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The interaction of electromagnetic radiation and matter arouses a variety of

scientific interests. Spectroscopy, the study of detecting and analyzing changes

in light by light-matter interaction, has played a central role in the develop-

ment of quantum mechanics and is still being used for physical and chemical

analysis. Optical microscopy that spatially visualizes signals from light-matter

interaction provides direct information on the structure and chemical compo-

sition of objects. We can observe living species in situ noninvasively using an

optical spectrometer or microscope. During my Ph.D. course, I tried to solve

some biological and optoelectronic questions using optical techniques.

A far-field optical microscope cannot distinguish two objects in close prox-

imity because of the inherent diffraction limit of light. Recent developments

of super-resolution microscopy that overcome the diffraction limit by using the

photophysical properties of fluorophores enable us to observe small objects such

as organelles, proteins, and DNA in living cells. The precise location of intra-

cellular proteins was confirmed using a stimulated emission depletion (STED)

microscope, one of the super-resolution microscopes. Leucyl-tRNA synthetase

(LRS) plays a major role in providing leucine-tRNA and activating the mecha-

nistic target of rapamycin complex 1 (mTORC1) through intracellular leucine

i



sensing. mTORC1 influences physiological functions including cell proliferation,

protein synthesis, and autophagy. Using a STED microscope, we verified the hy-

pothesis that LRS is translocated to the lysosome membrane by the addition of

leucine. This direct visualization proves the function of LRS as an intracellular

leucine sensor and positive regulator of amino-acid signaling to mTORC1.

Since biomolecules exist in heterogeneous environments, it is necessary to

observe the state of each molecule. Single-molecule spectroscopy enables us to

observe single molecules without ensemble averaging. Here, we demonstrate that

single-molecule fluorescence resonance energy transfer (FRET) spectroscopy

can be used to probe the flexibility of a single-stranded DNA (ssDNA). ss-

DNA is crucial for understanding the biological machinery in a cell nucleus

but understanding its characterization has been difficult because of the dy-

namically changing structure of ssDNA in nanometer scale. We designed a

double-stranded DNA system with various lengths of single-strand overhang

and determined the flexibility of the single-stranded segment by measuring the

FRET value. We found that three of our ssDNAs with lengths shorter than

the persistence length were long enough to undergo folding. We also found that

there is no significant effect of charge screening by metal ion when the ssDNA

is less than 9 bases in length.

Even in single-molecule detection based on a confocal microscope, the con-

centration should be lower than 50 pM to observe single molecules due to the

diffraction limit. Intracellular biomolecules such as enzymes work at levels 100

times higher (5 nM). With the combination of STED microscopy and single-

molecule FRET spectroscopy, we break the concentration barrier in diffusion-

based single molecule spectroscopy. We were able to detect single molecules

diffusing in a tightly confined volume 100 times smaller than the diffraction-

limited confocal volume. The feasibility of this new technique was demonstrated
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using the dual-labelled dsDNA molecule. With this new technique, we showed

that single-molecule detection is possible at concentrations up to 5 nM.

We applied the spectroscopic techniques to optoelectronic devices as well as

biomolecules. In particular, the degradation mechanism of organic light emitting

diodes (OLEDs) was investigated by time-resolved spectroscopy. It is important

to understand the detailed mechanism of the degradation of OLEDs to improve

device stability and performance. During the degradation, charge carriers are

confined in chemical defect sites called charge traps. The charge traps, which

degrade device performance, are difficult to experimentally observe. Transient

electroluminescence (TREL) is capable of observing the charge traps and eluci-

dating the effect of the charge traps on OLED luminescence. Onset time (t0), the

time between the first application of operating voltage and light emission, de-

creases as the device undergoes degradation. The charge carriers trapped inside

the organic layer encounter each other earlier than the charge carriers gener-

ated from the electrodes. Decay time (td), the luminescence lifetime, increases

during degradation, which can be explained by the delayed recombination of

the charge traps. The decrease of t0 and the increase of td confirms the pres-

ence of the charge traps and their effect on luminescence. Spectroscopic TREL

measurement enables the investigation of the charge traps in situ and is uni-

versally use for studying the device degradation mechanism and understanding

its properties.

