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CHAPTER|

INTRODUCTION

Green fluorescent protein (GFP) founddiequorea victoriaa jellyfish characteristic of
Northeast Pacific, ia luminescent protein that has led to a revolution in bio-imaging [1, 12].
Comprehensive mutagenesis efforts on the wild-type green fluotgsosein (WtGFP) have
succeeded in new fluorescent probes, which range in the whole visibleisp&aim blue to red
[2, 3]. Recently honored by Nobel Prize in chemistry to three pioneers in thedERplays an
indispensable role in biological imaging and analysis, as it sesv@smarker for gene expression
as well as proteins and allows visualization of dynamic events insidigittgecell. Proving an
immense impact of GFP in bio-imaging, recently neuroscientists bpoeted a remarkable
genetic technique dubbed as “Brainbow”, which enabled them to visualize how tiie bedi
are connected to each other by using a palette of GFP mutants [4, 56, B4héVapid
evolution of fluorescent protein technology, the utility of GFP-like protigina wide spectrum

of applications is now becoming fully appreciated.

GFP comprises a strongly absorbing and highly fluorescent chromophore emireitisled i
proteinp-barrel structure (Figure 1.1). Highly efficient quantum yield (0.8) BPthas been
associated with a fluorescent chromophore adopting a cis and coplanatiomner cis
configuration is achieved by tight encapsulation of the chromophore insifidtreel fold and

with contribution of a complex hydrogen bonding network constructed of sevearal-agids



and water molecules [5, 6, 7-9, 41, 98]. Non-radiative relaxation is suppeffexgively due to
the tight encapsulation of the chromophore which restrains its motion lessveblemically
isolates it from the ambient, thus providing high fluorescence quangld ¢in the other hand,
free GFP chromophore does not fluoresce [83-85]. GFP is known to have deptosdB-
form) and protonated-cis (A-form) forms of the chromophore and it isazeépted that
conversion between these two forms take place [2, 5, 6, 8-11, 33-40, 46-48, 50, 9h®&Ighalt
rare. In thermodynamic equilibrium at room temperature and pH=7, the populaticioiwhAs
twice that of B-form. The excited state dynamics of GFP’s botforiss (protonated and
deprotonated) have been studied comprehensively using ultrafast fluoceeacembsorption

spectroscopies.

Figurel.l. Tertiary structure of wtGFP with p-HBDI chromophore insideftarrel.



Although GFP is a Nobel Prize winning protein, there are limited humbepofts on
the trans states of its chromophore (protonated/deprotonated)sitliatgon likely arises from
nonfluorescent nature of the trans state, which not only prevents aodhe investigation of this
state by fluorescence studies, but it also renders GFP a “uselessi psodebiomarker. On the
other hand, the trans state is of significance to GFP’s fluoresaatensity, if its population is a
significant fraction of the population of the cis state (fluoresdait)s Additionally, neither
trans<> cis nor protonated» deprotonated transitions of the GFP chromophore are understood
well. Although these structural transitions are infrequent (i.e.thess~1 8 per molecule), they
are significant in determining the population of states. Further, a batterstanding of these

transitions will enable the development of photoswitching proteins.

The present thesis work reveals at least four different confamahstates of GFP
chromophore by single molecule surface-enhanced Raman scattering (SM-$ER&ticular,
the work exploits the novel “nanometal-on-semiconductor” SERS subsimte®ped by
Kalkanet al[13-15]. In addition, our work shows significant evidence of transitions between t
protonated/deprotonated and cis/trans forms of the GFP chromophoreatnsotgtule level, on

the basis of Raman scattering marker peaks of the GFP chromophoredreptréeliterature.

Earlier, conformational changes of single protein molecules by SERS aystegeax in
real time by only two investigations. Namely, Habusthl and Singhal and Kalkan monitored
the conformational transitions in single molecules of GFP and photoaetioe/yprotein (PYP),
respectively [16, 17]. To the best of Author’'s knowledge, the present eomésents the third
SM-SERS protein investigation capturing conformational steps. As taatiasenhancement
over the previous two milestones by Habuethal. and Singhal and Kalkan, the present work is
conducted at a higher time resolution of 50 and 100 ms. Although SM-SERS work of Habuchi
al. also employed GFP, they only reported on the protonation/deprotonation traraiéotise

resolution of 1 s [16].



SERS inherits Raman spectroscopy’s capability to elucidate molstuwleture [18-20].
The Raman spectrum of vibrational modes is entirely determined by moldcutinre.
However, SERS offers a humber of advantages over Raman spectroscopshfioigsthe
conformational states of the GFP chromophore. First, GFP is a veigrfflaorophore. Its
optical excitation in the visible yields a strong fluorescence everofartfie resonance, for
example when the excitation is at red [5]. The strong baseline in thé migikes it very difficult
to resolve the Raman peaks. On the other hand, the fluorescence is quen&i®8 dus to
GFP to silver nanoparticle energy transfer [18-20]. In the absefic®scence, the vibrational
modes can be clearly resolved. Second, in the present thesis work, SEBSBpl@ayed as a
single molecule probe. The advantage of single molecule spectroscopyssmbée-averaged
spectroscopy (i.e., Raman spectroscopy here) is the elimination of sthigécaging [21].
Indeed, when SERS is conducted with higher concentrations, ensemble-averB§eyleds a
difficult spectrum to resolve due to overlap of signals from differext gtopulations as well as
heterogeneous broadening of the peaks. On the contrary, sharp and repeliblEre acquired
in SM-SERS. Last but not least, the power of single molecule spesolses in the fact that
transitions between states can be monitored at utmost precision, singeeanolecule can be at
one state at a time. On the other hand, in an ensemble, the transitions maymooltestively
(in phase) or they may occur in a distribution of time scales. In partithigsituation is valid
for GFP, where the quantum efficiencies for trans/cis and protofdgotonation transitions
are very low and these transitions cannot be triggered unifornminénbly a laser pulse. Hence,
time-resolved ultrafast spectroscopy cannot be employed to study thieidremnin wtGFP.
Therefore, SM-SERS has a high potential to elucidate the struatigial of GFP chromophore’s

different states.

Finally, the significance of the present work in understanding of psogkiould be

mentioned. Proteins are known to be the “biological workhorses” that carry oatousn



essential functions in every living cell [22]. Of all the molectitesd in living organism,
proteins play the most important role. They perform their role to movelesyusense stimuli,
control metabolism and growth, digest food, defend against pathogens, traxggert, and
many more. Therefore, single molecule (SM) studies are chjticakded to resolve the

conformation-function relations in proteins [21].

The present thesis is organized as follows. Chapter Il follows wehiew on GFP’s
molecular structure and photo-physics as well as fundamentals ohRaattering and SERS.
Chapter IIl provides a detailed presentation of the experimental profoltolsed in the current
study. The experimental results and their analysis as welteaplietation are reported in

Chapter IV. Finally, conclusions are withdrawn in Chapter V.



CHAPTERIII

LITERATURE REVIEW AND BACKGROUND

11.1. Qutline

This Chapter provides a compact literature review on Greendscemt Protein’s (GFP)
molecular structure and photophysical behavior. It also presents thedaukgn fundamentals

of Surface-Enhanced Raman Scattering (SERS).

11.2. Green Fluorescent Protein

In 1955 it was first reported by Nicet al.thatAequorea victorigfound at the west
coast of North America) fluoresced in green when irradiated witavidtiet light [23].
Shimomureet al. discovered green fluorescent protein frAsquorea victoridn 1961as a
companion protein to aequorin. Both these proteifsenuoreaare involved in its
bioluminescence. Bioluminescence involves oxidation of coelenteraauifefin) by an enzyme,
aequorin (luciferase). While binding with three calcium ions aequerdizes coelenterazine
with a protein bound oxygen that results in as*@po-aequorin-co-elenteramide” complex that
emits blue light (470 nm) in vitro [25-27, 37, 38]. Interestinglgquoreadoes not emit blue;
instead radiationless energy transfer occurs from aequorinRal@iE excites GFP and
subsequently results in its green fluorescence (509 nm) [28, 29]. No bintdiveeheaequorin
and GFP is observed in the solution. Shimonaira. reported energy transfer can be obtained
by coadsorption of aequorin and GFP on DEAE cellulose (Diethylaminoethylboseljul
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membranes [31]. Both of these proteins were reported as unusual pobteinsarticular
importance. Their value became apparent in the course of later studies, afityngears after
their discovery, they are well known and widely used, aequorin as a calciumameFP as a

bio-marker protein [2, 5, 6, 41-45, 56-59, 90, 94].

