle addition of ascorbic acid,

through the quenching of radical oxygen specieg [148,149].

7.1.2 Solubility of Oxygen

The concentration of oxygen in water at room terapege (~25C) and 1 bar pressure is

1mM. In air with a normal composition the oxygeartmal pressure is 0.2 bar.

Solubility, amount of gas dissolved in a liquisiyelated to pressure by Henry's law:
C=KyP (7.1)

Where C is the concentration of dissolved gas,iKHenry's constant for gas in a
particular solvent (K= 1 x 10° mol/L.atm for oxygen in kD), and P is the partial
pressure of the gas above the solution.

Gas solubility is always limited by the equilibriubetween the gas and a saturated
solution of the gas. Therefore, concentrationiesaved Oxygen in a sample, in air at

room temp, is ~ 0.2 mM.

7.1.3 Oxygen diffusion

In the case of collisional quenching, the quenchest diffuse to the fluorophore during
the lifetime of the excited state. At room temperatan oxygen molecule has a diffusion
coefficient of ~ 2.5 x 1® cn? s*
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The root-mean-square distangedX” that a guencher can diffuse during the lifetiche o

the excited stater)is given:

JOXE =/2D1 (7.2)

Where D is the diffusion coefficient.

In the following section the effectiveness of astoacid as a method for removing
oxygen from solution will be investigated.

7.2 Experimental

Spectrophotometric grade methanol (MeOH, 99+%, Sidddrich) was sonicated for 15
minutes at 50°C, in order to deoxygenate the stlvekscorbic acid (Sigma-Aldrich,
Dorset) was dissolved in the deoxygenated MeOHwe g stock solution of 1 x 1{mol

I"t. The stock solution was diluted to give the fidasired concentration.

All fluorescence lifetime measurements were cardetion the IBH 5000U fluorescence
lifetime system (Horiba Jobin Yvon IBH Ltd., GlasgoUK). The excitation and

emission monochromators were set to 340 nm and ri3i@0respectively with 6 nm

bandpass. Excitation was provided by the 340 niseplulight-emitting diode operating
at 1 MHz repetition rate with a pulse width of ~h€)

7.3 Results

The fluorophore 1-Pyrene Sulphonic acid (1-PSAktaswvn in figure 7.2, was selected as

a probe for oxygen due to its relatively long eadistate lifetime (~ 50 ns). Pyrene and
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its derivative have previously been used to pralethie presence and concentration of

quenchers such as potassium iodide, acrylamidegygen [150].

From equation 7.2, it can be calculated that enlifietime of 1-PSA an oxygen molecule
can diffuse a distance of ~165 Angstroms. Theegftinere is a high probability of

interaction of the fluorophore with oxygen.

Figure 7.2. 1-PSA structure.

The steady state results for the addition of asc@tid to an aqueous solution containing
the probe 1-PSA can be seen in figure 7.3. Thealised integrated intensity is plotted

against increasing concentration of ascorbic acid.

Initially there is an increase in fluorescence msigy of 1-PSA with increasing ascorbic
acid concentration. However, the fluorescencensitg finally reaches a plateau. The
results suggest that the addition of ascorbic aeidoves oxygen from solution and
results in an increase in fluorescence intensivyydver, since ascorbic acid reacts with
oxygen at a 1:1 stoichiometric ratio it is cleaynfr the results that the complete removal
of oxygen is not achieved, since the concentratibulissolved oxygen in solution as

calculated from Henry’s law is ~ 0.2 mM. Results shown in figure 7.3.
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Figure 7.3. Integrated intensity for 1-PSA with ircreasing ascorbic acid concentration.

Fluorescence lifetimes for 1-PSA were measuredrnitireasing concentration of ascorbic
acid in aqueous solution, as described in the pusviexperiment. The fluorescence
lifetime increases with increasing concentratiom&torbic acid. The results are consistent
with the steady state measurement i.e. the fluerestlifetime increases and then reaches
a plateau value. The ascorbic acid concentratiategu value is approximately consistent
with the value recorded from the steady-state tesulhe sample was measured again after
24 hours, and there was a measurable decrease fluthescence lifetime. This is likely
to be as a result of oxygen redissolving into theemus sample. Results are shown in

figure 7.4.
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7.3.1 Sol-gels

Sol-gels were formed using excesghland aged for five days, as previously described.
The oxygen probe 1-PSA was then introduced todheasd allowed to gel.

The initial fluorescence lifetime was measured @ample with zero ascorbic acid added.
The fluorescence lifetime recorded for this samplas 59.20 + 0.12 ns, which is
considerably higher than the fluorescence lifetireeorded for the aqueous sample
recorded with zero ascorbic acid (55.70 ns). flin@escence decay for 1-PSA entrapped
in a sol-gel nano pore is shown in figure 7.5. dkeay was measured 24 hours after the 1-
PSA was added to the sol and the gel point wasesad he fluorescence decay for 1-PSA

in agueous solution is also shown for comparis@oth decays were recorded at zero
ascorbic acid concentration

. l— 1-FSA in sol-gel nano-pore
3 i,
£ Ry
s 25 g,
E
T 27
- 1.5 4
11 1-PSA in aqueous
05 m solution
1] T T T T T T T T )
a0 100 180 200 250 300 350 400 450 500
Time (ns)

Figure 7.5. Fluorescence decay of entrapped 1-PS/Asol-gel nano-pore and in aqueous solution at zero
ascorbic acid concentration

Several samples were prepared with an increasingetration of ascorbic acid and the

fluorescence lifetime of 1-PSA measured using tcoeelated single photon counting.
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The measurements were recorded 24 hours aftentifoeluction of the probe and the sol-to
gel process had gone to completion. The fluoresedifetimes are plotted against

increasing ascorbic acid concentration, as shoviigume 7.6.
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Figure 7.6. Fluorescence lifetime of 1-PSA entrappén sol-gel nano-pores plotted against increasing
ascorbic acid concentration.