Chemical analysis of the degraded OLED device is needed to examine which

specific layer in the OLED device is degraded. Unlike other chemical analy-

sis techniques, optical spectroscopy enables non-invasive analysis of the photo-

chemical properties through luminescence intensity and lifetime analysis. How-

ever, the thickness of each layer is about tens of nanometers and therefore

cannot be optically resolved because of the diffraction limit. A specially de-
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signed device consisting of layers with different bandgaps was used so that each

layer emitted light of a different wavelength. The layers could not be resolved

spatially but could be resolved spectrally. We observed spectroscopically the

behavior of three materials in the device during the degradation process. This

simple optical technique for layer selective characterization will be very useful

in the study of various multi-layer devices.

Keywords: Photophysics, Super-resolution STED microscopy, Single-molecule 

FRET spectroscopy, Time-resolved spectroscopy, Aminoacyl tRNA synthetase, 

Single-stranded DNA, Organic light emitting diode
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Super-resolution Microscopy and

Single-molecule Spectroscopy
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Chapter 1

Introduction to Fluorescence

1.1 Electromagnetic Radiation and its Interaction with

Molecules

Electromagnetic Radiation

Electromagnetic radiation can be described as a wave phenomenon formed by

the combination of electric (E) and magnetic (H) fields, which oscillate in

Ey

Hz

x

Figure 1.1 Plain-polarized electromagnetic radiation travelling along x axis. Ey is the

electric component; Hz is the magnetic component.
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phase orthogonal to each other and orthogonal to the direction of propagation

as well [1, 2]. Figure 1.1 shows a plane-polarized (also known as linearly polar-

ized) electromagnetic radiation. For a plane-polarized wave traveling in the x

direction, the electric component of the radiation is in the form of an oscillat-

ing electric field of strength E in y axis, and the magnetic component is in the

form of an oscillating magnetic field of strength H in z axis. The electric and

magnetic fields of the electromagnetic radiation are given by

{
Ey = AE sin(2πνt− kx)

Hz = AH sin(2πνt− kx)

}
(1.1)

where A is the amplitude, and 2πν is a frequency of the sinusoidally oscillating

fields. The same k in two equations means that Ey and Hz are in-phase.

Interaction of Radiation with Matter

In figure 1.2, the i and j states of a molecule are stationary states. This pair of

states may be, for example, electronic, vibrational or rotational states. Three

processes are expected to occur when such a two-state system is irradiated with

radiation of frequency ν, or wavenumber ν̃, corresponding to the energy gap

(∆E) where

∆E = Ej − Ei = hν = hcν̃

The processes are including absorption, spontaneous emission, and stimulated

emission.

Absorption: A molecule (X) absorbs a resonant radiation and is excited from

the ground state (i) into the excited state (j).
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Ej

Ei

j

i

Absorption Spontaneous
emission

Stimulated
emission

Figure 1.2 Schematic representations of absorption (left), spontaneous emission (mid-

dle), and stimulated emission (right) processes in a two-level system. i is a ground state

which has an energy of Ei; and j is an excited state which has an energy of Ej .

X+ hν −→ X∗

Spontaneous Emission: An excited molecule (X∗) spontaneously emits a ra-

diation while it decays to the ground state.

X∗ −→ X+ hν

Light emission that we usually encounter is the spontaneous emission, which is

also called luminescence. It is called photoluminescence, in which molecules are

excited by absorption of radiation spontaneously emit light. Photoluminescence

is classified into fluorescence and phosphorescence depending on the electronic

spin states involved in the transition.

Stimulated Emission: This is a different type of emission from the sponta-

neous emission. When the molecule is initially in the excited state, resonant

light will de-excite the molecule to the ground state, and induce an emission

of another photon with the same frequency. A radiation of frequency (ν) is
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required to induce, or stimulate, the excited molecule to decay from j to i.