Green fluorescent protein (GFP) is a 27 kDa protein possessing 238 aidinesadues.
It has a unique 1f-sheet barrel-like structure with a diameter of about 2.4 nm and a height of 4.
nm (Figure 11.1) [5, 6, 41]. It is exceptionally stable due to its tightly pd¢Bebarrel” tertiary
structure which is resistant to a number of biological denatyramde range of pH (5-12),
temperature (i.e., it denatures at and above 78°C) and chaotropic.salisdenatures at 8M
urea) [5,6, 98]. Thep- sheets” form the walls of the barrel, anduamelix runs diagonally
through the barrel (Figure 1l.1a, b). The chromophore is in the center of tekdvatrs linked
by thea-helical stretch. Shimomut al. deduced the structure of the chromophore of GFP in
1979 and correctly proposed that the chromophore is a p-hydroxybenzylidene- irdiddpel
HBDI) attached to the peptide backbone [30]. It is formed by an intramoleattzratalytic
cyclization from residues 65-67, which are Ser-Tyr-Gly in the nativeipr{s, 6, 41]. GFP
chromophore possesses a cis conformation and is well protected imtireofehe barrel (Figure
II.1c). The barrel structure protects the chromophore and is presumablysibiptor GFP’s
stability [5, 6, 98]. The “chromophore-in- capsule” design of GFP is thedkity efficient
fluorescence with a quantum yield of 0.8 [5]. First, gHzarrel holds back the rotational and
vibrational motion of the chromophore, thereby impeding the radiationless patfavay
relaxation of the excited chromophore [5, 6, 9, 32-36]. As illustrated in FigRréhié most
distinct feature of p-HBDI is the presence of phenol and imidazolirings, which are
essentially frozen in in-plane and cis configuration. Out-of-plane oatagtween the two rings is
argued to result in non-radiative relaxation of the excited state duedpsmlbfr-electron

conjugation over the whole molecule and subsequent nonadiabatic crossing [32,#8], 8ec



chromophore is shielded from fluorescence quenchers, suchimsh® bulk solvent [5-8]. In
this sense, GFP is reminiscent of a “hurricane lamp”, where a tr@méglass enclosurg-(
barrel) shields the glowing flame (chromophore) from wind and rain. Indeegh-H&®I in

water does not glow [88].

Figurell.l. Tertiary structure of wtGFP. The chromophore is located in thercehthep-
barrel:(a) side view;(b) top view; andc) ball-stick model of the p-HBDI chromophore (red: O;
blue: N; cyan: C). Figure: courtesy of Dr. Ali Kaan Kalkan and Natis Zadd{rainctional
Nanomaterials Laboratory, Oklahoma State University).
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Figurell.2. Theo (C;-C,-C5-Cy) andt (N;-C;-C,-Cs) dihedral angles of the GFP chromophore.
In the protein Ris Gly67 and Ris Ser65.

The optical absorption spectrum of GFP has two bands at 395 nm&and¥damed the
A and B bands, respectively (Figure 11.3). Excitation at eith@relengths leads to intense green
emission, either at 503 nm (475nm excitation) or 509 nm (395nm excitg&iod]) The 395 nm
absorption is generally attributed to a neutral/protonated forrthefchromophore and the
absorption at 475nm to an anionic/deprotonated form [5]. The protofftenhd deprotonated
(B) nature of these states was confirmed by X-Ray diffracultrafast fluorescent spectroscopy,
and studies of the effects of pH on the model chromophore (HBDI) &,%,11, 33, 36, 37, 39,

40, 50].
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Figurell.3. Absorbance (1 cm optical path) and emission (normalized and under 365 nm
excitation) spectra of T0M wtGFP. Data: courtesy of Dr. Ali Kaan Kalkan and Natis
Zad Shafiq (Functional Nanomaterials Laboratory, Oklahoma StateriSitye

Boxeret al.reported the time resolved fluorescence of wild type GFP (wtGFP) by
ultrafast time resolved spectroscopy [10]. The neutral (A) form ofttt@ophore can convert
to the anionic species (B) by going through the intermediate stald@ equilibrium between
these states is controlled by the internal hydrogen- bonding networl istdssumed to
facilitate excited state proton transfer (ESPT) [5, 6, 8, 9, 11, 33-40, 46-48, &0iation at 475
nm excites the anionic chromophore-¢B*) which emits at 503nm [10, 89]. Irradiation at
395nm excites the neutral stateA*) which rapidly decays to the excited intermediate I* via
ESPT [47-49]. ESPT occurs by transfer of the phenolic proton from Tyr 6&td23lthrough
the “proton pipeline” shown in the Figure Il.4(highlighted in orange). Furéh@itation of A

yields an additional weaker fluorescent peak at 460 nm, which is assignee-#[ AL, 33-36,

10
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Figurell.4. Excited state proton transfer (ESPT) mechanism. The red arrovusitbuSSPT
during A*—I* in terms of the proton shuttle steps along the proton wire (in orange). Figure
courtesy of Dr. Ali Kaan Kalkan and Natis Zad Shafiq (Functional Nanomlateehoratory,
Oklahoma State University).

89]. Time-resolved fluorescence has revealed that A* (monitore@Datih) decays with time
constants of 4 and 12 ps, while a concomitant rise of the 509 nm fluorescence ocoarsamnet
ps timescale [11, 33-36]. These observations have suggested that A* cimaaristermediated
excited form I*, which subsequently decays to | (3 ns) that produces the 509 ssiparor
more rarely, can go through the non-radiative conversiesBi* [11, 33-36]. | re-protonates and
converts to A in a time scale of 400 ps [36, 49]. The similarity in thestom maxima of P>l

(509 nm) and B*B (503 nm) is explained by the structural similarity of | and B states and | i

11
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Figurell.5. Summary of the photophysics in the wtGFP chromophore. Figure: courtesy of Dr.
Ali Kaan Kalkan (Functional Nanomaterials Laboratory, Oklahoma Staiteetsity).

thought to be an unrelaxed from of B with a lower degree of H-bond stabitiztthe phenol
oxygen [5, 6, 11, 33-36]. Finally, the absorption peak correspondirgltad found at 490 nm

[39, 40]. So far discussed photo-physics is summarized in Figure 11.5.

11.3. Surface Enhanced Raman Scattering (SERS)

C. V. Raman discovered the Raman effect in 1928 [51]. The theory behiadfd¢is
was first postulated by Smekal in 1923 [52]. The Raman effect isticedaattering of photons
due to their interaction with the vibronic states where a vibrationaltgemeis excited (Stokes
Raman scattering) or annihilated (Anti- Stokes Raman scatteFirgg€ 11.6) [51-55]. In recent
years Raman spectroscopy has attracted a significant inteteststudy of bio-molecules

because it provides a great deal of information about moleculatuse. However, Raman

12



spectroscopy is limited to high concentrations of analyte due to snmalrReross sections of the
molecules which are on the order of*font [53-55]. On the other hand, fluorescent
spectroscopy exploits fluorescence cross sections on the ordél off(63-55]. Fortunately
however, in 1977, it was observed by Fleishragal that the Raman scattering could be
dramatically enhanced when molecules are adsorbed on rough metallicss[6@jc&his effect

is known as surface enhanced Raman spectroscopy (SERS) and can accotihfiofior 10

enhancement of the Raman signal, enabling detection down to single mo&8t28s 53-55,

61-68].
A
Excitation Rayleigh Stokes Anti-stokes
Energy scattering Raman Raman
scattering scattering
IR
Absorbance T A

Figurell.6. Energy level diagram demonstrating Raman scattering. Thickhéses indicates
the signal strength of different mechanisms of scattering.
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The origin of the SERS effect has been attributed to two mechanisms. Tie maj
contribution to SERS is known as the electromagnetic enhancement (EM) rsechanli it
involves concentration of the incident and scattered field in proximityetdlmanostructures
[18-20, 53-55, 62, 70]. The field concentration, in turn, is caused by excitation oftoggilla
dipoles in the metal nanostructures. The oscillating dipole is dregtm-phase coupling of the
free electron gas of the metal nanostructure to the incident fieldtomcharacteristic size of the
metal is significantly smaller (i.e., 20 times or smaller) than thesleagth of the incident
radiation. These collective (in-phase) oscillations of therelestare known agptasmon
resonances’18, 19, 61, 62]. Increases in the intensity of Raman signal have beenlyegular
observed on the order of 200° for single particles, and can be as high dsaha 16* for

aggregates of nanoparticles [18-20, 53-55, 61-68].

