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CHAPTER |

INTRODUCTION

Green fluorescent protein (GFP), responsible for the interestihgrinescence of the
jellyfish Aequorea victoridound in the Northeastern Pacific, has gained an unequivocal
recognition from being an esoteric protein to a widely utilized bio-imagioigaty
revolutionizing the visualization of dynamic events inside a cell][I[tZ& main reason behind
such popularity of GFP like proteins came due to their ability to formyastable chromophore
without requiring any external cofactors [1]. In addition, extensive mutaiggmesided
improved mutants of wild type GFP (wtGFP) with broadened spectral fimmmyéolue through
cyan and green to yellow [2]. In 2008 due its indispensible role as a waljan biotechnology
GFP earned Nobel Prize in chemistry. As an extraordinary example ahsuemse impact of
GFP mutants on bio-imaging, researchers from Harvard Brain Centerdwantly demonstrated
a unigue genetic strategy termed “Brainbow” to generate a vastlicohoted map of the neural
circuits of brain by coloring individual neurons with a random mixture ofrgregn and yellow
derivatives of GFP [3]. Although most innovations are still thrivingidnitmaging but
interestingly enough a very recent demonstration of a single eGFP exgiadsiey cell as the
first living laser indicates the extent of versatility thethains to be explored [4]. Fluorescent

protein technology in now rapidly harvesting a wide variety of applicabgnssing a vast array



of GFP like proteins and thus the complete potential of tHaseebcent proteins are becoming

fully realized.

GFP has a highly fluorescent chromophore embedded inside its Agueel structure
[1, 5, 6]. The high quantum yield (0.8) of GFP is associated with a tightlgdstiiehromophore
located centrally inside the fold@esheets and adopts a cis and nearly planar configuration upon
folding [1, 5-7]. It is understood that the folded protein structure is itapofor the fluorescence
of GFP chromophore, as the isolated chromophore is found to be non-fluorescerit [& v&} i
established that WtGFP is found as deprotonated-cis (B-state) andapedtors (A-state) forms
of the chromophore and interconversion between these two states rared/[bEclhe wWtGFP
population is present in a 6:1 ratio of A-to-B forms in thermodynamic equilibriuooan
temperature and pH=7, but prolonged and intense UV excitation of the A-forpramote the
conversion to B-form on a longer timescale [1]. GFP became an imereatject due to its
unique spectroscopic properties, one of which includes the emission of greeadéume
irrespective of exciting either of the two dominant forms [1]. Timigdrtant feature of WtGFP
eventually led to the discovery that photoexcited chromophore acts awagith@nd triggers an
ultrafast excited state proton transfer (ESPT) reaction [1, 8joAdh such excited protolytic
reaction (i.e. “Forster cycle”) is well established in simple chahgsigstems, this discovery
proved to be unique in biological systems [9]. A seminal work by Cha#bgehjon the scheme
of interconverting states of wtGFP proposed an excited state pratsfetrenechanism via an
excited anion of an intermediate ground state (1) [10, 11]. The “FOsatl” ¢s promoted by
exciting the A-form under UV light by generating an excited form of A-statpgate which
quickly converts (on a timescale of picosecond) to an excited intermadiate(I*) upon proton
transfer [10]. This excited I* -state relaxes back to the groundmetdiate state (I) by giving
similar green fluorescence as emitted by the excited B-staté JL&Eventual reprotonation of I-

state populates the ground A-state [10, 11]. In this specific protodgation, the B-form of the



chromophore can be populated with a low probability by reorganization of the surrounding
protein structure about I*-state [10]. Recent study using spectral holagat 1.6 K
distinctively identified these two anionic species: | and B, in audit the dominant A-form
[12]. These high resolution hole burning experiments confirmed the proposatilead
interconversion pathway:-AA* —I* -1 —A (i.e. “F0rster cycle”), in addition to the rare

radiationless interconversion:-$B*—B [12].

Figure 1.1. Three dimensional structure of wtGFP showing the tertafgld with centrally
locatedp-hydroxybenzylideneimidazolinone chromophore, Protein Data Bank accessitdemum
1EMA[1, 5].

Although vibrational spectroscopy has been employed to understand such light induced
characteristics of GFP, but the extent remained limited in estinlglialrelationship between the

excited state proton acceptor (Glu222) and the overall rate of ESI€ besigning dominant

vibrational modes of the chromophore [13, 14] . The results of thesgioial studies (infrared



absorption, Raman, resonance Raman) are mostly employed on the isolated modsdtotm®m
of GFP without taking into account the surrounding protein environment [15-d9%uBstantial
dynamic differences are present during ESPT between the isolateHomog®und and GFP, as
green fluorescence is essentially lost for theses model chromophorgsgighments of these
vibrational modes are done by comparing experimental results with thetitearalculations
based on the isolated neutral, cationic or anionic forms of the model chromajdrg [L9].
Thus the vibrational spectroscopic report on excited photodynamics inv&%Rg in GFP is
very limited [2]. Moreover, it is difficult to find Raman measuremsearftwtGFP due to the higher
degree of complexity involved in its photodynamics than the spectroscopicatiiesmutated
counterparts. Even though the vibrational Raman markers for the dominartténgied) and B-
(deprotonated) forms of the chromophore have been confirmed [15, 19, 28jyllRaman
marker associated with the thermodynamically unstable I-form of the chronecgthv@om
temperature has not yet been reported. A probable explanation may invaiweetisive use of
these isolated analogues of the GFP chromophore, which do not show the sinolatraratfer
dynamics upon photoexcitation [19]. But it is very important to consider toenciphore
embedded inside the protein structure to fully reveal the complex extateddynamics. Further,
a better understanding of the “Forster cycle” (i.e. ESPT) investigatider vibrational

spectroscopy will enable the development of a “molecular photoswtich”.

The present thesis work reports the first assignment of a unique Rarrationgir
marker for the I-state of the GFP chromophore by utilizing single moleariies-enhanced
Raman scattering (SERS). This work successfully exploits the fraevebmetal-on-
semiconductor” SERS substrates developed by Kadkah [21, 22]. In addition, our
experiments show that this I-state is dominantly observable in artfigfared chromophore

implying the fact that the A-form of the GFP population has indeed been exdiied. T



observation further confirms the modification of the resting times of A atatés in the “Forster

cycle” by utilizing induced SERS conditions.

This work is unique in its sense that no earlier report could be founddaug to the best
of author’s knowledge which assigned any vibrational Raman markerdsfhighly unstable |-
state. Previous reports only include picosecond time-resolved infiasedotion [14] and
femtosecond stimulated Raman spectroscopic measurements [23] iFPvib @nderstand the
complex transient skeletal motions involved in the proton transfer and tbonsiefinitively
recognizing the proton acceptor. Thus this thesis work not only provides a neam Rearker for
the I-state, but also reports such finding at the single moleadk Kabuchiet al.and Singhal
and Kalkan reported single molecule SERS of EGFP and PYP respediivetiyeir work
studied only the conformational changes of the chromophore states ][ Z0hi24s the first
reported vibrational spectroscopic document that monitored the ESPT dgriaenitForster
cycle”) of single wtGFP molecules by probing into the native A-statdbserve the appearance

of a unique Raman peak at a high time resolution of 100 ms.

At this point, it is of particular importance to explain the reasonsmtedmploying SERS
instead of normal Raman spectroscopy. At first, SERS inherits the spaialty as Raman
spectroscopy to elucidate molecular structure with great ¢i2&ilRaman spectroscopy has
been proved to be a great tool for analyzing molecular structutiee agectrum purely consists
of molecular vibrational modes. But SERS offers a number of advantages whke it
particularly suitable for studying the presented photodynamics of vtGiFst, GFP is strongly
fluorescent even far from the resonance and introduces a strongieaddlis it is very difficult
to clearly resolve Raman peaks. But this fluorescence is efficiutnched in SERS due to GFP
to nanoparticle energy transfer [26-29]. The buried vibrational modeswahenclearly
resolved. Second, SERS is used as a probe to facilitate single maletagdgon. Single molecule

spectroscopy is greatly advantageous over ensemble-averaged sppyt{oe. Raman



spectroscopy) as the statistical averaging gets eliminatedh2i@ed SERS measurements at
high solution concentrations yield a broad and difficult to resolve speduwerto the overlap of
signals from different state populations [30, 31]. But, sharp andyckesdlvable peaks are
acquired during SM-SERS measurements. The main advantage of the singldanole
spectroscopy lies in the fact that state dynamics of the molecule gaediely monitored, as a
single molecule can only rest at any one of the states at a given tinseSVMRBERS holds a high
potential to probe the excited state dynamics of GFP in great detaisetd underlying
transitions involved during ESPT. In particular, SM-SERS is suitable eghe dynamically

fast “Forster cycle” of GFP and observe the highly unstabled-atabom temperature.

Finally, it is necessary to introduce the significance of the ptresark in relation to the
proteins. Proteins are virtually involved in all cell functions. Taeythe most essential
workforces that keep the living cells properly functional. The role ateprs is multifaceted; that
involves structural support to bodily movement and defense against germseaasgeuli,
control metabolism and many more. Thus it is very important to fully underita
conformational relations that drive all these protein mediateduredtibns. Single molecule

studies hold immense potential to greatly aid such understanding.

The present thesis work is organized by the following manner. Chapteielvscin
detail the molecular structure and excited state dynamics of GFPdpggitin the fundamentals
of Raman scattering and SERS. Chapter Ill introduces the detailed experpnetoteols that
have been followed throughout the current study. The experimental resulteeiithnalysis and
interpretations are presented and discussed thoroughly in Chapter IV.ehthenportant

conclusions are established in Chapter V.



CHAPTER II

LITERATURE REVIEW AND BACKGROUND

11.1. Outline

This chapter introduces a comprehensive literature review on Gigenes$eent Protein’s
molecular structure and photophysics. It also reviews the fundamensaidasfe enhanced

Raman scattering.