There is a linear increase in the fluorescencetirfile of 1-PSA with increasing

concentration of ascorbic acid. The results sugtest ascorbic acid is retarding the
quenching effect of oxygen and thus the fluoroph@mains in the excited state for a
longer period. Furthermore, the increase in flaoeace lifetime upon encapsulation, in
sol-gel nano-pores, suggests that entrapped flhorepis somewhat protected from the

negative effects of oxygen in comparison to therfiypphore in solution.

7.4 Summary

In this chapter the ability of the oxygen scaveraggaorbic acid to remove oxygen and as
result increase fluorescence intensity and lifetitlas been demonstrated. The ability to

remove oxygen and stabilise fluorophores has bisnefithe imaging and time-resolved
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imaging of single molecules. However, as oxygemlso an effective quencher of the
triplet state, the best results for single moleatigbility will be achieved by the removal of

oxygen and the addition of an alternative triptatesquencher [144].

Single-molecule fluorescence imaging and speabgccan provide previously
unattainable data on elementary biological procesBee ability to encapsulate proteins of
interest in silica sol-gel nano-pores, allows fiudy at its near natural state. The ability to
couple this immobilisation technique with oxygenawengers will allow for single
molecule study for an extended time period, whichswpreviously limited by the

fluorophore’s properties.



100

8. Conclusions and future work

8. Conclusions and future work

8.1. Conclusions

The application of fluorescence spectroscopy han bdemonstrated to the study of
proteins and the development and application ofgmmoentrapment in silica sol-gels to

both ensemble and single-protein fluorescence mewamnt.

The amino acid phenylalanine was studied in detilg TCSPC. For a pH range of 1-11,
there is evidence for a biexponential rather thamoaoexponential decay, whereas at pH
13, only a monoexponential decay is present. Thesdts are in contradiction to previous

studies where monoexponential decays have beemtedpoHowever, this is somewhat

surprising since the rotamer model for tyrosine gptophan photophysics is now widely

accepted, but the existence of rotamers in pheamila has hitherto lacked supporting
evidence because of its apparent monoexponentialyda solution. The results, presented
in this thesis, provide direct evidence for thespence of two phenylalanine rotamers in
solution, which is consistent with results seentf@ other two fluorescent amino acids,
tyrosine and tryptophan.

The application of the fluorescent probe, 6-propigti(N,N-dimethylamino)naphthalene
(PRODAN), to the study of TMOS sol-gel preparatimnd aging was investigated. The
sensitivity of the fluorescent probe to polarityoyided an approach to study and optimise
changes in the sol-gel processes. The abilityR®DPAN to report on the internal sol-gel
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pores has the advantage that it reports on thesbpolarity of the environment where the

protein will be localised.

The improvement provided through the study andnaigtition of the sol-gel process was
demonstrated by the encapsulation of the trimarisnfof allophycocyanin for extended
time periods in a monolith sol gel. Previous afitsnat the encapsulation of this
environment sensitive form have been unsuccess@idn when maintaining neutral pH
either before or after gelation, presumably duthéoprotein’s extreme sensitivity (through
such mechanisms as disrupted hydrogen bondindjetwitinal solvents and pH changes

generated, resulting in dissociation to the monaferm.

Spin coating of the improved sol allowed for theed&on of trimeric allophycocyanin
down to the single molecule level, thus obviating tommon practice of covalent binding
in order to stabilize this protein. To the bestnof knowledge this is the first report on a
single protein aggregating and deaggregating l-ged nanopore.

Also, in the work presented here the effect of addixygen scavengers to solution and sol
gel nanopores was investigated for possible apgpitato the stabilization of single

molecules allowing study for extended time periods.

The effect of ascorbic acid was investigated usieglong lifetime fluorophore 1-Pyrene

Sulphonic acid.  The results showed that the #@scence intensity and fluorescence
lifetime of the fluorophore increased with increasiconcentration of the scavenger. The
results for the sol-gel showed that the gels pmpdotection to the quenching effect of
oxygen, most likely as a result of restricted diftn. However, the fluorescence lifetimes

were further enhanced with the addition of ascoagid. The results illustrate the potential
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of applying these oxygen limiting techniques tog&nmolecule fluorescence where the

presence of oxygen is most pronounced.

8.2 Future work

One of the major limitations of single moleculeditascence is photobleaching as a result
of interaction with molecular oxygen and intersysterossing to a triplet state. Future
work would include incorporating oxygen scavengteghniques to remove oxygen and
introduce triplet-state quenchers in order to $isbisingle-proteins within sol-gel nano-
pores, allowing for time-resolved measurement. Aaparea of my research would be the
application of metal surface plasmon techniquedlfmrescence enhancement of proteins
entrapped within silica sol-gel nano-pores. In &ddito fluorescence being quenched on
metal surfaces it can also be enhanced at the sjggting and this provides a potential
means of overcoming the bleaching of single dyeswdes. This should extend the use of
single-molecule fluorescence techniques to theystficbiomolecular function at the most

fundamental level using near-field and confocalroscopy.

The porous nature of silica sol-gels offers theamtizge that entrapped species remain
accessible to and can interact with external changpecies or analytes of interest by
permeation. This feature of silica sol-gels couwduttilised for development of fluorescence
lifetime assays within sol-gel nanometre size patesnsemble, and further downstream to
single-molecule level. Future work would be to desstrate change in entrapped protein
fluorescence as a result of interaction with amalyhtroduced through the porous network,

with the ultimate goal of being able to sense maitds such as glucose.
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