The second contributor to the SERS effect is known as chemical enhancement, or
“Charge Transfer Model” (CT) [18-20, 53-55, 63, 69]. As Raman scatteriray&med by the
relation, (&) (where, E = amplitude of the electric field an¢ molecular polarizability), then
SERS must involve an increase in either or both of the terms k& [a8e20, 52-55, 61-68] The
EM theory addresses the enhancement of the electric field (E) @pakps that observed
enhancement is due to surface plasmons. On the other hand, CT model is condbrited wi
enhancement of the molecular polarizability §ndis based on the principle that an adsorbed
molecule can, under specific conditions, interact with a metal surfacehraswvay that there is a
large increase in molecular polarizability. Howewbe existence of a CT enhancement is itself
not in doubt, the level to which it contributes to SERS signal is stithther of debatéOne
common feature between these two theories is that both requireestoteghness for spectral
enhancement to ocClBERS is observed primarily for analytes that adsorb on mintage (Au, Ag
Cu) or alkali (Li, Na, K) metal surfaces, with the excitation wemgth near or in the visible

region.
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In 1997, Nieet al. demonstrated SM-SERS for the first time from rhodamine 6G (R6G)
molecules and showed that a very small number of nanoparticles exhihitiliyixggh
enhancement efficiencies [20]. These particles emitting brigiit (Stokes-shifted) towards the
longer wavelengths were termed as “hot particles” byeled. [20]. However, to screen these
hot particles Nieet al.followed an extensive approach. They prepared Ag colloid solutioneby t
procedure followed by Leet al.[102]. Unfortunately, the citrate ions adsorbed on the Ag
nanoparticles in this procedure hinder analyte adsorption. As a remeat,dliincubated an
aliquot of the colloid with R6G molecules for an extended period of time (~ 3)laiusom
temperature. Subsequently, the analyte adsorbed Ag particlesweobilized on polylysine-
coated glass surfaces prior to the SERS. Finally, this turngd bata lengthy preparation
procedure and it has to be repeated for every different analypdesatinough this discovery by
Nie et al.implicated the possibility of trace level detection, howeves, tduts extensive
preparation procedure this technique has found only a limited use sifice dlemonstration. In
this present thesis work a unique approach of SM-SERS has been aduptétkeftechnique
demonstrated by Kalkaet al.[14, 15] and further modified by the author. This specific technique
was found to be more efficient than the approach followed bytNaé& [20], as the preparation of
the SERS experiment in this method was less time consuming and &raighd. Detailed

discussion on the experimental protocols followed in this work is provided in&HHpt
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CHAPTERI 11

EXPERIMENTAL DETAILS

111.1. Outline

This Chapter provides the details of the measurement conditionsaadqgis that are
employed in the detection of single GFP molecules. It also disclosestesipres of

“nanometal-on-semiconductor” substrate fabrication.

111.2. Semiconductor Thin Film Deposition

The “nanometal-on-semiconductor” SERS substrates employed in the phesentork
consist of monolayers of Ag nanopatrticles chemically reduced on thin germgémgriL4, 15].
The Ge film not only immobilizes the nanoparticles, but it also servibe asducing agent
during the synthesis of nanoparticles. The reducer germanium thin filresiegosited on 2" x
1" Corning 1737 code glass slides. An extensive cleaning protocol was follovieg! ither
preparation of thin films to get rid of all foreign particles as welbaganic residues from the
glass surface. Glass slides were immersed in a 50% IPA (isoptoplybB solution (125 ml of
DI water + 125 ml of 99% IPA) and a brush was used to scrub off orgardaessind particles.
Subsequently, ultrasonication of the glass substrate in 50% IPA solutionmwed oat at a
temperature of 70° C for 10 minutes. Glass slides were then rindetbirized (DI) water under
ultrasonication at 70° C for 5 minutes to remove all IPA residues. takarg the glass slides out
of the ultrasonicator, they were blow dried with nitrogen/argon gas. Theedeslides were then
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put on a hot plate at a temperature of 150° C for 15 minutes to desorb theenoist

AC Source «— /\D | Small Tungsten Basket
? Ge Pellets
e
[ ]

®

¢ * Ge Vapor
®

[ ]
® ®
Shutter Closed > ° ° Shutter Open
®
Crystal Thickness Monitor «—] Glass Sub
ass Substrate

Figurelll.l. Schematic of physical vapor deposition (PVD) system employed to ddposit t
semiconductor films.

A Cressington 208 Physical Vapor Deposition (PVD) system wasogagbto deposit
thin Ge films on the cleaned glass slides. Figure Ill.1 shows the atihsrof the PVD process.
As shown in the diagram, small pellets of germanium were placed insitengsten basket and
the glass slide was positioned on the deposition stage. A turbo pump baeketkblyanical
pump was used to create a vacuum with a base pressure of’4nbadinside the chamber.
Germanium pellets were melted by the resistance heating in the tubgsteet as the electric
current adjustably increased through it. Crystal thickness monitorevés zero before starting
the deposition (shutter closed). After setting the density for Ge (5.88)dhe rate of deposition

was set to a pre-decided value of 2.5 A/s by adjusting the curremg#ssiugh the basket.
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Then, the shutter was opened to start deposition of the germanium fitvim #irh of 4.5 nm was
thus coated in approximately 18 seconds after which the shutter was ahukeurrent was set to
zero. Subsequently, the chamber was allowed to cool down under vacuum for 15 miit before

was vented and the sample was removed.

111.3. Nanoparticle Reduction

Once the 4.5 nm thick Ge film was deposited, it was immersed in 0.002 MAgNO
solution for 20 to 25 seconds to reduce Ag nanoparticles. A schematic efittotion process

employed to prepare these SERS substrates is shown in the Figure III.2.

> AgNO; Solution

Ag Nanoparticle
Ge Film

Glass Substrate

Figurelll.2. lllustration of the silver nanoparticle reduction process on Gdilim# for the
preparation of SERS active substrates

111.4. Acquisition of SM-SERS Spectra of wtGFP

SM-SERS measurements were performed with WiTec alpha300R syst88 nm
Nd:YAG (neodymium-doped yttrium aluminium garnet;NgAY;O;,) laser was used as an
excitation source. A grating of 600 g/mm was employed. In a typical BREScquisition, a 1

uL aliquot of 1x10°M WtGFP was spotted on a SERS substrate. Then the substrate weés seale
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inside a spectrophotometer cell (Starna cell; 12.5x3.5x4%.rimaide the cell, the aqueous

aliquot reaches thermodynamic equilibrium with water vapor quickly and st routedry.

An objective lens of 20x was employed for excitation as well as calteofithe signal.
It was focused at the aliquot-substrate interface (i.e., Ag hanopartlchsgy spot size was fixed
around 5um. Two different incident powers of 1W and 70QuW were employed. The signal
integration time was set to 50 and 100 ms for high (X0 and low (10QuW) excitation power,

respectively. Graphical illustration of the SERS acquisitionasvshin Figure Il1.3.

Glass Spectrophotometer Cell <
g—> Laser

SERS Substrate

Wet Wipe <——\

Figurelll.3. Schematics of the SM-SERS acquisition.