11.2. Molecular structure and photophysics of Green FluorescenProtein

In 1961 Shimomurat al.discovered aequorin and Green Fluorescent Protein (GFP) as a
consequence of elucidating the bioluminescence mechanism of thisheNgfiuorea victoria
found in the Northeastern Pacific [32]. This surprise discovery of &Rt while it was isolated
as a by-product of aequorin, a luminescent substance, due to its noticegiiilgtaen
fluorescence under ultraviolet light [32]. Davenport and Nicet filescribed the green
fluorescence of this jellyfish in 1955 [33], but Shimometal.[32] found that this green
fluorescent substance was a protein. Extraordinarily, this biolungéneglyfish glows ‘green’

in vivodue to the presence of the companion protein GFP, whereas pure photopopteiinae
extracted from the same organism emits ‘blue’ light upon addition 5f84. The emission of
‘blue’ light from aequorin involves a common enzyme reaction resporfsibidoluminescence,

termed as luciferin-luciferase reaction, in which luciferin readth oxygen to produce light



and the product is catalyzed by the enzyme luciferase. Aequorin (luciferasmebenterazine-2-
peroxide [35] (luciferin) as the chromophore, shielded centrally bprittein [36]. Two C&

ions (co-factor) bind to aequorin and cause conformational chandes aifitside protein part,
which oxidizes coelenterazine-2-peroxide into coelenteramide apaviftOan emission of

‘blue’ light (470 nm) [34, 35, 37]. Interestingly, GFP absorbs this 'Higkt to produce the
characteristic ‘green’ (509 nm) fluorescence of the jellyfistBf, 35, 37]. Also efficient energy
transfer between these proteins does not require any specificmodubneding [34]. Thus to
clearly understand if this energy transfer is radiative diatinless in nature, Moris al.
coadsorbed aequorin and GFP on DEAE- cellulose (Diethylaminoethyl ce)laioBEAE-
Sephadex apart from their experiments in solution [34, 38]. It is thus sutjtjestefficient
radiationless energy transfer (Forster type) becomes workabtethéneistance between these
protein molecules become short enough (roughly 30 A) [34, 38]. After theseneepts;
involvement of Forster type mechanism is accepted for this proteirirpestergy transfen vivo
as well asn vitro [38]. The discovery of this esoteric protein, GFP, came as a resut of
outstandingly basic research of understanding the photophysdexjobre&bioluminescence and
did not hold any particular importance at the time of their discovery vBilt the course of time,
aequorin became important as a calcium probe and GFP gained wide use lees proin [1,

32, 37]

Wild type green fluorescent protein (WtGFP) is a spectroscopicaliguimg globular
protein having a molecular mass of 27,000 Daltons [39]. Even though many GFP mutants wi
different spectral properties than wtGFP have been developed, theirrsireditures remain
surprisingly similar. GFP was first crystallized in 1974 [38] butstnecture was first solved
independently in 1996 by Orn&t al. [5] and Yanget al. [6]. GFP consists of 238 amino acids
forming a unique barrel like outside cylinder with an 11-strafidgldeets, which is run

diagonally by a single-helix (Figure 1l.1a, b) [1, 5, 6]. This nearly perfect cylinder is about 42 A



in length and 24 A in diameter [5, 6]. The chromophore, 4-(p-hydroxybenzylidedajiofin-5-
one [40, 41], is protectively located almost in the center of the eylisnad attached to tlehelix
(Figure 11.1c) [5, 6].The chromophore plane is poised almost perpendic{@@iyto the
symmetry axis of the surrounding cylindrical motif of amino acid resiffiie The chromophore
is formed from the central helix due to spontaneous cyclization and oxidatioa residues 65-
67, which are Ser-Tyr-Gly in the native protein and does not require angahdefactors [1].
The cavity containing the chromophore has a surprising number of adjacergrpalas and
structured water molecules [1, 6]. It is accepted that, the roplisdirical fold of protein is
responsible for its stability and bright fluorescence with an excefifidngh quantum yield
(ratio of absorbed to emitted photon) of 0.72-0.85 [1, 42]. It is found that fhemes is
completely lost in denatured GFP but can be regained with the refoldirghekets into the
cylindrical form [43, 44]. This tightly knittefl-sheets with regular pattern of extensive hydrogen
bonds act like a highly protective ‘jar’, which encapsulates the chromopbaonete bulk
solvent thus avoiding quenching of fluorescence by oxygen and giving it resistamafolding
by wide range of pH (5-12), heat (i.e. denatures with a loss of 50% of fluorest&f®e) and

denaturants (i.e. stable even at 8M urea) [1, 6, 39].



Figure I11.1. Three dimensional structure of wtGFP with the chromophore, 4-(p-
hydroxybenzylidene)imidazolin-5-one, located centrally inside traettl-sheets (a) side view,
(b) top view, (c) ball stick model of the chromophore (red: Og:bN, cyan: C), Protein Data
Bank accession number 1IEMA [1, 5].

Besides encapsulating the chromophore and inhibiting fluorescence quenching by
molecular oxygen, the ‘jar’-like protein structure also creates baorigon-radiative
conformational relaxation pathways that might otherwise become dominidnet éxcited state,
resulting in a loss of fluorescence [8]. In ground state, GFP chormophore hasresivext
conjugation due to a relatively planar structure, even though the proteit okt
complementary with a planar chromophore [8, 45]. This suggestshthatiyino acid residues
surrounding the chromophore not only exert a steric strain and slightly twistyitfeom

planarity; but also forces the chromophore from rotating freely out oftstet! planarity and

10



adopt a completely perpendicular conformation in the excited stat@/f&n GFP is excited then
the extendea-conjugation across the ethylenic bridge between two rings (paedol
imidazolinone) is reduced and the rings can rotate; however this rotaitidibised by the
surrounding protein matrix and thus fluorescence quenching nonadiabatiogtiegsievented
[8]. Apart from the planarity, wtGFP chromophore is consistently found to beisn a c
configuration, with no substantial evidence of trans-planar configuratite icrystal structure
[5, 7]. Even though ground state wtGFP has cis configuration, but photoinducednexyeffior
HBDI (4-hydroxybenzylidene-1, 2-dimethylimidazoline), a synthetic motletGFP
chromophore, suggest a volume conserving cis-trans isomerization (Figui®/Imeans of a

hula twist type motion leading to a photoinduced trans-planar configufatidg].

Py
Qf”i(

| Cis-configuration

HO

@) r

O
H N/

| Trans-configuration |

Figure 11.2. Schematic of GFP chromophore in the cis and trans-configuraticausd iz are the
connections with the surrounding protein environmeand(] are the two dihedral angles[47].
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The photophysics involved in wtGFP is both rich and complex. The absorptigruspec
of wtGFP consists of two peaks. A major peak at 395 nm and a minor peak at 4 &poisted
with the neutral/protonated and anionic/deprotonated form of the chromopbjpeetieely
(Figure 1.3) [1, 7, 17, 48]. X-ray crystallographic studies, spsctipic measurements and
studies of pH on model chromophore (HBDI) confirmed the existence of the peutaral
deprotonated states [2, 7, 17, 48]. Before illumination with UV light M@opulation is present
in a 6:1 ratio of protonated to deprotonated forms [1, 10]. Exciting efftee two bands leads
to a green emission maximum either at 503 nm (475 nm excitation) or 508 nm (395 nm
excitation) (Figure 11.3) [1]. Continuous irradiation with UV light degses the high energy band
(395 nm) with a concomitant increase in the lower energy band (475 nm) and this

photoconversion is partially reversible, as the initial absorption itiesisan significantly be

0.25- 500
1.0
0.20- 395
0.8
(0]
0.15-
% 0.6
8 475
S 0.10- L 0.4
O
<
0.05- \ -0.2
T T T T T T T —+——=0.0
300 400 500 600 700
Wavelength (nm)

Figure 11.3. Absorbance (1 cm optical path) and normalized fluorescence (WB&emm
excitation spectra of T0M wtGFP solution.
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regained after 24 hours in dark [49, 50]. Interestingly, prolonged excitatit¥8am also
increases the lower energy (475 nm) band with a decrease in the absofldaghesnergy band

(395 nm) suggesting some overlap of these two bands even at low energy [10].

The most illuminating discoveries regarding the remarkable photostrgrof GFP involves
the chromophore acting as a photoacid in its photoexcited state to triggeatasuéxcited state
proton transfer (ESPT), which is responsible for the large Stblifsnsthe fluorescence
emission [51]. Chattoragt al. reported the excited state dynamics of wtGFP by exciting each of
its two strong absorption bands using fluorescence upconversion spectroscopinj&0]
resolved fluorescence data showed that room temperature excitatiorpafttheated species (A)
at 398 nm creates an excited protonated state (A*) with an emission at 460 nm, edagh d
with time constants of 3.6 and 12 ps to give corresponding rise of the emiss@i&ran on a
similar picosecond timescale [10]. As photoconversion of protonated £rint¢ deprotonated
form (B) through an excited protonated form (A*) is not an efficient pso@iasge barrier),

Boxer and co-workers thus suggested that an intermediate statprésént giving rise to an
efficient and rapid photoconversion via an excited intermediata &) involving ESPT [9-11].
This kind of excited state protolytic reaction, where an excitetbpated species (RH*) form an
excited anion (R) is very common in solution photochemistry since its discovery by Theodor
Forster in 1949 [9]. Thus, upon photoexcitation the protonated form of the chrom@fhore
forms an excited protonated state (A*), which quickly losses the protomtgoftenolate
(anionic) chromophore from the phenolic (protonated) chromophore via the exteydiggen
bonding network including water molecules, residues Ser205 and Glu222 (intertat ‘pro

pathway’) (Figure 11.4) [7, 50, 52, 53].
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A-form
Protonated/neutral

Very
Slow
B-form ]
I-form Deprotonated/anionic
Same conformation as A L . Ser205

Same protonation as B

Figure I1.4. Suggested photoconversion mechanism of the A and B forms of tie GF
chromophore through | state. The conversion from protonated (A)téothe anionic (B) species
involves phenolic proton movement of Tyr66 via an extended hydrogen botalirige
carboxylate oxygen of Glu222. Arrows indicate the internal ‘prgpathway’ in opposite
direction [50, 53].