X∗ + hν −→ X+ 2hν

The generated photon is totally identical (coherent) to the incident photon in

terms of a phase, frequency, polarization, and direction of travel. This is in

contrast to spontaneous emission that occurs a random radiation regardless of

the surrounding electromagnetic field. Stimulated emission is identical in form

to the absorption but produces the opposite transition.

The name of electromagnetic radiation is defined according to its frequency

(or wavelength) of oscillation. (In order of increasing frequency: radio wave,

microwave, infrared radiation, visible light, ultraviolet radiation, X-rays and

gamma ray) When electromagnetic radiation interacts with matter, its behavior

is frequency dependent. Microwaves and infrared radiations cause the transition

between the molecular rotational states and vibrational states, respectively. As

the frequency increases to the visible range, photons have enough energy to

change the bond structure of individual molecules and to cause the transition

between molecular electronic states. X-rays and gamma rays ionize the molecule

with energies above keV.

Fluorescence is a kind of phenomenon of the interaction of light and matter.

Fluorescence begins when the UV-visible frequency light excites a molecule to

a higher electronic state in an excited vibrational state. After excitation, the

molecule in condensed phase undergoes vibrational relaxation and then emits

a photon with a very small time delay and with a lower frequency than the

incident light. Sometimes the molecule has a metastable state and retains its

emission for a long time after the excitation radiation is turned off, that is called

phosphorescence [1–6].
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1.2 Jablonski Diagram

A life of an excited fluorophore is usually illustrated by the Jablonski dia-

gram [7, 8]. In the first step, a fluorophore in the electronic ground state (S0)

is excited to a higher electronic state (Sn) by absorption of a photon of a par-

ticular wavelength. The Jablonski diagram shows how the excited fluorophore

dissipates its energy.

The molecular energy levels are schematically described in the Jablonski di-

agram (Figure 1.3). Bold horizontal lines represent the electronic energy states.

Within each electronic state, there are a number of vibrational states coupled

with the electronic states. Rotational energy states are ignored in the Jablon-

ski diagram. In a singlet state, all electron spins are paired according to ‘Pauli

exclusion principle’ [9]. The spin of the excited electron is still paired with the

ground state electron (opposite spin). Otherwise, in a triplet state, the excited

electron is no longer paired with the ground state electron; they are parallel

(same spin).

Absorption

The transitions from S0 to S1 or Sn is induced when the energy of the photon is

transferred to the particular electron. Transitions occur in a short time about

10−15 s, which is too short for nuclei motion. This is the ‘Franck-Condon prin-

ciple’, which is the approximation that an electronic transition is most likely to

occur without changes in the positions of the nuclei [10, 11].

Vibrational Relaxation

Once a fluorophore is excited, several molecular processes can occur. The first

step is a non-radiative process through vibrational relaxation. Fluorophores are
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Figure 1.3 Jablonski diagram for absorption, fluorescence, and phosphorescence. It in-

cludes absorption (blue), fluorescence (green), phosphorescence (red) and the dotted

lines represent non-radiative processes (internal conversion (purple), intersystem cross-

ing (sky blue), and vibrational relaxation (black)).
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usually excited to some higher vibrational levels of Sn. Molecules in condensed

phases rapidly relax to the lowest vibrational level of S1. This process is called

‘internal conversion’ that occurs within 10−12 s or less.

According to ‘Kasha’s rule’ [12], the emission generally occurs only from

the bottom of S1 or T1 no matter which electronic state is initially excited.

Because higher excited states have larger density of states and shorter lifetime,

vibrational relaxation and internal conversion (Sn → S1) is much faster than

fluorescence from Sn. This fact explains the independence of the emission spec-

trum from the excitation wavelength.

Fluorescence

After vibrational relaxation of the excited fluorophore, it decays to the vibra-

tional excited state of S0 from the vibrational ground state of S1. Fluorescence

refers to the luminescence generated during this process, which takes typically

about 10−8 s.