Ensemble averaged SERS scans were performed using a Renishaw RMs1€0 sy
equipped with a CCD detector. For these measurements, a 514ion faser (Spectra-Physics
160 series) was employed to excite SERS. Measurements were carniéth@i20% defocusing
of the laser probe to reduce photo-bleaching while keeping the spot size 20qumdA 1 uL
aliquot of 1.0 x 10 M wtGFP was spotted on the SERS substrate and a 20x objective lens with a
numerical aperture of 0.4 was focused at the aliquot— substrate iatetfide conducting the
SERS measurements. Three different laser intensities (3.4. 5.5 and 7.5 ne/éwadoyed for
ensemble average measurements. The signal integration time wag®st A grating of 1800

I/mm was used and centered at 1350'cm
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CHAPTER IV

RESULTSAND DISCUSSIONS

1V.1. Outline

The present Chapter discloses and analyzes the time series SERSEPBFP single
molecules. Under 532 nm laser excitation, a minimum of 4 conformationa sfate GFP
chromophore are observed as trans/cis and protonated/deprotonated conshirfatong these
4 states, the transitions occur in between certain pairs of statel,liwbiip in a cyclic pattern.
Further, population of the 4 states and the probability of transitions (b&nption«>
deprotonation and cis> trans) between them are investigated as a function of laserityitens
Particular transitions are found to be more frequent leading to inoggaspulation of certain
states. This effect is pronounced with increasing laser intendlityesdilts are summarized in

the form of histograms at the end of the Chapter.

1V.2. Capturing SM-SERS spectr a of GFP molecules

Aliquots of 1 x 10 M GFP were spotted on the SERS substrate and excited with the 532
nm Nd:YAGIaser at two different incident powers of 100 and 7M. A 20x lens with a
numerical aperture of 0.4 was focused at the aliquot-substrate ietarfddhe laser spot size was
set to around om. Subsequently, time series SERS spectra were collected with aatioteg

time of 50 or 100 ms. While capturing the SERS spectra, sudden appearararg afnsl narrow
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peaks on the weak spectral background were observed once every 30 secondseragie
These temporal spectra with well resolved narrow peaks are refetréanaps”, which generally

sustain less than a second. These spectral jumps are attributefde@$P molecule diffusing

Intensity (a.u.)

T T T T T T T 1
600 750 900 1050 1200 1350 1500 1650 1800

-1
Raman Shift / cm

FigurelV.l. Time series SERS spectra demonstrating a single GFP molecule ju@tpras
intervals.
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in/out of the high SERS enhancement factor sites on “nanometal-oreselnitor” substrates.
Such high SERS enhancement factor sites on the substrate involve coiceotrat
electromagnetic fields (as discussed earlier in the backgrountechapproximity of metal
nanostructures, are typically known as “hotspots” [18-21]. Seveed bf evidence indicate that
the aforementioned spectral jumps arise from single GFP molecdislehad at the hotspots as
discussed below. A representative single GFP SERS jump is shown in Figuie t&ms of

time series spectra at 100 ms intervals.

1V.2.1. Minor temporal fluctuationsin peak wavenumbers

When a spectral jump as in Figure IV.1 is analyzed, the SERS peaks aredlserv
undergo temporal and random wavenumber shifts. These spectral fluctuationgitisin £5
cmi' in consecutive spectra as exhibited by the spectral jump of Figure Th@aninor temporal

fluctuations are considered as an evidence of capturing single GFRil@slec

When a GFP molecule adsorbs to a Ag nanopatrticle surface, it has a degiae of
translational and rotational freedom due to the weak adsorption. Sthietesl, however not
completely inhibited freedom of GFP leads to a slowed-down motion of the netatthe Ag
surface. This motion of the GFP, induces alternating stressespapatsel structure and thereby
creates slight alteration in bond lengths and angles of the chromophoredhediderel. The
consequence is minor frequency fluctuations of +5.cBuch small temporal fluctuations in
peaks frequencies were reported in earlier for SM-SERS works anededs typical

characteristics of single molecule SERS [18-21, 71-76].

1V.2.2. Relative intensity fluctuations of the peaks

Time series SERS spectra of GFP as discussed above alsaetatesd intensity
fluctuations of the Raman peaks during a jump as seen in Figure IV.2b. WinidgeaGFP
molecule radiates detectible SERS signal in a hotspot, it may adgbdbAg surface in a variety
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FigurelV.2. Time series SERS spectra of a single GFP molecule (1250 - 140@wge of
Figure 1V.1) exhibiting(a) random frequency fluctuationé) relative intensity fluctuations of

the peaks. Arrows indicate (a) relative spectral shifts and I@i)vesintensity fluctuations with
respect to the previous scan.
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of orientations. The surface-enhanced field is normal to the Ag suffaee&SERS intensity for a
vibrational mode depends on how well the corresponding Raman transition méigrentvéth
the enhance-field. Accordingly, if the transition moment is normal to tifi@cgutoo, then the
intensity of the SERS peak is maximized. In turn, the direction of Ramesititpa moment
depends on the orientation of the molecule. Further, different vibratimydgs have transition
moments in different directions. Hence, a particular orientation of thecoielcan maximize
some Raman peaks, while subdue others. As a result, rotation of the GFP ofaégjisur
expected to yield temporal variations in the ratio of peak intenditiesy EA measurement such
variations are averaged out yielding a stable spectrum. Howevsmdbe molecules, the
absence of averaging reveals such heterogeneity. Hence, relang&tinfluctuations in SERS

can be considered as an evidence for single molecules.

1V.2.3. Structural transitions

Time series SERS spectra of single GFP molecules also rede@insdisappearance of
certain peaks with concomitant appearance of new peaks (Figure V.3, $§pactt®). Because
a GFP molecule can stand in a single conformation at a time, such spwntigé< indicate
certain structural transitions between distinct forms of a single Gfi€toe chromophore.
Unlike, the minor temporal frequency shifts, the shifts discussedaheiia the range of at least
+15 cni'. Further, they are persistent for a longer period of time. As illudttatéigure 1V.3,
the sudden frequency shift between spectra 6 and 8 (from 156 B30 crit) suggests such a
transition of a GFP chromophore (here protonatetkprotonated) [16]. More detailed discussion
on different forms of GFP and transitions between the forms will be provitdriahis
Chapter. Observing such individual molecular activity in consecutivesS3eRns also holds
strong evidence of capturing single GFP molecules. On the other hand, inadSAreraent such
transitions cannot be resolved and mutually exclusive peaks appear tayetherthe co-

existence of populations of different forms.
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FigurelV.3. Time series SERS spectra of a single GFP molecule illuststingtural
transitionsi(a) 600-1800 crit; (b) 1500 -1600 crh (magnified).
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However, in few spectra of Figure IV.3, Raman peaks defining two diffesensfof the
chromophore are found simultaneously (Figure IV.3 spectra 6), which suggesirsi
transition of the chromophore between two different forms (i.e., here ptetbsdeprotonated)

during that particular time interval [16].