The excited state, A*, converts to an excited intermediate anion (I*) Enesdoback to
the intermediate ground state (I) with a relaxation time of 3 ns by give®n emission at 508
nm [10, 11, 53]. After relaxation to |, subsequent re-protonation of the chromopfurresr¢he
photoconverted protonated ground state (A) on a time scale of 400 ps and completes th
relaxation cycle (A>A* —I* —1—A) by involving an internal proton movement (i.e. Forster
cycle) through potential proton acceptors around Tyr66 of the chromophore §2, 53]. A
schematic of this excited state dynamics of wtGFP involving thest&ocycle” is illustrated in

Figure 1.5 a, b respectively. Although wtGFP has a unique structure shighdicgromophore
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from the bulk pH of the solution, an exceptional ‘proton pathway’ of water mokeaunkdinternal
residues run from Glu222 (proton acceptor) to Glu5 at the bott@swiicture facilitating
external proton translocation out into the bulk solvent [7, 14, 18, 54] natigely, rotation of
Thr203 could also promote external proton translocation onto the backbone t&@xady of
His148 and from there, out into the bulk solvent [52, 55]. Even though photoconversion of
A* —I* is facile, the non-radiative conversion from-#B* is slow and happens infrequently via
a rotation of Thr203 [50, 56]. Irradiation of the deprotonated state (Beafhromophore at 475
nm directly creates an excited anion (B*), which emits at 503 nm and doesoletiESPT
[10]. Similarly, reported emission maxima eb1* (508 nm) and B-B* (503 nm) indicates two
deprotonated and structurally similar excited states with ground stalbeioigl considered as an
unrelaxed form of B having a lower degree of H-bond stabilization at phenolicrokgge0, 56,
57]. Creemerst al.confirmed that I-form of the chromophore is indeed populated at room
temperature using spectral hole-burning spectroscopy and found the absorptioa foaxirs

intermediate ground state at 495 nm [12].
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Figure 11.5. Schematic of (a) summarized photodynamics of wtGFP showinthgb)Forster
cycle” with associated inhabiting time of each state [7, 11, 53].

II.3. Fundamentals of Surface Enhanced Raman Scattering (SERS)

In 1928, the Indian physicist C. V. Raman discovered the effect named afti&ghis®].
The theory behind this inelastic scattering of photons was firdigpee by Adolf Smekal in 1923
[60]. In Raman effect exchange of energy occurs between the moleculég amddent photons;
and this difference in energy corresponds to the energy of the vibtatiaheotational modes of

the molecule [58-61]. Stokes lines are generated if the moleculdbaleseergy, resulting in a
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photon of lower energy and Anti-Stokes lines are generated while the hadzsms energy

resulting in photon of higher energy (Figure 11.6) [58, 59, 61, 62].

A
A
Excitation Rayleigh gfgii gr;trlr;iaokes
Energy Scattering Scattering Scattering
Y
IR 1 !
Absorbance

Figure 11.6. Energy diagram indicating different process of light scatteringkfilkess of the lines
indicates the strength of scattering signal associated with diffeechanisms.

In recent years Raman spectroscopy is revived as a substantial tstoidying the bio-
molecules due to its inherent ability to provide exceptionally detaifedwmation about
molecular structure. However, use of Raman spectroscopy is limited as hegimitations of
analyte act as an essential pre-requisite due to the small Ressarsections of the molecules (
on the order of 18 cnf/molecule) [25, 28, 35, 63, 64]. Despite having very important
advantages, Raman spectroscopy lost significant interest to fluoresgautroscopy, that
exploits fluorescence cross sections on the order tfdf/molecule [25, 28]. But fortunately
enough in 1974 Fleischmaen al.[65] first observed dramatically increased Raman scattering

from pyridine adsorbed onto electrochemically roughened Ag electrodeesynfatch was later
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pointed out by [66] and Albrecht and Creighton [67] as surface-enhancezhRaattering
(SERS) in 1977 and this exceptional discovery re-established Raman spgsti@san
invaluable tool for collecting detailed molecular information comagdo fluorescence
spectroscopy [25]. SERS can reportedly achieve a remarkably high emeamdactor in the
order of 18* which enables detection of single molecules adsorbed on metallic sutfate
some revised experiments indicate a more reasonable cagel6Of1BERS enhancement factor
[26, 63, 68-70]. Starting from 1980, SERS received dramatic attenti@rious fields including
electrochemistry, analytical chemistry, chemical physics, saté gtysics, biophysics and even

medicine [25, 71, 72]. Ag and Au are commonly used to make SERS sub&ttes [

Mainly two mechanisms are associated with SERS effect; a) elegnatic and b)
chemical, where electromagnetic enhancement (EM) mechanisnaisedgs the chief
contributor of SERS [25, 66, 67]. Electromagnetic enhancement invihleesnhanced
electromagnetic fields supported on metal nanostructures and a simpleamdiegsof this
mechanism is estimated by examining the electrostatics of a pblariratal nanosphere present
in a uniform external electric field [25, 66, 67]. This electrostbproximation for explaining
EM enhancement holds well when the radius of a spherical metalg#tmuch smaller than
the wavelength of incident light (r < [25]. According to the stated condition, incident plane
wave of light can be considered as a localized dipole field in the céniter spherical metal
particle and this particle with localized light (dipole field) enhancdis the incident laser field
and the Raman scattered field with an overall enhancement that roudesyteda [25]. Thus
incident light excites oscillating dipole fields that are localizedsaqgborted on the surfaces of
the metal nanostructures. These collective oscillations of elecsodgud (dipole fields) are
called “plasmon resonances” and if these oscillations are confinetheeaurfaces of the
metallic nanostructures then they are described as “surface plaSRjoregonances” [25, 72,

73]. Strong EM field created by these SPs couples with the adsorbed maedubcilitates
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Raman scattering. The adsorbed molecules scatter the EM fieldathat@ra new field with a
shifted frequency due to Raman process, that may be further enhanced bgréotiam of metal
with the molecules [25, 73]. This enhancement becomes particulanhgsn between the nano-

gaps of the metallic nanoparticles (NP) with an optimum distance of[Z4]m

Metal-molecule “charge transfer” (CT) responsible for an additienahncement
typically by factors of 100 to 10000 is an independently operating “chemical emhant
mechanism secondary to the EM enhancement [25, 75]. Although EM enhanceresasex
nonselective enhancer for Raman scattering by all molecules adsorbed ticuéapaurface, yet
smaller but significant enhancement is observed as a result of ¢fzrgfer from the molecule
to the metal surface or vice versa [25, 75, 76]. The CT enhancememmsm is restricted to
the fact that the molecules have to be adsorbed directly on the methisacwhdition is not
required by the EM effect which can extend to a certain distance beyondftiee §d3, 76].
Lombardi and Brike developed a theoretical framework for analyzing fé€tefand obtained
expressions for Raman polarizibility taking into account the possitérehic transitions
involving CT between the molecule and metal [75]. In this theoretiaalefnaork resonance
Raman process is considered to be the main contributor of CT transitiomg) [eatlie
enhancement of Raman spectra, which is later experimentally demonstratediby43a76].
Coinage (Ag, Au, Cu) and alkali (Li, Na, K) metals NPs are primarilg aseSERS substrates
due to their exhibition of localized SP resonances/excitations in the viaitge which is

particularly important for probing dyes and bio-molecules with Ramarrspeopy [25, 63].

In 1997, Kneippet al.first reported the observance of highly enhanced Raman scattering
with exceptionally large Raman cross sections'{£0L0"° cm/molecule) from SERS while
measuring Raman spectra of single crystal violet molecule in aqudotisrsof colloidal silver
[63]. In the same year, Nie and Emory in their breakthrough paper, demonsingtednolecule

(SM) SERS from rhodamine 6G (R6G) molecules adsorbed on Ag nhanoparticlesrexhibit
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unusual Raman enhancement factor on the order'dfd @d” [28]. Nie and Emory [28]
followed an extensively time consuming procedure as described by Lee el Mé] to
prepare Ag colloid solution and successively incubated an aliquot of RG&utes for ~3hours
at room temperature to facilitate analyte adsorption [28]. Aftey tthese analyte adsorbed Ag
particles (heterogeneous particles with an average size of about 3%rerijnmnobilized on
polylysine coated glass surfaces prior to SERS [28]. Majority aktiramobilized Ag
nanoparticles are found to be well separated single particles, but a ractanf was found to
consist of aggregates and this phenomenal discovery by Nie and Emory dpepedsibility of

SM detection [28].

SM-SERS is exciting as a tool to gain detailed information about matetynamics in
heterogeneous media, from living cells to chemical catalysts [25SE&S sample preparation
in this method involves extended procedures to ensure that very few meleafkrably one

molecule get adsorbed per particle on an average and thus this tecboimhérhited use [28].

The present thesis work adopts and follows a unique approach developed bydtalkgi, 22,
24] for SM SERS measurements including preferentially added modificafibissspecific
approach is found to be a more efficient alternative than that followsliebgnd Emory [28].
Preparation of SERS substrates require less time and the experimecedipe is simple and
straightforward. Chapter Il provides detailed information about the erpatal protocols

followed in this thesis.
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CHAPTER IlI

EXPERIMENTAL DETAILS

11.1. Outline

This chapter presents the details of experimental measateconditions and protocols
that are employed in the detection of single GFP moleculatsdtprovides detail methodology
for fabricating the "nanometal-on-semiconductor" SERS substthéésexhibit a reproducible

high SERS enhancement for single molecule detection.