The energy of fluorescence (hνfl) is typically smaller than that of absorption

(hνa), which is called the ‘Stokes shift’ [13]. The fluorophores is predominantly

in the lowest vibrational level of the ground electronic state at room tempera-

ture, depending on the Boltzmann’s distribution. On the other hand, the fluo-

rophore is excited to a high vibrational state of Sn. Vibrational relaxation and

internal conversion of the excited fluorophore are the cause of the energy loss.

Another reason is that fluorophores mostly decay to higher vibrational levels of

S0 and then lose the excess vibrational energy.

Since the spacing between vibrational energy levels of S0 and S1 is usu-

ally similar, the emission and absorption spectra (plotted in energy units such

as ν) are approximately mirror images. This similarity is because the nuclei

geometries are not altered by the electronic excitation.
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Intersystem Crossing

Molecules in the S1 can undergo a spin conversion to the first triplet state

(T1) and it is called ‘intersystem crossing’. In most organic dyes intersystem

crossing is fairly inefficient as a spin forbidden process, even though T1 has

lower energy than S1. As the spin conversion is more favourable in molecules

with significant spin-orbital coupling, ‘intersystem crossing’ is most common

in heavy-atom molecules (e.g., those containing iodine or bromine). Triplet

emission (phosphorescence) is generally lower in energy compared to singlet

emission (fluorescence). Transition from T1 to the S0 is, of course, forbidden

and the phosphorescence lifetime is consequently several orders of magnitude

longer than that of fluorescence lifetime.

1.3 Absorption

Fluorescence begins after the a fluorophore absorbs light. Beer-Lambert law

states how light is absorbed by matter [14]. The absorption of light is directly

proportional to the concentration of the attenuating species. The general Beer-

Lambert law is usually written as:

A = − log (I/I0) = ε(λ) · b · C (1.2)

Here, A is the measured absorbance and dimensionless because it is the ratio

of incident light intensity (I0) to the light intensity after passing through the

sample (I). ε(λ) is the wavelength-dependent extinction coefficient with units of

M−1cm−1, typically in the range of 104−105 M−1cm−1. The ε value is generally

used to determine the concentration of the solution. b is the path length in cm

unit, and C is the molar concentration.
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The absorption discussed above does not take into account the polariza-

tion of light because the fluorophores in solution are randomly oriented. Flu-

orophores primarily absorb photons whose electric vectors (polarization) are

aligned parallel to the transition dipole moment (µ) of the fluorophore. In other

words, fluorophores can be excited only when the electric field of light pushes

an electron in the right direction (the direction of the transition dipole mo-

ment). When the polarization of the excitation light is parallel to transition

dipole moment of the fluorophore, the fluorophore totally absorbs the light. If

two vectors (polarization and transition dipole moment) are perpendicular, the

fluorophore does not absorb the light.

1.4 Lifetime and Quantum Yield

The lifetime and quantum yield are important characteristics of a fluorophore.

Quantum yield is the number of emitted photons relative to the number of

absorbed photons. Fluorophores with large quantum yields exhibit bright emis-

sion. The lifetime is also important, as it determines the time available for the

fluorophore to interact with or diffuse in its environment, hence the information

available from its emission [2, 5].

The lifetime is related to the rate at which excited fluorophores are de-

excited. Recalling the two-state model in Figure 1.2, a time-dependent popula-

tion change of excited fluorophores is described by:

dNj(t)

dt
= −kji Nj(t)

Nj(t) = Nj(0) exp(−kji t) (1.3)

where Nj(t) is the number of excited fluorophores at time t, kji is the rate

constant of all de-excitation processes. The dimension of k is s−1 (transitions
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per molecule per unit time). The lifetime of fluorophore (τ) is the reciprocal of

kji.

τ =
1

kji
=

1

kr +Σknr
(1.4)

The de-excitation process can be divided into radiative and non-radiative path-

ways. kr is the radiative rate constant and Σknr is the sum of rate constants of

non-radiative pathways including intersystem crossing, inter-molecular energy

transfer, excited state reaction and interaction with molecular environments.