1V.2.4. Elimination of heter ogeneous broadening

As seen from the Figure V.4, our captured single molecule SERS speGi& afxhibit
sharper and narrower peaks in comparison to the spectrum captured from dresasenaged
SERS measurement, which can be considered as yet another evidenceriofgcsiptyle GFP
molecules. As discussed in Section IV.2.1, a GFP molecule at a certaiméor also exhibit
small variations in Raman peak positions wit in +5'@s a result of its changing adsorption
configurations. In an ensemble-averaged measurement, the signabigeavigEom a large
number of molecules. Consequently, such diversity of peak positions isedenstgand thereby,
heterogeneous broadening in the spectrum is found. On the other hand, heterogeneolsdroaden
exceedingly unlikely in case of single molecule SERS spectrum, as candssl ricim Figure

IV.4.
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FigurelV.4. Ensemble-averaged SERS (EA-SERS) vs single molecule SERSuspésivi-
SERS) of GFP. The captured molecules in SM-SERS are exhibitingrRa@aks primarily
characterizinda) deprotonated form an) protonated form of the GFP chromophore.
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1VV.3. Observing 4 different states

As reported in the literature so far, vibrational mode assignments of GéRaghore
are based on the ensemble-averaged Raman measurements on HBDbx§denzylidene-2, 3-
dimethyl-imidazolinone) and HBMIA (ethyl 4-(4-hydroxyphenyl) metheylideraethyl-5-
oxoimidazolacetate), synthetic analogs of the GFP chromophore [50, 803ofthis Raman
measurement on wtGFP is very difficult as its optical excitatidharvisible yields a strong
fluorescence even far from the resonance [5, 6, 10]. The strong basdtiaeignal makes it
very difficult to resolve the Raman peaks. Therefore to avoid suctutlyf researchers adopted
nonfluorescent HBDI and HBMIA for ensemble-averaged Raman measuremenesdtiotive
fluorescence is quenched in SERS due to GFP to silver nanopatrticle eapsfigrtf18-20]. In
the absence of fluorescence, the vibrational modes can be clealydesn this present thesis
work, to verify the consistency of our results, we performed ensemhiagedeSERS (EA-
SERS) measurement on wtGFP at three different laser powers (i.e., 3.4 3.5 eaw) (Figure
IV.5). Our EA-SERS spectrum of wtGFP agrees well with the Ramatrspeof wtGFP, EGFP
(enhanced green fluorescent protein), HBDI and HBMIA with in a deviatf +5 cn' [16, 50,
83-86]. However, few differences were found (Table IV.1). A summary of brational
markers assignments for the protonated/ deprotonated and cis/tras®fdBfP and related
proteins/chomophores (i.e., wtGFP, RFP, EGFP, HBDI, HBMIA etc) is cothipilthe Table

IV.1.

In 2003, Habuchét al. reported ensemble-averaged Raman spectrum of neutral (i.e., at
pH 5.0) and anionic (i.e., at pH 7.4) forms of EGFP and assigned the vibrationgriimtgefor
the protonated/deprotonated forms of the EGFP chromophore [16]. They attriteutmehks
around 1560 cihand 1530 ci to the ‘protonated” and “deprotonated” form of the
chromophore, respectively, based on the isotopic labeling and normal-modesamald8DI by

Heet al[16, 50, 80]. Both bands have been ascribed to the delocalized imidazoérongelic
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C=C stretching mode of the chromophore. This mode is dominated by stretchingCef\the
double bond of the imidazoline ring and stretching of the C=C double bond linkingahmgs
and referred to as the “C=N stretch” [16, 50, 80]. Our EA-SERS speatnaftGFP reveal two
peaks at 1562 c(protonated) and 1531 éndeprotonated), which show excellent consistency

with the assignments made by Habuehal.

@ 1346
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FigurelV.5. Ensemble-averaged SERS spectra of 1 XM@tGFP acquired under 514 nm
excitation at: &) 7.5 mW,; p) 5.5 mW; and¢) 3.4 mW excitation.
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TablelV.1. Vibrational (Raman) markers of conformational states for fhlé Gromophore and

its analogs

Group Analyte Acquisition Raman markers (cm™)

conditions
protonatei | deprotonate cis tran

Heet al. HBDI Raman 1567 1234 | 1287
[80] (752 nm) 1556 1533 1246
Habuchiet al. EGFP SM-SERS 1562 1524 1259 | 1281
[16] (488 nm)
Habuchiet al. EGFF Ramai 155¢ 15z 1254
[16] (647 nm
Looset al. eqF61. Ramal 15621 152¢° 125¢ 128
[81] (752 nm)
Looset al. DsRe( Ramal 156¢ 150< 1267
[81] (752 nm)
Luin et al. GFP (Y66 Ramal 156 151 127¢ | 129C°
[99] (514.5 nm)
Bell et al. HBMIA Ramal 1567 152¢€ 125% | 128(°
[50] (752 nm) 1556 1538 1265
Bell et al. WtGFP Raman 1566 1539 1244 | 1278
[101] (752 nm)
Bell et al. WtGFF Ramal 156¢ 153¢ 124¢ | 128:
[101] (752 nm) 1562 1542 1259

Gray: Inferred from the authors data and assigned by us

& Data obtained from neutral form of chromophorpht5.5. “trans” peak agrees with Loesal. Peak at
1234 cni found to be the closest of the “cis” (1260 Yrpeak suggested by Loesal.

® Data obtained from anionic form of chromophoreldt14.

¢ Bands found to be consistent with cis/trans marksrsuggested by Loetal.

4 Bands found to be consistent with protonation/depration markers as suggested by Habathi.

¢ Data obtained from neutral form of chromophorptat4.5. “cis” and “trans” bands agree with Lazisal.
" Data obtained from anionic form of chromophoreHt11.20. “cis” band agrees with Loesal.

9Data obtained after Hg arc lamp (254 nm) irradiafiar 90 min.

Later in 2006, Loost al. suggested vibrational fingerprints for thes® and ‘trans’
forms of the red fluorescent protein (RFP) chromophore, based on the Ractamspé RFP
variants (i.e., eqFP611 and DsRed) from the sea anefrdaemaea quadricoldil].
Chromophore of these red fluorescent proteins contains an extexdegligated system;
however, the remaining chemical structure is identical to the chron®phtre WiGFP. X-ray
crystallographic studies confirm the chromophore of eqFP611and DsRecdta beplanar
“trans” and coplanar “cis” configuration, respectively. Upon irradiat&82(nm), variant

egFP611 undergoes a permanent trans to cis isomerization. Consedemty, spectrum of
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egFP611 becomes identical to the Raman spectrum of DsRed through a spectrairsthiZ81

cm* to 1263 crit. Hence, Loo®t al. attributed the peaks at around 1260'@nd 1280 ciito

the “cis’ and “trans’ form of the red fluorescent protein chromophore, respectively [81, 82]. Our
EA-SERS data from wtGFP indicate peaks at around 1256ah 1281 cif, which agree well

with the cis/trans assignments on RFP chromophore byétamsAlthough RFP is a different
protein than GFP, due to significant similarity between the chemicatgte of GFP and RFP
chromophore, we adopted theses™ and “trans’ markers of RFP chromophore for GFP

chromophore.

More recently, Luiret al.reported Raman spectra of cis and trans forms of GFP(Y66), a
synthetic analogue of GFP chromophore and suggested possible vibrational foadisfsans
forms of the GFP chromophore [99, 100]. Unfortunately, their suggested vilalatiodes are
not found to be consistent with our spectra. However, as inferred frondétajra shift of
vibrational mode at 1270 c¢hio 1290 crit is noticed for cis to trans form of the chromophore.
Although Luinet al.didn't comment on this spectral shift, this observation (by the aottibe
present thesis) is consistent with the vibrational mode assignmadésby Loot al. (i.e., cis

marker at 1260 cthand trans marker at 1280 199, 100]

Based upon the Raman peaks assignments discussed above, it is appareRt tiaat & F
least four different conformational states as the combinations @fnatatn/deprotonation and
cis/trans forms (i.e., cis/protonated, cis/deprotonated, transfiated and trans/deprotonated). It
is well established that cis/protonated and cis/deprotonated formsadfrtraophore attributes to
the A and B state of GFP, respectively [16, 50, 80]. However, reports otmehg”version of
the chromophore are still limited and also controversial. In 2003, Nif@didemonstrated the
existence a nonfluorescent dark state, whose optical absorpabhigher energies than state A
and B [91]. They claimed this state to be the trans and neutral folra ohtomophore and

termed it as the C state [91-93]. However, no real evidence afritgptrans/deprotonated form
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of the chromophore was reported earlier. In the present work, forghérfie, we provide
evidence of capturing such a state with trans/deprotonated configurati@nabfromophore. For
consistency with the present nomenclature, we named this state (is#depaiatonated) of the

chromophore as the D state.