111.2. Semiconductor thin film deposition

Monolayer of silver (Ag) nanoparticles were chemically reduced anggrimanium (Ge)
films to fabricate the "nanometal (Ag)-on-semiconductor (Ge)" S&RStrates [21, 22]. Ge thin
film immobilizes the Ag nanopatrticles in addition to serving as the redwgent for
nanoparticle synthesis. The Ge reducer thin films were deposited>ofh"2Corning 1737 code
glass slides. A set of extensive cleaning protocols were developediethyl fsilowed for the
glass slides before depositing Ge thin films. This strictly maindaset of cleaning procedures
was necessary to get rid of all foreign particles as well anargesidues from the glass surface.
Glass slides were immersed in a 300 ml solution of 50% IPA (isopropyl alcobotaining 125

ml DI (deionized) water and 125 ml of 99% pure IPA solution. After the irsimera soft
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brush was used to scrub off any organic residues and particlesniieesed glass slides in 50%
IPA solution were then ultrasonicated for 15 min. at a temperafu70°C to remove adsorbed
impurities. After the ultrasonication, glass slides wereratat of the 50% IPA solution and
rinsed thoroughly with DI water. An additional 5 min. of ultragmra was employed by

immersing the cleaned glass slides in DI water to renadivéPA residues. Subsequently, the
glass slides were blow dried with nitrogen/argon beforeinmutthem on a hot plate at a

temperature of 150°C for 15 minutes to desorb the moisture from the glassesurf

®

AC
source
Ge T\:.'/ Tungsten
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A vapor
L et Shutter
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Crystal thickness o .oy’ Glass
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Figure 1l1.1 . Schematic of PVD system employed to deposit thin Ge films on glassasebst

A Cressington 208 Carbon High Vacuum Turbo Carbon Coater wazedtids the
Physical Vapor Deposition (PVD) system to deposit the thirfil@e on the glass slides and the
schematic of the PVD process is depicted in Figure lll.1déscted in the figure, cleaned glass

slides were placed on the deposition platform under the shatiGe pellets were loaded in the
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small tungsten-wire basket. To achieve a base vacuum pressulx 10° mBar inside the
deposition chamber, a turbo pump backed up by a mechanical pump was em@eygellets
were melted by the resistance heating inside the smalltamygsére basket as electric current is
adjustably increased through it. Density was set to 5.32°d¢or Ge in the crystal thickness
monitor before achieving a pre-decided deposition rate of 2.5 Afgrdnually adjusting the
current through the basket. Then the crystal thickness monitosevés zero before opening the
shutter to let the deposition of Ge on the glass slide start. Thersivag kept open to coat a film
of 4.5 nm thickness in approximately 18 s. Subsequently, shutterclassd and gradually
current was decreased to zero. The deposition chamber was altoe@al down under the base
vacuum pressure for an added 15 minutes before it was vented andede@essubstrate was

removed.

111.3. SERS substrate fabrication by nanoparticle reduction

After depositing 4.5 nm thick Ge film on glass slide, it wamersed in 0.002 M AgNO
solution for 22 to 25 s to reduce Ag nanoparticles on the surthus producing SERS active
substrate. A schematic of the reduction process employed to ptbpare SERS substrates is

depicted in Figure 111.2.

AgNO ; solution

Ag nanoparticle
Ge film

Glass substrate

Figure 111.2. lllustration of the Ag nanoparticle reduction process on Gefilnnto fabricate
SERS active substrates.
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Absorption of the SERS substrates was measured using Cary 300 UV&Visib
spectrometer after reducing Ag nanoparticles. Absorption measuremenhplaged as a
diagnostic tool for checking the reproducibility of the SERS sulesttzefore starting the SM-

SERS acquisitions.

111.4. Acquisition of SM-SERS spectra

A WITec alpha300R system equipped with a confocal microscopeiseasto perform
SM-SERS measurements. A 532 nm Nd:YAG (neodymium-doped yttrium alumigarnet;
Nd:Y;Als0y,) laser was employed as the Raman excitation probe. A grati6@Oof/mm was
used as the default grating. Typically, & laliquot of 1 x 16 M solution of wtGFP was spotted
on the SERS substrate prior to the SM SERS acquisition. Subsggqtiemtsubstrate was sealed
inside a spectrometer cell (Starna cell, 12.5 x 3.5 x 48)mith a small piece of wet wipe. Wet
wipe prevented quick drying of the agueous aliquot after reach&rgnodynamic equilibrium
and facilitated SM SERS acquisition from the same spotted agaéquet for a relatively long
period of time without repeated necessity of spotting the aliqugtrd= 111.3 graphically

demonstrates the setup for the acquisition of the SM SERS spectra.

20x |lens 20x% lens
NA 0.35 Q NA 0.4
405 nm 532 nm
LED laser
Wet — Spectrometer
wipe cell
Analyte
solution
m SERS substrate

Figure 111.3. lllustration of SM-SERS acquisition using 532 nm as the Raman pasbe and
405 nm LED excitation as the pump.
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An objective lens of 20x (NA 0.4) was utilized for focusing the 532 nm Ramantextita
probe at the aliquot-substrate interface and as well aslfecting Raman signal. Laser spot size
was fixed at 2im and the incident power was setth00 uW. To excite the native protonated
population of wtGFP, A-state, we employed an external LED source (40%xeah at constant
output power o= 30 mW). The LED radiation was focused at the Raman probe spot for
pumping using another 20x objective lens (NA 0.35) and no signalceliected using this
objective lens. The external LED source utilized for pumpdogpose is a Prizmatix fiber
coupled triple wavelength LED source. A custom designed positioaefabricated to hold and
effectively position the other 20x objective lens, which adulilt-in collimator with SMA fiber
optic connection output to securely couple the 405 nm LED sourcea tBecexcitation was

turned on, SM-SERS acquisition was started at an integration time of 100 ms.
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CHAPTER IV

RESULTS AND DISCUSSIONS

IV.1. Outline

This chapter focuses on presenting and analyzing the time series (SR8 sf single GFP
molecules. A new Raman peak, suggested as the marker for I-state, isrdlyroinserved to
appear as a result of nanoparticle-enhanced optical pumping by 405 nm external LdeD sour
under the 532 nm Raman excitation. This never before reported Raman mérkadi® be
prominently present together with the protonated Raman marker of GFP.tingdyes absence
of 405 nm LED excitation, this new peak is not observed (spectra not includedpusrwork in
the group with wtGFP employing only 532 nm Raman probe laser never observed tharaqgpear
of this particular new peak [78]. Probability of finding the protonated emayiven the presence
of this new Raman peak is investigated extensively. In addition, thdat@mn with this new
marker and the 4 conformational states of GFP is also analyzed. Cis-prdt@hdibrm) state is
observed to appear with this new marker more profoundly than other statib® édnditional

probability results are presented in the form of 3D histograms at the @md oapter.
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IV.2. Collection of SERS spectra from single GFP molecules

1 pL solution of 1 x 1®M GFP was spotted on the SERS substrate before starting the
acquisition of SERS spectra. The Raman excitation probe (532 nm laser) wad thcosgh a
20x lens at a spot size of 2 um at the aliquot-substrate interface. femtiguthe external LED
source (i.e. pump, 405 nm) was also focused using another 20x lens on the same spwit After t
time series SERS spectra were collected by simultaneousiygtactih the Raman excitation
probe and the pump by setting an integration time of 100 ms. Noticeably strong alyd clear
resolvable Raman peaks started to appear on the weak background on88-&&sgconds, on
average. These evidently strong and clearly resolvable spextengyoral in nature and
appearance of one such series of spectrum is collectively refsrigakeatral jump’. One
‘spectral jump’ is sustained for about a second on the average. Thesal fjpegis are
associated with a single GFP molecule diffusing in and out of a high SERSemieem site
supported on the “nanometal-on-semiconductor” substrates. These sitbglgrenhanced
electromagnetic fields, sustained on the metal nanostructures, ar@obnknown as “hotspots”

and facilitate single molecule detection [25, 28, 63, 79].

There are several key evidences, as mentioned and accepted imahedifeequired to
be analyzed to confirm that the aforementioned spectral jumps indezframissingle GFP
molecules adsorbed on these “hotspots” and such evidences are prasdrdescussed in the
following section. Figure IV.1 illustrates a representative times&ERS spectral jump

associated with a single GFP molecule being adsorbed at a “hotspot”.
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Figure IV.1. Time series SERS spectra of a single GFP molecule demtmgta “spectral
jump” at time intervals of 100 ms and 100 uW laser power.
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1V.2.1. Minor temporal fluctuations in spectral wavenumbers

Minute analysis of the spectral jump provided in Figure IV.1 reveaisr fluctuations
in the spectral wavenumbers with time. Raman peaks undergo random and tehiperalithin
a range of 5 cify in consecutive spectra. This evidence is exhibited clearly in Figug&y
These minor temporal spectral fluctuations associated with the camsespéctra in one

‘spectral jump’ is considered as an evidence of capturing single GERutes.

Charge transfer between the GFP chromophore and the nanoparticle dmesindue
to the presence of the protective oftdold of the GFP. GFP molecules undergo only a weak
adsorption on the surfaces of Ag nanoparticles. Due to this weaker adsorptiorarGidve a
certain degree of translational and rotational freedom. Thus the motidfPofn@lecules are
slowed down, but not totally restricted. This partially inhibited motion P @Gduces stress on
the cylindrical structure di-sheets and slightly alters the bond length and angle of the
chromophore located centrally inside the cylindrical motif. As a conseguwdrtisis, minor
fluctuations in the wavenumber occur with time. These kind of temporalaiiectuations

were reported earlier as a typical characteristic of singleaul@SERS activity [20, 28, 79].
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Figure IV.2. Time series SERS spectra of a single GFP molecule shoahgrandomly
occurring temporal fluctuations of a Raman peak (1050-115brange of Figure IV.1) and (b)
relative intensity fluctuations of the peaks (1150-1350" aange of Figure IV.1). Arrows
indicate (a) relative spectral shifts and (b) relativeensity fluctuations in comparison to the
previous scans.
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1V.2.2. Relative intensity fluctuations of the peaks

Another reported evidence of the single molecule SERS spectra isfeaqe of relative
intensity fluctuations in the Raman peaks [20, 79]. Indeed, such fluctuatioriensity can be
observed in the Figure IV.2 (b) A highly enhanced Raman scattered signal bectenthtie
when a molecule is adsorbed at a ‘*hotspot’; but this adsorbed molecultatadi&erent
orientations on Ag surface in time. Such situation can occur with wealdytedsGFP
molecules. Namely, the GFP molecule rotates or “rolls” on the Ag suiffheesurface enhanced
field is normal to the Ag surface and surface selection rule esseimhplies that only
vibrational modes with polarizibility components normal to the surfacerdranced [28,
79].Thus the detected intensity of SERS spectra depends on theeadtgrfrthe Raman
transition moment of that particular vibrational mode with the suégabanced field. It means
intensity of a particular Raman peak is maximized when that transition m@esomes normal
to the surface. The direction of Raman transition moment is also dependieatoolecular
orientation as a whole. In addition, different molecular vibrational modes alsodifferent
Raman transition moments associated with them. Thus, at some parti@ritatmn on the Ag
surface some Raman peaks of GFP can be pronounced with the ceasing of sopeaksher
Slightly inhibited rotational motion of the adsorbed GFP molecules can isdobeemporal
fluctuations in the peak intensities. These relative intensiggufations are absent in an ensemble
averaged Rama spectrum, suggesting such fluctuations as an evidence shelagule

detection.
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Figure IV.3. Time series SERS spectra of single GFP molecule imagcatructural transitions:
(a) change in conformational state from trastss (1100 -1400 crhrange of Figure 1V.1) and (b)
change in protonation state from BiP.
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1V.2.3. Structural transitions