The lifetime is a statistical value when the number of excited molecules is re-

duced to 37% [15].

The quantum yield which is the number of emitted photons divided by the

number of absorbed photons is given by

QY =
kr[Nj ]

kr[Nj ] + Σknr[Nj ]
=

kr
kr +Σknr

=
kr
kji

=
τ

τr
(1.5)

where τr = 1/kr. Quantum yield is proportional to the lifetime.

If knr is much smaller than kr, the quantum yield is close to unity. Additional

non-radiative pathway increases Σknr, and consequently reduces τ and quantum

yield. Such decreases in fluorescence intensity are called quenching processes,

which include excited state reactions, energy transfer, complex-formation and

collisional quenching. Collisional quenching occurs when the excited fluorophore

contacts with an atom or a molecule that can facilitate non-radiative transitions

to the ground state.
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Figure 1.4 Principle of TCSPC. (a) shows an optical waveform for single exponential

decay in a two-state model. (b) Repeated measurements of the time delay (∆t) between

laser and fluorescence develop the histogram.
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1.5 Fluorescence Spectroscopy

1.5.1 Time-correlated Single-photon Counting (TCSPC)

Principle

Time-correlated single-photon counting (TCSPC) is one of the most commonly

used techniques for measuring lifetime. It is a simple and sensitive technique

for recording low-level light signals with ps time resolution and high precision.

After fluorophore is excited by pulsed light, the time-dependent intensity is

measured following the excitation pulse [16,17].

The lifetime can be obtained by the time-dependent intensity profile. The

excited state population Nj(t) is proportional to fluorescence intensity. Hence,

Equation 1.3 can also be written in terms of the time-dependent intensity I(t).

I(t) = I0 exp(−t/τ) (1.6)

Figure 1.4a schematically shows the fluorescence intensity profile that decreases

exponentially with time. The lifetime can be determined from the slope of a

plot of log I(t) versus t, but it is more commonly determined by fitting the data

to assumed decay models.

Figure 1.4b illustrates how the histogram is formed over multiple cycles.

The sample is excited with a pulse of light, resulting in the waveform shown in

Figure 1.4b. In TCSPC, we measure the time delay (∆t) between the excitation

pulse and the observed photon and repeat this several thousand times to get a

statistical histogram.
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Figure 1.5 Electronic scheme for TCSPC. Laser signal starts the stopwatch of TAC,

and derector signal stops the stopwatch. (CFD: constant fraction discriminator, TAC:

time-to-amplitude converter, AMP: amplifier, ADC: analog-to-digital converter)

Measurement

To measure the dynamics of ns time scale, high repetition rate ps or fs laser

light sources and high-speed photodetectors are needed. Figure 1.5 shows the

electronics to measure the time interval [5, 18]. The excitation pulse from laser

and the emission from detector send signals to the electronics. These signals

are passed through a constant function discriminator (CFD), which accurately

measures the arrival time of the signal. A time-to-amplitude converter (TAC)

is the key electronics that acts like a stopwatch. It generates a voltage ramp

increasing linearly over time on the ns time-scale. The first signal starts the

voltage ramp and the second signal stops the voltage ramp, where the voltage

value corresponds the time delay (∆t) between the two signals. ∆t is accurately

determined because TAC generates a voltage proportional to ∆t. The voltage

is amplified by amplifier and converted to a numerical value by the analog-
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to-digital converter (ADC). The voltage is converted to a digital value that

is stored as a single event with the measured time delay. A histogram of the

decay is measured by repeating this process numerous times with a pulsed light

source.

Time resolution of TCSPC is about tens of ps, which is an enough to mea-

sure fluorescence lifetime. To achieve better time resolution, it is important

to use electronics with good time resolution but the most important factor is

the ability of the detector. There is an alternative method of measuring the

fluorescence lifetime using phase-modulation method, called frequency-domain

lifetime measurements [19]. (TCSPC is a kind of time-domain measurement.)