Table IV.2 shows the primary markers that identify diffei@riformational states of
GFP chromophore. In addition, Figure IV.6 illustrates SM-SERS speggttared from single
GFP molecules at 4 different conformational states au¥@@xcitation: {) A state €is &
protonated; (ii) B state ¢is & deprotonatey (iii) C statetfans & protonategiand (v) D state

(trans & deprotonated

TablelV.2. Vibrational (Raman) markers adopted in the present thesis wotkdoacterizing
the 4 different conformational states of GFP chromophore.

protonated deprotonated
(1560 cm™1) (1530 cm)
cis
(1260 cm™) A state B state
trans
(1280 cm) C state D state
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FigurelV.6. SM-SERS spectra captured from individual wtGFP moleculegtrihting(a) A
state (b) B state(c) C state andd) D state. The corresponding chromophore structures are
depicted by ball-stick models.
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1V.4. Observing transitions between the states

As discussed earlier in Section 1V.2.3, time series SERS measuremeingy®GsP
molecules reveal certain structural transitions between clistirms of its chromophore.
Accordingly, we observed transitions between 4 chromophore states (A, B,BCstatg) under
two different laser excitations (i.e., 100 and 700). Among 4 states of the GFP chromophore,
transitions involved between certain pair of states (i.e:BAB—D, D—C and G-A), which

line up in cyclic pattern as represented in Figure IV.7.

FigurelV.7. Transitions involved with A, B, C and D states of GFP chromophore corresponding
to the protonated/deprotonated and cis/trans forms.
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1V.4.1. Transitions observed at 100 pW laser excitation

The time evolution of SERS spectra of a single GFP molecule adsorthednatspot is
shown in the Figure IV.8. Consecutive SERS scans reveal transitiiresrmblecule between A
and B states through protonatiexdeprotonation. Initially, molecule was captured in the B state
as confirmed by the cis (1266 ¢jrand deprotonated (1526 ¢jrpeaks on the spectrum 2. An
important observation within the series of spectra is the sudden frgeaefidrom 1526 cril to
1565 cnit between spectra 3 and 4. This shift in the peak position has beleuntedttio the
transition of the GFP chromophore from deprotonated to protonated formbogtat al[16].
However, as this specific GFP molecule’s chromophore stays in the disafpE266 crif)
configuration throughout the transition period, it confirms molecule’s e¢eimorefrom the B
(cis/deprotonated) to A (cis/protonated) state. An opposite tr@msstobserved between the
spectra 6 and 7, where the peak at 156% (pmotonated) shifts to 1526 ¢rtdeprotonated),
consequently indicating GFP molecule’s transition from A to B skhtee evidence of

transitions between the states A and B are exemplified iRiguee 1V.9.

Interestingly, similar kinds of transitions were also observethimtrans state of the GFP
chromophore, namely C and D state. Time series SERS spectra in tleelFig0rillustrates
GFP molecule’s transition from the D to C state. In this particalse, cGFP molecule was
captured in the D state which is confirmed by the trans (128$ anul deprotonated (1526 ¢jn
peaks in the spectrum 2. Consecutive SERS scans reveal suddeal shétfrom 1526 ci
(deprotonated) to 1565 chfprotonated) between spectra 4 and 5, which confirms GFP
molecule’s transition from D (trans/ deprotonated) to C (trans/pr@dnstate. Moreover, the
spectral series depicted in the Figure IV.11 clearly display thesibility of the transformation
between these two states (i.e»D). Further evidence of transitions between the states C and D

are represented in the Figure 1V.12.
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So far discussed transitions (i.egB and @D) are based on the
protonatioffdeprotonation of the GFP chromophore. Previously, Halricki observed these
sorts of transitions for the EGFP chromophore at single molecule 18jeHowever, they didn't
distinguish between the cis/trans forms of the EGFP chromophore. In an additios present
thesis work, we also observed conversions between the cistirarsdf the GFP chromophore,

which involves transitions of the molecules betwe&t€And BZD states.

Time series SERS spectra illustrated in the Figure IV.13 reveal transitions between
the states A and C of the GFP chromophore. Here molecule was captured in the C state as
confirmed by the trans (1286 &jnand protonated (1561 ¢hnpeaks in the spectrum 2. Spectral
shift is noticed form 1286 chmto 1268 crit between spectra 3 and 4, which indicates tregis
isomerization of the GFP chromophore, while staying in the protonated forme Hbisc
particular shift in the wavenumber (i.e., from 1286'am 1268 crit) indicates conversion of the
molecule from C (trans/ protonated) to A (cis/protonated) statehdfudpectra also display the
reversibility of the conversion (i.e.,-AC) between the two states between spectra 17 and 18.

Few more evidences of similar conversions are exemplified inigueeAV.14.

Moreover, transitions between the states B and D of the GFP chromeydreralso
observed as illustrated in the Figure 1V.15. Time series SER8&&gbow molecule was
captured in the B state (cis/ deprotonated) and eventually iedeahvinto the D state (trans/
deprotonated) under laser excitation. Spectral shift from 126&@rt285 crit between spectra
2 and 3 indicates cistrans isomerization of this particular GFP molecule, while holding the
deprotonated configuration. Reversibility of this transition alas observed for a different GFP

molecule and reported in the Figure 1V.16.
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FigurelV.8. Time series SERS spectra of a single GFP molecule at\d@ser excitation
(100 ms integration time). Molecule captured in the B state épsétbnated) and converts into

the A state (cis/protonated).
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FigurelV.9. Time series SERS spectra illustrating transitions betweestates A and B of
individual GFP molecules (100 ms integration time, fi@0laser intensity).
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FigurelV.10. Time series SERS spectra of a single GFP molecule at\ld@ser excitation
(100 ms integration time). Molecule captured in the D state (transtdepted) and converts into
the C state (trans/protonated).
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FigurelV.11. Time series SERS spectra of a single GFP molecule gt\Wd&@ser excitation
(100 ms integration time). Graph shows transitions between thenS/gratonated) and D
(trans/deprotonated) state of the GFP chromophore.
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FigurelV.12. Time series SERS spectra illustrating transitions bettveestates C and D of
individual GFP molecules (100 ms integration time, fi@0laser intensity).
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FigurelV.13. Time series SERS spectra of a single GFP molecule at\ld@ser excitation
(100 ms integration time). Graph shows transitions between thar@/firotonated) and A

(cis/protonated) state of the chromophore.
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FigurelV.14. Time series SERS spectra illustrating transitions bettyeestates C and A of
individual GFP molecules (100 ms integration time, fi@0laser intensity).
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FigurelV.15. Time series SERS spectra of a single GFP molecule at\ld@ser excitation
(100 ms integration time). Molecule captured in the B state (pisitinated) and converts into
the D state (trans/deprotonated).
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FigurelV.16. Time series SERS spectra illustrating transitions betweestates B and D of
individual GFP molecules (100 ms integration time, f{@0laser intensity).
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1V.4.2. Transitions observed at 700 pW laser excitation

We captured another set of time series SERS spectra frora &R§ molecules while
changing the laser power to 709/ and acquisition time to 50 ms. Interestingly, frequency of
capturing single molecule jumps in the SERS scans increaseaghat tdser excitation. Time
series SERS spectra obtained under high laser excitatiom{V&how similar transition
patterns (i.e., A&B, B&~D, D—C and G-A) of GFP chromophore as observed under lower laser
excitation (10QuW). However, frequency of capturing transitions between the sibtbe GFP

chromophore increased significantly at higher laser power.