Sudden appearance of one Raman peak with concomitant ceasing of another Rman pe
is common to SERS spectra detected from single molecules [20]. Such nceusrebserved in
Figure IV.3 (a), where a peak at 1282 ¢Raman marker for trans-configured chromophore
[80]) gradually ceases to give rise to another peak at 126 Raman marker for cis-configured
chromophore [80]) in the next spectra. This phenomenon is attributed to a atrrafsition in
the captured single GFP molecule. Any single molecule can stay only in oree singl
conformational state at a given time. Thus any change in the spectesduwalver on the order of
+15 cm®, unlike minor fluctuations of +5c indicates a change in the conformational state of
that molecule. Further, this frequency change is present for a longesctithee as observed in
Figure IV.3 (a), (b). Thus, major frequency change in the consecutive $IERBasndicates
individual molecular activity and provides another strong evidenceptiirtag single GFP
molecules. In case of ensemble averaged Raman spectra, such mutuallyeegelalss cannot
be definitively resolved and appearance of such peaks in the sama gpalso observed as a
consequence of the existence of populations of different forms. Sorsgtioneirrence of two or
more structural transitions in a single spectral jump is also peghitligh not observed

significantly under current experimental conditions.

1V.3. Capturing and identifying a new Raman peak in the SM-SERS sp&a

A new Raman peak can be consistently observed in the SM-SERS spectréedsBiag
molecules under the employed experimental conditions. This new peak is doynimesént
with the protonated Raman marker. But found to be absent when single GFP escdeeul
captured in the deprotonated state. Further evidences will be pcesetite later sections
regarding this unique peak together with analysis and plausible exptemdathe following

section summarizes the identifiable Raman markers associatedhevdiferent states of GFP to
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clearly distinguish between the observed states. This is neceasgaitiate a logical

understanding of the Raman markers that will be extensively referthd subsequent sections.

1V.3.1. Identifying Raman markers for 4-different states of GFP

As mentioned earlier, most of the available reports provide ensendii@aged Raman
spectra to assign vibrational modes of isolated model chormophore. Baseckar poets, 4
Raman peaks can be identified as the markers for 4 differentatatesated in GFP. At first, it
is necessary to introduce these 4-Raman vibrational markeesattyalistinguish between the

observed states in the SM-SERS spectra.

GFP is present in two forms of the chromophore: protonated and deprot@mated;
conversion between these forms are common [20]. Apart from changes ioteapon states
of the chromophore, another possibility involves a non-radiative relaxatiorgs by which the
chromophore can undergo a volume conserving cis-trans isomerization hesptetein
structure [8]. In the native protein fold, GFP chromophore adopts a cis-cotifiguaa
determined by X-ray crystallographic studies [5-7].According td&Yet al.[81] trans-isomer is
plausible and can stay in the same protein environment as the cis-iS8dn@&ujt experimentally
determined structures show only the cis-configuration of the chromophore @sddhgests that
trans-configured chromophore is not well supported by the surrounding proteionement, but
does not exclude the possibility of €i¢rans transition of the chromophore in the excited state
[81]. Thus it is expected that GFP chromophore can reside in these follosiatpd: cis-
protonated, cis-deprotonated, trans-protonated and trans-deprotonated, thouglitypossibi
cis—trans or/and trarscis transitions is expected to be less compared to the transitions

involving protonation.

Habuchiet al.reported the ensemble-averaged Raman spectrum of EGFP at neutral (pH

=7.4) and acidic (pH=5.0) solutions; and observed two important peakslat4t836 cril and
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1556 cnitt [20]. These peaks are attributed to the delocalized imidazolin@ugitdic C=C mode

of the chromophore as reported by ¢tal. based on isotope labeling and normal mode analysis
of HBDI [16]. This particular mode is dominantly associated with tregctting of C=N bond of
the imidazolinone ring and the C=C double bond linking the two rings and has bemdrate
C=N stretch by Espositet al.[19]. Therefore, the peak at 1556 tia associated with the
protonated form of the chromophore, while 1536'@arresponds to the deprotonated form [19].
Later, in 2003, Habuclst al.first reported surfaced-enhanced resonance Raman spectra
(SERRS) of single EGFP molecules adsorbed on Ag particles [20]. Mib&t péaks observed in
their SM-SERRS spectra agreed well with an error of +16[@®]. In these SM-SERRS spectra,
Habuchiet al.reported 1524 cthas the deprotonated form of the chromophore and 1562em
the protonated form [20].Based on these reported results of SM-SERBBas1530 cthand

1560 cnt (within a range of +10 cif) are considered as the deprotonated and protonated Raman

marker peaks, respectively.

In 2006, Loo<t al.first reported cis- and trans- Raman markers by comparing Raman
spectra of eqFP611 and DsRed [80]. Both of these observed red fluorescans prave similar
chromophores like GFP; but theconjugation is further extended to modify the emission color to
red [80]. The chromophore of eqFP611 has a coplanar trans-configuration, while the
chromophore of DsRed is present in a coplanar cis-configuration [803sBrance Raman
spectra (752 nm laser excitation) of eqgFP611 and DsRed revealed a distingulgfeablece in
the range of 1260 -1285 ¢ni80]. A doublet of bands was clearly observable at 127bfom
egFP611; and suggested the presence of two different species(cimahuhttie sample which
is observed to be same as HeRed, another fluorescent protein, thabdsm@issent in either of
the two configurations like eqFP611[80]. Whereas, DsRed preresonamamRpectrum
indicated only a single band at 1260 twhich confirmed the presence of the cis-configuration

in its native state [80]. Irradiation of eqFP611 with a 532 nm pulsed lssentally
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photoconverted all the species to a single form of the chromophore and devsaigle Raman
band at around 1260 ¢hfi80]. This was an indication that indeed a trags photoconversion
had been driven; and Loesal. reported 1260 and 1280 ¢ras the Raman markers of cis and
tran-configured chromophore, respectively as a rational outcome [88]paticular report is
valuable in assigning the similar Raman markers for GFP chromophorehad twgse observed
red fluorescent proteins have similar chromophores like GFP with onffeeedice in ther-
conjugation [80]. Thus based on this report 1260 and 128thewe been considered as the

Raman markers for cis-and trans-configured chromophore, respgctivel

Also this consideration is validated by carefully observing the Raman & pectided by
Bell et al.and Heet al.[16, 17]. Table IV.1 provides all the aforementioned Raman markers as
combination of protonation/deprotonation and cis/trans to introduce the coddtieran

markers for the 4 different states of GFP.

Protonated Deprotonated
1560 cm! | 1530 cmt

Cis
1260 cmt 4 £
Trans
1280 cmt = B

Table IV.1. Raman markers adopted from the literature to identify 4+diffestates of GFP
chromophore.

All of these Raman markers are observed in the SM-SERS spetlilaEsent thesis
work. Figure 1V.4 represents 4 separate SM-SERS spectra, where diigjimd@ecules are
captured in these 4 different states. According to the Table IV.1;Fgut (a),(b),(c) and (d)

captured single GFP molecules in A,B,C and D-states, respectivgsedtingly, a new Raman
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peak is observed to accompany state A and C at around 151G erther, this particular peak is

absent while the GFP chromophore is captured in state B and D.
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Figure 1V.4. SM-SERS spectra captured from individual GFP moleculesatidg (a) A state,
(b) B state, (c) C state and (d) D state as stated ireTghbl. The corresponding chromophore
structures associated with a particular state are illustratbe inget of every SM-SERS spectra.
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IV.3.2. Observing the 1510 cnl peak in SM-SERS spectra

The time series SERS spectra of single GFP molecules under the arptpgeimental
conditions are presented in Figure 1V.5. The consecutive spectra at 100mesniader 100

MW laser power indicate the GFP chromophore being captured in the A-stadediAg to the

o) o o
g2 3 ag
1< 4 L=
, |
: i
| s AM‘/MM—-
]

Intensity (a.u.)

600 800 1000 1200 1400 1600 1800
Raman Shift (1/cm)

Figure 1V.5. Time series SM-SERS spectra of a single GFP moleagtied employing the
405 nm LED external pump and 532 nm Raman probe. The ‘spectral jump’ deatemshe
appearance of a new peak at 1509 dm addition to the adopted cis and protonated Raman
markers. The consecutive SERS spectra are capturedraeasal of 100 ms and under 100 pW
laser power.
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Raman markers adopted and summarized in Table IV.1, the cis and protomatediRaks at
around 1265 cihand 1570 cim are observed, respectively. In addition, a new peak appears at
around 1509 cthand this is the first report that clearly demonstrates appearasuetoé peak
that dominantly accompanies the protonated (126€¢) &aman marker. However, this peak is
consistently absent in SM-SERS spectra when the deprotonated Rarkan (280 cri) is
observed. An example of this case is depicted in Figure IV.6. Here, appeairhotie 1258 crm
and 1536 cim peak indicate that the captured GFP chromophore is in the B-state. Typicall
when GFP is captured at the B-state, the 1510meak is not observed. Application of 405 nm
LED source as the pump and 532 nm as the Raman probe laser also yielded SM-SERS spect
capturing C and D-states of the GFP chromophore. But probability analysiscaptioeed states
and peaks 1510 chpeak concomitant with the A-state is significantly higher than thase wi

other states. This point is discussed in detail in the latepssaif this chapter.