A sample is excited with intensity-modulated light varied at a high frequency

typically near 100 MHz. ∆t is measured as a phase shift, which can be used to

calculate the decay time. Lifetimes as short as 10 ps can be measured by the

frequency-domain method.

According to Figure 1.5, only one photon per laser pulse can be detected.

If the sample emits more than two photons per pulse, the signal of the first

photon stops the voltage ramp of the TAC, so the second arriving photon can

not be considered. Therfore, the lifetime is measured to be shorter than the

actual lifetime. We need to adjust the amount of detected photon so that less

than one photon is generated per pulse. The detection rate is typically less than

1 photon per 100 excitation pulses. The photon counts should be less than 100

kHz when we use a 10 MHz laser.

The instrument response function (IRF) is the shortest time profile that

can be measured by the instruments and usually obtained using scattering of

glass without emission filters (Figure 1.6 dotted line). The full width at the half

maximum (FWHM) of IRF is typically about a hundred ps and is determined by

pulse-width of the laser (which is negligible small for a fs laser), the specification
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Figure 1.6 An example of the intensity decay curve for a fluorophore with two radiative

states. Black line (τ1, τ2) is the sum of red (τ1) and blue (τ2) lines. (τ1 = 1 ns, τ2 = 5

ns, a1 = 0.8, and a2 = 0.2)

of the detector, and the electronic time resolution of the electronics. IRF makes

it difficult to observe the fast dynamics below 1 ns.

The lifetime of the fluorophore (τ) is obtained by fitting the TCSPC data to

the exponential function (Equation 1.6). It is recommended to use a histogram

with a maximum peak of 103–104 photons. Figure 1.6 shows an example of

TCSPC results with a fluorophore having two different radiative decay paths

(τ1 and τ2). TCSPC results appear as the sum of two exponential functions

(a1 · e−t/τ1 + a2 · e−t/τ2). The values of τn and their ratios (an) can be obtained

by fitting the TCSPC data to the sum of exponential decay functions. The

exponential fitting method is valid if the width of the IRF is relatively short

compared to the width of the decay time. For the TCSPC data with a short

lifetime, the measured intensity follows a mathematical convolution of the model

function (F (t)) and IRF (R(t)), I(t) = R(t)⊗ F (t).
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As the lifetime does not depend on excitation power, detection efficiency, and

photo-bleaching, it is more robust than fluorescence intensity. At the same time,

lifetime is sensitive to changes of surrounding environments of fluorophores so

that it is useful for detecting the environment including ion concentrations,

refractive index, solvent polarity, local viscosity, pH of solvent, and the presence

of quenchers. TCSPC is widely used in fluorescence spectroscopy, particularly

for studies of biological macromolecules and cellular imaging.

Combination of TCSPC and confocal imaging technique enables fluorescence-

lifetime imaging microscopy (FLIM). The lifetime of the fluorophore, rather

than its intensity, is used to create an image in FLIM [20–22]. The lifetime is

used to distinguish between different states of the same fluorophores depending

on their environments [23–27]. FLIM is a simple way to know local environ-

mental changes, which is widely used in biological research.

1.5.2 Fluorescence Resonance Energy Transfer (FRET)

Principle

Förster published his first account of non-radiative energy transfer and theo-

retically described a mechanism of energy transfer between two light-sensitive

molecules [28–30]. The energy of an excited molecule (donor, D) can be trans-

ferred to another molecule (acceptor, A) through non-radiative dipole-dipole

interaction (Figure 1.7).

D∗ + A −→ D + A∗

After vibrational relaxation, the excited donor usually makes fluorescence. How-

ever, if there is an acceptor whose absorption spectrum overlaps the emission

spectrum of the donor, the donor does not emit fluorescence. The acceptor

absorbs the corresponding energy and makes the acceptor’s fluorescence when
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Figure 1.7 Principle of FRET. (a) Jablonski diagram of donor and acceptor molecules.