Time series SERS spectra of single GFP moleculegétestin the Figure IV.17 show
evidence of transitions between the state B (cis/deprotonated) ai&lpkdtonated) of the GFP
chromophore at elevated laser excitation ({00 . As discussed earlier in the previous section,
transitions between these two states are based on protd@itmotonation of the GFP
chromophore while holding the cis configuration. A spectral shift from 1560terh530 crit
indicates deprotonation of the GFP chromophore and the opposite (i.e., to 1530660 cni)
addresses protonation of the chromophore. In case of the transitions betwstateth€
(trans/protonated) and D (trans/deprotonated), it involves similar &incsnversions (i.e.,
protonatioffideprotonation), however, GFP chromophore stays in the trans form. Tinge serie
SERS spectra illustrated in the Figure IV.18a reveal transitietvgeen the C (trans/protonated)
state and the D (trans/deprotonated) state of the GFP chromophoeeulalias captured
initially in the C state as suggested by the peaks at around 128@rans) and 1562 cm
(prototnated). A sudden frequency shift from 1562 ¢protonated) to 1523 chdeprotonated)
between spectra 4 and 5 confirms molecule’s transition to thed $tatther, peak shift from
1523 cnit (deprotonated) to 1562 chfprotonated) between spectra 6 and 7 exemplifies the

reversibility of the transition (i.e.,-BC) of the GFP chromophore.
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In previous Section it's been observed that specific transitions bethestates (i.e.,
BEID and AZC) of GFP molecule involve didrans isomerization of the chromophore. At higher
laser excitation we observed similar transitions, however, alittleore frequently. Time series
SERS spectra of a single GFP molecule depicted in the Figure IMuSeates transitions
between the states C and A of the GFP chromophore. Sudden shift in the peak fpositi86
cm’* (trans) to 1268 cif(cis), while holding the protonated form (as confirmed by the peak at
around 1561 cif) indicates conversion of the GFP chromophore from the C state to the A state
between spectra 3 and 4. Further, molecule hits back to its origiraeQater on, as can be
noticed from the spectral shift from 1268 tio 1286 crit between spectra 6 and 7. Similar
transitions are shown in the Figure 1V.19. Moreover, transitiongdagt the states B
(cis/deprotonated) and D (trans/deprotonated) of the GFP chromophore thsfiigdine

isomerization were also observed at b0 laser excitation and illustrated in the Figure 1V.20.

Therefore, time series SERS scans of single GFP molecules obtathedpresent thesis
work, provide significant evidence of transitions between the 4 coatwnal states (i.e., A, B,
C and D) through protonatiemdeprotonation and cistrans isomerization. Although Habuddti
al. demonstrated conversions between the protonated and the deprotonatedtiierB&FP
molecule’s chromophore by SM-SERS [16], no real evidence of tramsitietween distinct GFP
chromophore states (i.e.FIBEIDECRAA) has been published yet. Here, in this present thesis
work, for the first time, we provide significant evidence of such G&Braophore transitions by

our unique single molecule SERS approach.
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FigurelV.17. Time series SERS spectra illustrating transitions betweestates B and A of
individual GFP molecules (50 ms integration time, @0 laser intensity).
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FigurelV.18. Time series SERS spectra illustrating transitions bettreestates D and C of
individual GFP molecules (50 ms integration time, A0 laser intensity).
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FigurelV.19. Time series SERS spectra illustrating transitions betteestates A and C of
individual GFP molecules (50 ms integration time, A0 laser intensity).
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FigurelV.20. Time series SERS spectra illustrating transitions betweestdtes B and D of
individual GFP molecules (50 ms integration time, @0 laser intensity).
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1V.5. Statistical analysis

1VV.5.1. Population distribution

As reported so far in the literature, it is well established th@aFRtcan stay either in A
(cis/protonated) or B (cis/deprotonated) state and conversioedéetivese two states can take
place [5, 50, 80, 101]. On the other hand, there is no significant evidence @nthstates of the
wtGFP chromophore in the literature. Although in recent years seyrexgds reported on the
neutral trans form (C state) of the synthetic GFP chromophores (i.el,&805FP (Y66)) [91,
99, 100], mystery about the as suggested trans state is still very masblued for the wtGFP
chromophore. In this present thesis work, for the first time we olzbpresence of a state with
trans/protonated configuration of the wtGFP chromophore at singleuh®level which agrees
well with the as suggested C state by Nittsal.for HBDI [91]. Moreover, our SM-SERS data
confirms presence of one more state with trans/deprotonated configusati@nnied D state by

the authors) of the chromophore, which was not reported earlier.

Histograms of population of the wtGFP chromophore states (A, B, C ané Bh@wn in
the Figure 1V.21 for two different laser excitations (100 andA®). More than one thousand
single molecule jumps were taken into consideration while plattiege histograms. Here the
registered states are those when single GFP molecules aradgst at the hotspots.
Interestingly, as can be seen from the Figure 1V.21, our data suggestsaigmifesence of all 4
chromophore states. Change in the population of states is observed wherddre laser power
is changed from 100W to 700uW. Comparison of the two histograms of the Figure 1V.21
indicates that the population of the states B and D is suppressgt &ddr excitation, which
consequently associates with a significant increase of the popubdthe C state. Histograms
plotted in the Figure V.22 illustrate the population of the GFP chromegiates at the onset of

the hotspot (black) and prior of leaving the hotspot (red) at two elifféaser powers (100 and
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FigurelV.21. Population of 4 conformational states of wiGFP at two differesatr lmtensities:
(a) 100uW; (b) 700uW.
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700uW). An immediate observation is the increase in the population ofdtes ¢t and C while
suppressing the population of the states B and D, respectively. For the mdsigarcrease in
the population of the protonated states (A and C) are caused by tlitiotrares the deprotonated
states through B-A and D—C as observed in the Section IV.5 under laser excitation while

residing at the hotspots.

1V.5.2. Transgition probabilities

Histograms plotted in the Figure IV.23 encapsulate all the transitaptured in the time
series SERS scans (exemplified in the Section IV. 4) of s{BEI® molecules at 100 and 708/
laser excitations. Histograms also demonstrate probability of ticavssbetween the 4 distinct
GFP chromophore states (i.e«#8, B—~D, D—C and G-»D), cis—trans isomerization and
protonatior~deprotonation. Data indicates exceedingly low transition prbtyabetween the
chromophore states, which is consistent with GFP chromophore’s utatuititysinside thep-
barrel structure (discussed earlier in the background chapter) [5, 6, @rEpWr, excitation of
the GFP chromophore at 532 nm is minimal as judged by the author of thsswhesifrom the
weak fluorescence at 508 nm. Nevertheless, transitions are not dggoienented as seen in the

Section IV. 4.

Comparing all the transition probabilities recorded in the hiatogr it reveals higher
probability of transitions from the states B and D into the states A atak€; respectively. It
indicates higher protonation affinity of the deprotonated statesidBD) of the GFP
chromophore under 532 nm excitation rather than the opposite (i.e., protesd¢protonation).
These particular transitions (i.e B\ and D—C) are found to be more probable at the higher
laser excitation (70QW). On the other hand, states A and C of the GFP chromophore are found

to be more stable under 532 nm laser excitation and transformation of tbesateg are rare.
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FigurelV.23. Histograms of transitions associated with the GFP chromophaoes atétvo
different laser powersaj 100uW; (b) 700uW.
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Interestingly, histograms also indicate low probability of transitiogtween the chromophore
states, which involves di¢rans isomerizations (i.e.,zZAC, BZD). This low frequency of
cis@trans isomerization is consistent with GFP chromophore’s rigid sttimlizinside the-
barrel structure. Indeed, inhibition of isomerization inside the bartstste impedes the non-
radiative thermalization pathways and makes GFP an efficient fluorofthsceissed earlier in

the background chapter).

Change in the probability of transitions between the distinct chromoplades st GFP
is observed when the incident laser power is altered fronn\d0@ 700uW. In particular, as
depicted in the Figure 1V.24, transition probability increases for all eeéddransitions
associated with the GFP chromophore, although signal integration timedveeed from 100 ms
to 50 ms. It suggests, even the excitation source was fixed at 532 nm, higheowassgprovides
higher rate of pumping of the GFP chromophore. Interestingly, specifsitioas of the GFP
chromophore states such as>B and D—C were found to be more probable at higher laser
excitation, leading to increasing population of the states A and C, riespedtigure IV.25
illustrates GFP chromophore cycle associated with the probabilitgreditions at two different

laser excitations.
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Every single SERS scan was considered as an event during probabilitateaic As we
registered four different states of GFP in this study, it suggestsrglg state can stay in its
original form or can perform a transition to any of the three remaining $tate state W can
convert into X, Y or Z state or stay as it is) during an event. As such we Uisedrfg

expression for probability calculations,

Probabilityw_x = Nw_x/ N (W)

Where,

N w_x = Number of transitions from “W” to “X”

N (W) = Total number of time steps starting with “W” state

= Nwow* Nwox + Nwoy + Nz

(Nw_w refers no transition of the molecule as such molecule staysante state. While,\.x,
Nw_y and Ny_z refer “number of transitions” of the molecule from W state to X, Y andfé st

respectively.)