Figure IV.7 shows the GFP chromophore in the C-state, as the 128nd 565 crm
Raman markers for trans and deprotonation can be observed, respectiveipnAliigita peak at
around 1505 crhis also observed, which is similar to the SM-SERS spectra depicteglire Fi
IV.5. Though the chromophore is captured as cis and trans isomers in Figure IVi§uaed F
IV.7, respectively; their protonation state is same. This observataartisularly important as
the new peak at around 1510 toan now be tether with a plausible relationship to the
protonated form of the chromophore to gain a better insight on its’ origippefarance . Also it
is now clear that, this Raman peak at ~1510 cam appear irrespective of the cis and trans
conformations of the chromophore. But probability analysis indicates a highace of

capturing this peak when the GFP chromophore is in its cis conformation.
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Figure IV.6. Time series SM-SERS spectra of a single GFP moleaytiieed employing the
405 nm LED external pump and 532 nm Raman probe. The ‘spectral jump’ s®ws and
deprotonated Raman markers. The consecutive SERS specotapaureed at intervals of 100 ms
and under 100 pW laser power.
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Figure IV.7. Time series SM-SERS spectra of a single GFP molecalgired employing the
405 nm LED external pump and 532 nm Raman probe. The ‘spectral jumys she trans and
protonated Raman markers indicating chromophore is captured ingteteC The consecutive
SERS spectra are acquired at intervals of 100 ms and under 100 pW laser pow
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Figure V.8 illustrates a ‘spectral jump’ where a single GFP madesutaptured in the
D-state. This can be confirmed as the Raman markers at around 1288a1526 cim indicate

the chromophore to be in the trans and deprotonated conformation. A weak shioaldena

Intensity (a.u)

[ ! [ ! [ ! [ T [ LR ! 1

600 800 1000 1200 1400 1600 1800
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Figure 1V.8. Time series SM-SERS spectra of a single GFP moleaytuiieed employing the
405 nm LED external pump and 532 nm Raman probe. The ‘spectral jumys $he trans and
deprotonated Raman markers indicating chromophore is capturee Drdtate. The absence of

1510 cn peak is also noted. The consecutive SERS spectra are acjuiinéetvals of 100 ms
and under 100 pW laser power.
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1270 cnit indicates the cis Raman marker, which suggests that chromophore might hav
undergone a cistrans transition during the 100 ms integration time. But the relative high
intensity of the trans Raman peak indicate that the chromophore residegdimtst! trans-
configuration during the integration period. Most importantly, the Ramangieakund 1510

cmi' is not observed in this series of SM-SERS spectra. Thus, in sunirnarykie stated that

this new and unique Raman peak (~1510)is observed to accompany both A and C states of
the GFP chromophore. In comparison, this peak is substantially absent whéiPthe G
chromophore is captured in both B and D states. So, the peak at around ~15@0stave a
direct relation with the protonation state of the chromophore. Monitoringéhis irrespective of
cis and trans conformations of the chromophore indicate that this parstate of GFP

chromophore can reside either in cis or trans configuration.

During a spectral jump, when a single GFP molecule is captured+atsans or/and
protonatior~deprotonation transitions are observed once in a second on the averagae@ompa
to an isolated molecule, which is capable of these transitionsinieistale of 1 s suggests a
significant “slowing down” effect. This situation suggests that GFBrobphore is fairely stable
in a particular state during the time of acquisition of the SM-SERSrapembst likely due to
stabilization by th@-barrel. Although the 1510 chpeak is generally absent with the 1530%cm
Raman peak, some occurrences capture both of these peaks in the saméjtsppttiihis can
be considered rare under the employed experimental conditions. Figure 1V 18 dapita rare
occurrence that indicate the 1257 tfais), 1508 cri and 1536 ¢ (DP) in the same ‘spectral
jump’. Both of the Raman peak at 1508 and 1538 mobserved in the spectra numbered 3 and
4. But in the subsequent spectra starting from 6 to 9 show only the 15Q@ain During this
period of acquiring SERS spectra, the GFP chromophore rests in cis- catmdiguin particular,

figure IV.9 indicates a rare probability of transitioning from one stasanother one. Dominant
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absence of co-appearance of these peaks also suggests that sudioa mavstly likely

involves an inefficient process.

Intensity (a.u.)

600 800 1000 1200 1400 1600 1800
Raman Shift (1/cm)

Figure 1V.9. Time series SM-SERS spectra of single GFP moleculesredpmploying the 405
nm LED external pump and 532 nm Raman probe. The ‘spectral jump’ shewsis and
deprotonated Raman markers together with 1508 peak. The consecutive SERS spectra are
acquired at an interval of 100 ms and under 100 pW laser power.
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Figure IV.10. Time series SM-SERS spectra of a single GFP moleaypiied employing the
405 nm LED external pump and 532 nm Raman probe. The ‘spectral jump’ ghewis and
protonated Raman markers together with 1505 qgmak. The consecutive SERS spectra are
acquired at intervals of 100 ms and under 100 pW laser power.
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Some more evidences are presented before analyzing all the collect®8R3/spectra.
A conditional probability analysis of the GFP spectra is done and providee foliowing
section. However, Figure 1V.10 displays a clear evidence of capturihgh®i505 and 1550
cm’* peak in one ‘spectral jump’. The GFP chromophore is captured in cis-corifiguitis is
another time evolution SERS spectra where GFP chromophore is capturecia.Ansthis
figure, both of these peaks appear at the same spectrum startingriyeity g ‘spectral jump’.
1505 cni peak is observed to have relatively higher intensity than 155@uetonated) peak at
the early stages of the SERS acquisition, but neither of the peaks ayngiedappears. This
suggests that both of the peaks is associated with two different protostaties of the
chromophore and belong to the “Forster cycle” of GFP. Figure 1V.11 shows consistent
appearance of the Raman peak at 1507together with 1564 cihpeak. In this ‘spectral jump’
both the peaks co-exist till the adsorbed single GFP molecule diffusestbat‘hotspot’. GFP
chromophore is observed in trans-configuration, identifying the C-stateeAM.11 also shows
the absence of major structural transitions; which eventually teatie aforementioned
explanation of generating these two peaks from the “Forster cycle” oLiGdd? employed
experimental conditions. Shifts between the peaks at 1505 and 136@wmtne observed, as
displayed in the Figure IV.12, but appears to be very rare. In this figure, thatpes05 crit
shifts to the 1558 cipeak as depicted in the spectra 5 and 6. The 150peak disappears and
only the 1558 cifipeak is observed for 3 more spectra before the reappearance of the 1505 cm
peak. The intensity of the peak at 1505'gyats higher before the SERS signal diminishes. A
very crucial and important observation is that, and supported by the exignsilected SM-
SERS spectra, the peak at 1505'd¢snot captured without the presence of the 1566 cm
(protonated) Raman peak. Such kind of occurrence is found to be extremefhistuation

only verifies the explanation that both the peaks generate from th&éFoycle” of GFP.
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Figure IV.11. Time series SM-SERS spectra of single GFP moleculesrregipemploying the
405 nm LED external pump and 532 nm Raman probe. The ‘spectral jumys she trans and
protonated Raman markers together with 1507 peak. The chromophore is captured in C-
state. The consecutive SERS spectra are acquired ateavaintf 100 ms and under 100 pW
laser power.
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Also, observation of the protonated (1560'¢Raman marker is not dependent on observing the
peak at 1505 citbut the appearance of this peak is clearly dependent on observing the 1560 cm
peak. Thus 1505 chrpeak must belong to a photo-cycle (i.e. ““Férster cycle”) that invdhes
protonated form of the chromophore excluded of the native deprotonated fotatgB{8Sigure

IV.13 shows a ‘spectral jump’ without the appearance of the 1505ewak together with 1533

cm’* (DP). This is consistent with the above stated explanation that the 18Q%aiais not

associated with the B-or D-state of the GFP chromophore.

Thus the key observations from the SM-SERS spectra of single GFP rasleoybloying
405 nm LED excitation as the pump and 532 nm as the Raman probe laser can be summarized in

the following way:

(a) A new Raman peak at around 1505"dsiprominently observed to appear with the
protonated (1560 c) form of the GFP chromophore.

(b) This particular peak is observed to be significantly absent with thetdepted (1530
cmi?) form of the GFP chromophore.

(c) This peak is captured irrespective of cis and trans configuratide ahromophore,
though cis- (1260 cif) Raman marker is observed significantly more over trans (1280
cm®) Raman marker.

(d) Hence, this Raman peak accompanies mostly the A and C-states of the GFP
chromophore. Very rarely it accompanies the B and D-states of the GFRophane
This suggests a highly probable association of this peak to the exaiteg@hsbdto-cycle

of GFP involving either A or C state.
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Figure IV.12. Time series SM-SERS spectra of a single GFP moleaytieed employing the
405 nm LED external pump and 532 nm Raman probe. The ‘spectral jump’ s®ws and
protonated Raman markers together with 1503 peak. Transition between 1505 and 1558 cm
is observed. The chromophore is captured in A-state. The congeBEHRS spectra are acquired
at intervals of 100 ms and under 100 uW laser power.
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Figure IV.13. Time series SM-SERS spectra of a single GFP moleaytieed employing the
405 nm LED external pump and 532 nm Raman probe. The ‘spectral jump’ g®ws and
deprotonated Raman markers in the absence of 158%eak. The chromophore is captured in
B-state. The consecutive SERS spectra are acquired ataistef 100 ms and under 100 pW
laser power.
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IV.3.3. Ascribing the 1510 crit peak as the Raman marker for the ‘intermediate (1) state’ b

GFP

Key observations together with the SM-SERS spectra have beentpcesethe
previous section. It is stated earlier that the protonated form of thel@&maphore is
associated with the major absorption band (i.e. 395 nm) of the GFP populatiom doeddigectly
excited by using an UV excitation source close to 395 nm. In turn, exciting the peockdoran
(A-state in the native GFP population) drives the ‘Forster Cycle’ anergies a unstable
intermediate (1) state of the GFP chromophore, which quickly re-prootmpmpulate the
ground state of the protonated (A-state) form of the chromophore. The 405 nm LEDi@x¢in
addition to the excitation with 532 nm Raman probe laser) excites the nattegeXcis and
protonated) of the GFP. Thus ‘Férster cycle’ (Figure 11.4(b)) is drivehSERS signal is
detected from single GFP molecules while fluorescence form tlagelistquenched due to GFP

to nanoparticle energy transfer.

In general circumstances, it is highly improbable to capture Ramtaersgafrom the
unstable I-state of the GFP chromophore. In the ‘Férster cycle’(Figure))l.d{e A-state is the
stable form of the GFP chromophore and it rests in this A-state étatavely longer period of
time than the I-state. Thus most of the Raman signal is expected to betegftom this A-state
of GFP. This situation is indeed true, as the protonated Raman is&keronly vibrational mode

that had been captured and reported previously in all the Raman spectra.