In order for the energy of the donor to be transferred to the acceptor, the following

three conditions are necessary: i) The emission energy of the donor overlaps with the

excitation energy of the acceptor. ii) The distance between the donor and the acceptor

is close enough. iii) The orientation of the donor and acceptor dipoles are aligned. (b)

Absorption and emission spectra of Cy3 and Cy5 pair, a typical donor and acceptor

pair. (c) shows the energy transfer between donor and acceptor when the above three

conditions are all satisfied.

the two molecules are close to each other and their dipoles are aligned. The

FRET efficiency is strongly dependent on the distance between two molecules,

and thus it is often used to measure the intermolecular distance less than 10

nm [31].

Resonance energy transfer between a separate donor and acceptor pair of

molecules occurs through a dipole-dipole interaction at a close distance. The

rate constant of the energy transfer (kET ) between two molecule pairs is in-

versely proportional to the sixth power of their distance [29].
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kET = kD

(
R0

R

)6

(1.7)

Here, kD is 1/τD, where τD is the lifetime of the donor without acceptor, that

is kD = kD,r + ΣkD,nr. R is a distance between two dipoles. The value of R0

for a singular pair of donor and acceptor molecules is:

R6
0 = (8.789 · 10−25) ΦD κ2 n−4 J(ν) cm6 (1.8)

where ΦD is the quantum yield of the donor, κ is the orientation factor of the

dipole coupling, J(ν) is the spectral overlap integral, and n is the refractive

index of the medium. In Equation 1.8, we can find the conditions for FRET

phenomenon between two fluorophores. i) The spectral overlap (J) between

the emission spectrum of the donor and the absorption spectrum of the accep-

tor is required. ii) The donor and the acceptor should be close to each other

(R), typically in the range of 1–10 nm. iii) It is also important to match the

orientations (κ) of the two dipoles because the energy is transferred through

dipole-dipole interaction. The orientation factor κ can be considered as 2/3 if

the fluorophores are isotropically oriented [32].

Since FRET efficiency (E) is quantum efficiency of energy transfer, it can

be expressed as follows.

E =
kET

kr + kET +Σknr
=

kET

kD + kET
(1.9)

where kr and knr are the rate constants of radiative decay and any other de-

excitation pathways, respectively, and constitute kD. FRET competes kineti-

cally with all the other possible de-excitation processes of the excited donor.

The FRET efficiency (E) is related with the distance between donor and

acceptor (R), because kET is a function ofR. The result of substituting Equation

20



Distance (A)

E(R) = 1
1 + (R/R0)6

D A

D A

0 2 4 6 8 10 12

0.0

0.2

0.4

0.6

0.8

1.0

FR
ET

 e
ffi

ci
en

cy

Distance (nm)

D A

E(R0)=0.5 E(2R0)=0.015

E(0.5R0)=0.985

Figure 1.8 FRET efficiency as a spectroscopic ruler when R0 = 5 nm. FRET efficiency

depends on the distance between the donor and the acceptor as a relation of E =[
1 + (R/R0)

6
]−1

. FRET efficiency changes sensitively near R0.
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1.7 into Equation 1.9 is as follows.

E =
kD(R0/R)6

kD + kD(R0/R)6
=

1

1 + (R/R0)6
(1.10)

The equation implies that FRET efficiency are determined by the distance

between two fluorophores. The change of FRET efficiency is very sensitive to

the distance near R0 (Figure 1.8). We can determine the distance between two

fluorophores within 10 nm by measuring FRET efficiency.

Measurement

Experimental parameters such as fluorescence intensity or lifetime are used to

measure the FRET efficiency. The transfer efficiency is calculated as:

E = 1− FDA

FD
= 1− τDA

τD
(1.11)

We can find the FRET efficiency by measuring the fluorescence intensities of

donor molecule with (FDA) and without (FD) acceptor, or lifetimes of a donor

molecule with (τDA) and without acceptor (τD).

Some excitation energy of the donor is transferred to the acceptor, resulting

in decreasing the donor fluorescence and increasing the acceptor fluorescence.