92



CHAPTER YV

CONCLUSIONS

Using “nanometal-on-semiconductor” SERS substrates, the present wonleadheai
vibrational spectra of single wtGFP molecules under 532 nm lasertexcit@nce an aliquot of
10° M WtGFP is spotted on a SERS substrate and a Raman acquisition is steetes, and
well-resolved peaks are observed to appear and disappear repeatediyweakhackground.
These temporal “spectral jumps” are captured in every half a enamuthe average and sustain
for 1 s or less. Each jump is associated with a single GFP moleculerdjffutd a high SERS
enhancement factor site (i.e., a “hotspot”), residing it for 1 s or less, antually diffusing out
of it. The SERS is acquired in time series at continuous intes?&8 or 100 ms. Therefore, up
to ~20 single molecule spectra can be captured during a spectral jumplldWwan§ conclusions

are drawn from the results of the present thesis work.

1. The analysis of the time series single molecule spectra shawsisat transitions in the
chromophore of WtGFP. Typically, these transitions do not occur more thartianfesw
in a second under the Raman acquisition conditions employed in the present work.
Therefore, a single GFP molecule can be captured at a singleadefinformational
state in a 50 or 100 ms time interval. In other words, the “slowness” of the

conformational changes in the wtGFP chromophore is a fortunate case ghiecaus
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allows the present work to time-resolve the chromophore states aritidnaisy the
Raman spectrophotometer employed. In the time scale of conformationa¢shang
molecules, these structural changes observed for the GFP chromophaoieeptioeally

slow that is owed to its rigid stabilization inside flbarrel structure.

2. A minimum of 4 distinct conformational states of the wtGFP chromophore agevets
and assigned to cis/protonated (A), cis/deprotonated (B), trans/pextd@gtand

trans/deprotonated (D) forms of the chromophore.

3. Statistical analysis of the captured chromophore states reveaiargisthpresence of all
the 4 state populations including the trans (i.e., C and D) states. Instorgparts on the
trans states of the GFP chromophore are rare and also controvemsishortage of
evidence on the trans states in the literature is likely to hdveyléneir nonfluorescent
nature (i.e., also called “dark states”). They cannot be probed by fieaes
spectroscopy (time resolved and excitation fluorescence spectrgsebml) has been
used extensively to study the photophysics of WtGFP. Rather, the fluorescent
spectroscopy reveals only the fluorescent states of the chromophgue éinel B).
Second, the past investigations of GFP photophysics also employed opticaliabsorp
spectroscopy. Majority of these measurements were conducted at roormatenepand
revealed the bands peaking at 395 and 475 nm which are ascribed to protonated (A) a
deprotonated forms (B), respectively. On the other hand, when analyzedlyasafth
band is observed to exhibit a shoulder and be the convolution of two different bands.
However, these observations were not reported or discussed elsdetamne the

splitting in each band was interpreted as the cis and trans forms.
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4. Conformational changes occur in between certain pairs of states thap inex cyclic
pattern (i.e., A>B—D<CA). In other words, only the protonation state or
isomerization state of the chromophore changes per transition.

5. Conformational changes of the protonated chromophore states, A and C, are less freque
(i.e., A—~B, A—C, C—D and G-»A) compared to those of the deprotonated states, B and
D. This finding suggests that, the states A and C are more stablé¢hstates B and D
under 532 nm excitation. The higher transition probabilities for B and D aternelth
the occurrence of optical transitions for these states under 532 itatierc Although
the optical absorption band peaks at around 475 nm for these states, thesaisrable
absorption at 532 nm, thanks to the wide absorption tail. In contrast, the 532 nm
excitation is off-resonance with the electronic transitions in th@d\C states, whose
optical absorption bands peak around 395 nm. Consequently, A and C are essentially not
excited by 532 nm, whereas B and D are. Comparison of the population of states A, B, C
and D at the onset of residing and prior to leaving the hotspots also suggests
transition probabilities for B and D states, that accounts for populatcomalation at
the protonated states A and C, respectively. Further, this deduction isneahby the
calculation of the transition probabilities associated with the chromoptates.sAs
inferred from the transition probability calculations, specifingitons like B-~A and
D—C through protonation are found to be more probable thaB And G-D,
respectively, under 532 nm laser excitation, leading to an increasing popufatien o
states A and C. This situation is pronounced more at higher laser excitati

6. Frequency of capturing single GFP molecules during the time series SE&8rements
increases when the laser power is increased from 100 teWO0This finding is
attributed to optical tweezer effect at the hotspots due to high conmenththe
electromagnetic field. Additionally, higher laser intensity is found ¢oeiase all the
transition probabilities (i.e., #B, B&D, D—C, GoA).
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7. Transitions between the chromophore states involvinrgitans isomerization (i.e.,
A+C, B~D) are found to be less frequent compared to transitions involving
protonatior~deprotonation (i.e., AB, C—D). This result is consistent with GFP
chromophore’s rigid stabilization inside tRdvarrel structure. Although the transitions
A+B and G-D also require structural rearrangements, it is believed that the
isomerization transitions &C and B—D are impeded to a greater extend insideithe
barrel as they involve rotations. Indeed, inhibition of isomerization inkelbarrel
structure blocks the non-radiative thermalization pathways akdgtaFP an efficient

fluorophore.

8. Finally, a valid question is how the transitions are promoted by 532 nm iroadititis
likely that B—D occur by photoisomerization, but photoisomerization cannot drive
A—C, because A and C states do not absorb 532 nm photons (i.e., with the exception of
two-photon absorption). Further#AB, C—~D do not involve photoisomerization.
Therefore, the increased transition probabilities with higher lasardity are explained
by increased thermal energy, namely increased amplitude of vibratiodakmm the
chromophore. The increased amplitude of the vibrations has a higher dastabili
(perturbing) effect for transitions to occur [46]. The increabermal energy (vibrational
energy) of the chromophore under laser excitation occurs due to 3 mechanisms: 1) hea
generation in the nanoparticles with subsequent heat (phonon) transfer to the
chromophore; 2) non-radiative relaxation of the chromophore excited state where
relaxation occurs to vibronic states of the ground state (i.e., generation of pbonons
heat). This mechanism requires absorption of the 532 nm radiation; ®rm@shigher
vibronic states of the ground state (phonons) by Raman scattering (Std§e3sis

mechanism can be significant in the case of SERS.
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These results, thus, provide A framework for future investigatf GFP chromophore’s
structural dynamics using SM-SERS with high structural sensitivity saope for more insight

into the biophysics of this Nobel Prize winning protein.
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Green fluorescent protein (GFP) frakequorea victoriavon the Nobel Prize in
2008 for its revolutionary impact on bio-imaging. However, conformational sihtess
chromophore as well as transitions between them are not understood well. Using
“nanometal-on-semiconductor” SERS substrates, the present work acquires the
vibrational spectra of single GFP molecules under 532 nm laser excitation. Once an
aliquot of 10-9 M GFP is spotted on a SERS substrate and a Raman acquisition is started,
intense and well-resolved peaks are observed to appear and disappear repeatadly ov
weak background. These temporal “spectral jumps” are captured in everyrialite
on the average and sustain for 1 s or less. Each jump is associated with a single GFP
molecule diffusing into a high SERS enhancement factor site (i.e., a “hotspsiting
it for 1 s or less, and eventually diffusing out of it. The SERS is acquired in tirag aer
continuous intervals of 50-100 ms. A minimum of 4 conformational states of the GFP
chromophore were observed as cis/trans and protonated/deprotonated combinations.
Statistical analysis of the GFP populations at different states restgstantial presence
of all 4 states. Among the 4 states, the transitions occur in between certsiof gtéates
that line-up in a cyclic pattern. Further, as inferred from the calculatesitioa
probabilities, particular transitions become more probable under 532 nm excitation.
Consequently, this bias leads to the increased population of certain states that is

pronounced more with increasing laser intensity.
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