On the other hand, a special circumstance is created in the present warlsuitdiade-
enhanced pumping (405 nm) by nanoparticles (Ag) that significantly reduces#iing time
of GFP in A-state. This in return can relatively increase the inhglitne of I-state in the
‘Forster cycle’ to make it observable in the SM-SERS spectra. AdsBRaman markers for the

protonated and deprotonated forms of the GFP chromophore are 1560 and 1530 cm
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respectively; and associated with the stretching of the C=C double bwvekhdahe two rings
(phenol and imidazolinone) of the chromophore. The vibrational mode frequency isdomiér
deprotonation of the phenolic oxygen. Figure 1.3 indicates the unstable I-form of the
chromophore with less hydrogen bonding (H-bond) than the B-state. Thus, it issebedtt-
state is associated with a further shift towards lower frequeacytkie B-state. Based upon these
considerations, it is hypothesized that the 1510 €6 cmi®) peak is the Raman marker for the I-
state of the GFP chromophore. The following section will provide adtieal analysis to

develop a framework of arguments to validate the possibility of captilminigstate of GFP by

SM-SERS.

IV.4. Theoretical analysis to validate the assignment of 1510 €npeak to the I-state Raman

marker

It is well established in the literature that the I-stateg@ated with the ‘Forster cycle’ of
the GFP (Figure 11.4 (b)), is an unstable state at room temperature.rdismaed in the Figure
I1.4 (b), the lifetime of the I-state is 400 ps due to quick re-protonation to ferrA-state (-A).
The ‘Forster cycle’ (Figure 1.4 (b)) involves recurring deprotonatiah@otonation of the
chromophore. Interconversion as a cycle between the ground and excited stases dffédrm

of the chromophore (AA* —I* —1—A) is efficiently driven under UV excitation. The fraction

T

of the time chromophore inhabits in I-state can be giveXby .Here all thér’

TAHT Tt

represents the corresponding lifetimes of the states. From the Rigugb), all the lifetimes of

the states associated with the ‘Forster cycle’ can be known ekedgetime of the A-state. The

lifetime of A-statet,, depends on the optical pumping rate for a molecule (in power) and can be

expressed in the form of the following equation:
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P =1Is5um X0 =nX Ephoton = E €Y)

Here,l,o5 »m iS the incident intensity of the excitation lightis the absorption cross-section of
WtGFP in A-state (~1¢cnt), n is the number of absorbed photon per unit timefands the
photon energy. If 1 mW incident power (typical for fluorescence speofrmsmeasurements)
and diffraction limited focused spot size of 1 um is considered for 405 nni,f3eR, is about
105 W /cm? according to the following calculation.

1073w

Laos nm = 1085z = 10° W /cm?

Accordingly, putting the values of Planck constant (6.63%1(), velocity of light (3x10m/s)

and wavelength of incident light (405 nm) in equationcl)s found to be in the order of 50 ns.

hw
105 —5 x 107 16cm? = —221m
cm Ty
6.63x10734].s x3 x 108 ms—l)
10~ 11w = 405 x10=%m
Ta

Thus we can safely assume that the fraction of time GFP resideteiAgta, is in the order of

maximum 100 ns. And; is computer to be less than 0.004 according to the following equation,

_ 400 ps
"~ 100ns + 8ps + 3 ns + 400 ps

X

It is obvious from the poor time-averaged intensity of the I-state of thec@eophore that it
cannot be observed under the above mentioned conditions using conventional spectroscopi
techniques. The fraction of time GFP resides in A-state is tliiniinfiactor that is responsible
for the poor time averaged signal of the I-form. Thus reductiay aé well ag;+ will relatively

increase the fraction of time GFP inhabits the I-state.
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TheX; can be enhanced dramatically under a favorable combination of effestsz Fir
is expected to be shortened by the near field enhancement of optical pumgiegNgy t
nanoparticles. Dramatic enhancement of excitation is reported bykilatial. when Cy3
fluorophore is attached in close proximity (100 A) to the silver isldms {SIF) [82]. The
increase in fluorescence is also associated with the decreasenmelifetd according to Malicka
et al. 3 orders of magnitude excitation enhancement can be achieved [71, 82@Hé\decay
lifetime is reported to shorten by 25-fold due to the presence of silverfi8ithilar magnitudes
are considered in shortening the lifetimes associated with A and I*,stetag,, andt;- roughly
shortens to ~100 and ~120 ps, respectively and as a consederaefreach ~0.65. But the
particular SERS substrates used in these experiments can achidR8 ar$tancement factor of
10" enabling single molecule detection. Thus the enhancement in optical pumpiogAdue
nanoparticles can be expected to reach AfiGuch a case,; can reach ~0.8 and can even

approach unity with further enhancement.

This above discussed analysis suggests that the high intensigy4%3 nm radiation is a
critical precursor to effectively photo-generate the I-state popualdt is believed that such
favorable conditions are achieved for most of the part due to the sarfaaaced pumping.
Overall, shortening of the inhabiting time of GFP chromophore in A-stakéugther shortening
of the emission time of I* state, can increase the relative inhabitivegaf the chromophore in
the I-state. Thus increase in population (or inhabiting time in single olelease) of the I-state
facilitates its appearance during the acquisition of Raman speajenekal concern may raise
the question on the possibility of photo-degradation (i.e. photo-bleaching) of GIERules
under such high intensity radiation. But, this concern is solved due to thaskzttigetime €;+)
of the excited intermediate state, I*, which will allow GFP to undergo exciation-

deexcitation cycles before eventual photochemical degradation [85].
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IV.5. Statistical analysis of the captured GFP states

Extensive statistical analysis (a total of 712 SM-SERS spealtexted from 64 ‘spectral
jumps’) has been carried out to validate the hypothesis that the observed T5#5cmi') peak
is the Raman marker for I-state of the GFP chromophore associated Wittirdter cycle’. |
state is unstable as well a very dynamic component in the ‘Forstet. ¢dgajeneral, the
frequency of this I-state can reach 1 MHz as discussed in the s&tBofhe cycle frequency of
I-state can increase due to enhanced optical pumping by nanoparticles azatbaril®or more
cycles between the states A and | during a SERS integration time of 100 mesi#,ahe
SERS signal from both the states are integrated. Thus it expedtditetiRaman peak around
1510 cnt will appear together with the A-state Raman markers at 1260 and 156G cah
occurrences are consistently observed under the employed experiradtabos in this present
work. The probability histogram presented in Figure IV.14 (a) validatgs condition. Figure
IV.14 (a) presents conditional probabilities of different conformatistaes to justify the
hypothesized correlations. Probability of observing a given conformatiama&iR marker with
respect to the other markers is plotted. It is observed from Figutd (¥) that for a given single
molecule SERS spectrum including the hypothesized I-state marker (15),Gtoenprobability
of observing the protonated (P, 15609Raman marker is about 88%. As the |-state marker is a
component associated only with the ‘Forster cycle’, the 151bpmak must be exclusive with
the deprotonated (DP, 1530 ¢hRaman marker. This fact is also observed to be consistent with
our hypothesis as the correlation between the 1510 and 153peak is found to be merely 9%

as provided in Figure 1V.14 (b).

The native A-state of the GFP chromophore resides in cis and protaoafeguration.
Thus the I-state being the deprotonated form of the A-state should adfoinesis configuration.
Hence, cis marker (1260 ¢inshould also accompany the 1510'cpeak in a SM-SERS

spectrum. This kind of correlation of observing cis marker given theéd-starker is found to be
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about 70%, which is less than the correlation between | and P Raman nfiaek8@&9%6). But
interestingly, trans marker (1280¢jralso indicates a correlation of 39% with the 1510 pmak
(Figure 1V.14 (b)). This indicates that I-form of the chromophore can alsterestrans-
configuration, though with a lesser population than that of cis-configuratioregtitegly, this

finding suggests the “Forster cycle” can also undergo-a€t-1* —1—C. A correlation of

about 20% (Figure 1V.14 (b)) is observed for trastgs type of transition (isomerization). This
suggests that transcis type of isomerization occurs in every 500 ms on the average. Such a rate
of transition is significant and indicates that photoisomerizasiamduced as the 405 nm pump

resonantly excites the A and C-states of GFP.

Excitation of the A and C-states (protonated) is achieved by 405 nm LEEesbience,
a strong correlation is expected between the 151bp=ak and A-and C-states of GFP (Table
IV.1). Indeed, a strong correlation of 97% is observed as presented in Figlr€l)/.Again,
correlation of 36% is also observed and presented in figure IV.15 (a), (Bdvetiae C (trans
and protonated) and I-state (1510%raf GFP, implying the possibility of ‘Férster cycle’

occurring between | and C.

Similarly, given A or given C, the probability of observing | is also higle gitobability
of observing 1510 cih(l-state) peak given that the GFP chromophore is in the A-st@T@4s
while a correlation of 80% is found for observing I-state peak giveat€-as presented in
Figure IV.15 (b). Both of these correlations strongly agree with thereaqpda that “Forster

cycle” is detected and 1510 ¢rpeak is the I-state marker of GFP.
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(b)

Cis - |19.14| 64.81 74.6569.63
Trans | 912 - |41.65 35.2138.87
P 167.22[ 90.62 - | 31.9p87.62
DP 129.61] 29.29 12.21 - 9.09

I 67.03| 78.51 81.38 22.d6 -

Figure IV.14. (a) Probability of capturing different conformation (cis, trapsotonated,
deprotonated, intermediate) of GFP chromophore for a given cortfionmgb) Statistical
analysis of the GFP conformations based on 712 single moleculgaspetiected from 64
‘spectral jumps’.
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(b)

A - | 13.84| 1559 20|61.12
B 6.09| - | 6.46| 30.67 7.35
C 9.97 | 9.43| - 80 | 35.97
D 415 | 14.46| 2586 - | 5.41

I 87.53| 23.9( 80.17 37.3B -

Figure 1V.15. (a) Conditional probability diagram showing correlations betwaifferent (A, B,
C, D, ) states of GFP chromophore. (b) Statistical analysithe different states of GFP
population based on 712 single molecule spectra collected from 64 ‘spectrdl jumps
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As mentioned earlier, the fraction of time I-state spends in thestér cycle” must have
to increase with nanoparticle-enhanced optical pumping or equivalentlyheittutface-
enhancement factor. Accordingly, the fraction of time chromophore residesArsthée of the

“Forster cycle” will also decrease. This suggests that, tieahthe intensity of | state

(Intensityis10 marker to that of A-state (Intensiys) marker (i.e%) must indicate a
1560

positive slope. Hence, to validate this explanation, the intensity of 15fdi€lmarker) and 1560

cmi' (protonated marker) is counted from every SM-SERS spectrum thatezhpttirer of the
two marker peaks. Then the ratio of these two peak%ézg—eﬂ) is plotted against
1560

Intensityiseo A simple relationship to check the fit of the plotted data is alduetein the

following way:

Fraction of time “Forster cycle” resides in |-state, = ﬁ (2)
A A* I* 1

From Figure 11.5. (b), the inhabiting time) (of every state is known excluding. Assuming
other life times (i.e. inhabiting time) to remain constént 7,4+ + 7;+ + t; andr; = A can be

substituted. Then, simplified eq. (2) becomes,

X, =
! T4+ C

The electromagnetic field, E acting on the states is consideregtomartional to the square of
the surface enhancement factor, G;h.ex G2. The overall enhancement of the electromagnetic

field is considered to bB* o« (GZrs GBaman) [25]-
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Accordingly, inhabiting time of A-state, can be found in the following way,

Constant Constant
(8 X
Tx G?
B
Ty = E
Putting the value of, in eq. (2),
¥ A
I =
L,

To simplify the above equation we can neglecasC < 1( 1+ = 8ps, 7+ = 120 ps,7; =

400 ps ) and accordingly; becomes,
A
X, = = G?
"7 B
Again, fraction of time “Férster cycle” resides in A-stafg, = ——4——
TA+TA*+T1*+TI
Putting the value of, andt,- + 7+ + 7; = C, X, becomes,

B

GZ
XA = B
2

+

C

)

To simplify the above equation we can also nedle@sC « 1 and accordinglX, becomes,

X, =1

Then, intensity of I-statd;<;, & (X; X E) « (X; X G*) and intensity of A-staté; s, «

(X; XE) o« (X, X G*) .The ratio of these two intensities,



11510

oo (21 o (A 62
heeo < (xp * (5

On the other hand, intensity of A-state becomggy « (X4 X G*) « (G*)

Thus, if ;15—1" is plotted in the y-axis anfds,, is plotted in the x-axis, a simple relation as the
1560

following one can be derived,
A
y = (E) X Vx

I1510

1
Accordingly, a plot of vs I;560 Should show a relationship of the kindxy( x )z .

I1560

Such a relationship could not be verified in this thesis work becausefterert
excitation sources (i.e. 405 and 532 nm) are used in the experiments. The abawveehent
relationship between the intensities of the 1510 and 1560es ik is derived by considering
only a single 405 nm excitation source and thus cannot be implemented unddar curre
experimental conditions. But this derivation is useful as a theorgticadwork to validate the
existence of such a relationship if a single source of excitateordQ5 nm as both the pump and

the Raman laser probe) is used in the future.

Interestingly, ifl;s¢0 (y — axis) is plotted againsiys,o (x — axis) (Figure IV.16) then
a monotonous relationship is observed. Most of the data points (both statetAtari) $all in a
region where intensities of both the 1510 and 1560 peak are comparable. This suggests that
the ‘hotspots’ act both as a good Raman and ‘Férster cycle’ pump. That, theahstspots’
have significant nanoparticle-enhanced optical pumping in addition to the BiRE S
enhancement to facilitate integration of comparable sigmakn@ities) from both the 1510 and

1560 cnt peaks. However, few ‘hotspots’ can have high SERS enhancement butgnificast
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nanoparticle-enhanced optical pumping. In such cases, significant higsitytaf the 1560 crh

peak is observed compared to the intensity of the 151 (perak.
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Intensity of 1510cm ~* peak

Figure IV.16. Intensity of 1560 cihpeak against the intensity of 1510 tpeak as plotted for
both the A and C-states of GFP.

62



CHAPTER V

CONCLUSIONS

The present thesis work employs novel ‘nanometal-on-semiconductor’ SER&DH
developed by Kalkast al.[21, 22, 24] to acquire Raman spectra of single wtGFP molecules. 405
nm LED source is used as the pump to excite the native cis and protonated)(fostatd the
GFP chromophore, while 532 nm is employed as the Raman probe laser. SERS acgesitibns r
in repeated observation of appearance and disappearance of strong and steeslylecpeaks
over a weak background after spotting an aliquot of P @tGFP solution on the SERS
substrate. These temporal “spectral jumps” captured in every hatiuéenon the average are
associated with single GFP molecules diffusing in and out of enhanctamEmtSERS sites (i.e.
“hotspot”) with an average residing time of 1s or less. SERS is ac@sr@dontinuous time
series spectra at intervals of 100 ms. On the average about 15 singlelenspectra can be
captured during a “spectral jump”. The following pivotal conclusions arerdead summarized

based on the results discussed in this thesis.

1. The analysis of the time series SERS spectra shows consisteataaqmeeof a new Raman
peak at around 1510 ¢hunder the employed experimental conditions. This 15Ibmeak

is not observed in the absence of 405 nm radiation. This unique Raman
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peak co-exists with the protonated Raman marker (15690 ahthe GFP chromophore. This
peak has never been reported to appear. Also significant absence ofkhssgieserved in

the single molecule spectra of GFP with deprotonated Raman marker (@%30 ¢

Considering continuous excitation of the native A-state (cis and protonatibe) GFP
chromophore by the 405 nm pump and dominant co-existence of the protonated peak with
significant absence of the deprotonated peak with this new peak (t510scggests it is
associated with the I-state of the “Forster cycle” of GFP e AA—I* —1—A. Each SM-
SERS spectrum is a collective snapshot of the interconverting staddged in the
photodynamics of the “Férster cycle” integrated over the tinegvat (100 ms) to reveal
dominantly residing states in a photo-cycle. This never before rdf®aman peak at around
1510 cnit is thus associated with a dominant state involved in the “Forster cpsle”
reported earlier, the 1560 and 1530’dRaman peaks are the markers for the protonated and
deprotonated form of the GFP chromophore, respectively; and are assodiattéuwi=C
double bond stretch bridging the phenol and imidazolinone rings. It is observedehat, th
vibrational mode frequency is lowered with the deprotonation of the phenoiermxy
Intermediate (I) form, a key state in the “Forster cycle” of the chromepi®an un-relaxed
form of the B-state (cis and deprotonated) with less hydrogen bond stadiliazeound the
phenolic oxygen. Thus a further shift towards the lower mode frequency cédrnlhéaed to

the I-state of the GFP. Therefore, 1510'qmeak is identified as a unique Raman marker for
the I-state of the GFP chromophore and also as a maker to confirm theodeiétte

“Forster cycle” at the single molecule level.

Statistical analysis of the captured SERS spectra of single @feute indicates a dominant
appearance of this |-state marker at around 151bweith the protonated (P) Raman peak at
1560 cnt. It is observed from the conditional probability analysis of the GFP coafimal

states: A(cis/protonated), B(cis/deprotonated), C(trans/prothranel D(trans/deprotonated);
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that for a given single molecule SERS spectrum that includes the hsaaker, the
occurrence of the protonated Raman marker is about 88%. This is @@ tilmes than the
probability of capturing both the I-state and deprotonated Raman peak in ssS&REmM of
single GFP molecules. The probability of capturing the deprotonated pealcriig3given
that the I-state peak is also observed in the same SERS spectrum tsooml9%. |-state is
the deprotonated form of the A-state and should be in the cis-configuratioa mative A-
state. Interestingly, this correlation of observing the cis Ramaremdr®60 cril, given the
I-state marker is about 70% and less than the | and P correlation (i.e./888t)siderable
presence of | and trans Raman marker (128¢) cmrrelation, about 39%, implies that
“Forster cycle” might also occur between | and C-states of the GFP chroraophor

This is the first report to provide evidences of observing the I-syatérational
spectroscopy (infrared and Raman) associated with the “Fdrster.cisethe evidences
are captured at single molecule level. The lack of evidences indraure is
understandable, as during the ‘Forster cycle”, GFP resides in tta#ear most of the part
under typical fluorescence microscopy excitation conditions. As a,risuléed signal can
be integrated from the highly unstable I-state of the “Férsteetyid contrast, the fraction
of the time GFP chromophore resides in the I-state during the “Forster caalbe
dramatically enhanced under the applied SM-SERS conditions. Intense optipahgudiune
to the surface enhancement of the nanoparticles can dramaticatenstinar inhabiting time
of the chromophore in the A-state. Thus, the GFP inhabits a shorter tingeground state
of A before promoting to the excited state (A*). Consequently, the inhabiting tithe tf
state in the “Forster cycle” is increased and a higher signakgrated from the |-state.
Presence of metal nanoparticles in close proximity of the GFP chromadkorenhances
the relaxation rate from the exited I*-state to the ground I-sSthis.further increases the
fraction of time I-state inhabits the “Forster cycle” and fadiés the appearance of the I-state
peak besides A-state or C-state in SM-SERS spectra.
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5. Finally, a valid concern points towards a possible photo-degradatiorh@te-ipleaching) of
the GFP molecules under such intense surface enhanced excitation. But s Onc
mitigated as the fluorescence of the GFP chromophore is effectively qaethad to the
presence of the metal hanoparticles. Thus GFP chromophore can undergcient effi
excitation and deexcitation cycle (i.e. “Forster cycle”) befoen&al photo-degradation and
loss of dynamics. This quenching of fluorescence is also beneficiatdewcquiring
vibrational spectra. Broad background emanating from the fluorescertminated
effectively and the chromophore vibrational modes can now be clearly rfghRaman

peaks at single molecule level.

These unique results are pivotal to construct a framework for futvestigations
confirming the effective detection and modulation of chromophore states iRdrster cycle”.
An extensive quantum mechanical modeling of the “Forster cycle” can aigedséigated. But,
SM-SERS is proved to be a particularly efficient tool to probe and understandyswmic
photo-cycles with high structural sensitivity. These results cdaicly structure and devise
intelligent methods to get deeper insight on utilizing the promising pyale-(i.e. Forster cycle)

of this Nobel Prize winning protein for photo-modulation.
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