The value of FRET efficiency is also calculated by detecting the fluorescence

emissions from both the donor and acceptor:

E =
FA

FA + γFD
(1.12)

where FA and FD are the fluorescence of the acceptor and donor when donor

is excited, respectively. γ is a normalizing factor considering the difference in

quantum yields and the detection efficiencies for donor and acceptor molecules.

γ =
ΦA ηA
ΦD ηD

(1.13)
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where ΦA and ΦD are the quantum yields of acceptor and donor, respectively,

and ηA and ηD are the detection efficiencies at each emission range. The pho-

tophysical properties of fluorophores and instrumental detection efficiencies are

corrected to obtaining the exact FRET efficiency.

The FRET pairs consisting of typical organic fluorophores have R0 values

in the range of < 10 nm, thus the FRET efficiency significantly changes in

distances from 1 to 10 nm. The distance range of their interaction is comparable

to the diameter of many proteins and to the thickness of membranes. The FRET

is a very powerful tool for the biological sciences as a ‘spectroscopic ruler’ and

has become widely used in all applications of fluorescence, including medical

diagnostics, DNA analysis, and optical imaging. Specific examples of application

are covered in chapters 3 and 4.

1.5.3 Fluorescence Correlation Spectroscopy (FCS)

Principle

Fluorescence correlation spectroscopy (FCS) is a technique that measures the

change of fluorescence intensities through the observation volume. A laser usu-

ally focused on the diffraction limited detection volume and excites the lumines-

cent molecules. Time-dependent change of fluorescence intensity, which is called

fluorescence fluctuation, is caused by various reasons (Figure 1.9). Correlation

analysis of fluorescence fluctuation gives us the molecular dynamic informa-

tion that causes the change of fluorescence intensity [5, 33, 34]. In addition to

translational diffusion, fluorescence fluctuations can occur due to rotational dif-

fusion, intersystem crossing, photobleaching, and other excited-state reactions.

FCS has been used to detect protein association reactions, DNA hybridization,

immunoassays, binding to membrane receptors, gene expression, and diffusion
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Figure 1.9 Fluorescence fluctuation. (a) Fluorophores in the effective detection volume

can emit fluorescene. (b) Fluorescence fluctuation is caused by translational diffusion

or other photophysics of fluorophores.

of labeled intracellular proteins [5, 35–37].

The intensity at a given time F (t) is compared to the intensity at a slightly

later time F (t + τ) (Figure 1.9b). The time (t) refers to the measuring time,

typically from seconds to minutes. The lag time (τ) is the difference in real time

between measurement of F (t) and F (t + τ), typically in the range from 10−6

to 10−1 s. Note that the lag time τ in an FCS measurement is not related to

the lifetime of the fluorophore. The autocorrelation function of the fluorescence

intensity, G(τ), is averaged over a lot of measurements. The autocorrelation

function for the fluorescence intensities, normalized by squared average inten-

sity, is given by [5],

G′(τ) =
< F (t)F (t+ τ) >

< F >< F >
= 1 +

< δF (0)δF (τ) >

< F >2

G(τ) =
< δF (0)δF (τ) >

< F >2
(1.14)

where δF (t) =< F > −F (t). For convenient calculation, we will use the second
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equation G(τ) that is not including constant 1.

In order to interpret the FCS data, we need a theoretical model to describe

the fluctuations. The intensity of fluorophore is related to several factors includ-

ing the brightness of fluorophore (B = qσΦ), with quantum efficiency of detector

(q), absorption cross-section (σ), and quantum yield of fluorophore (Φ). B is

independent of time and space. In addition, collection efficiency (CEF(r)), ex-

citation intensity distribution (I(r)), and distribution of fluorophore at time t

(C(r, t)) affect the intensity. The measured intensity is expressed as:

F (t) = B

∫
CEF(r)I(r)C(r, t)dV (1.15)

The integral extends over the entire observed space. CEF(r) and I(r) that

depend only on r do not need to be distinguished. The product of CEF(r) and

I(r) means the molecular detection efficiency, p(r). Pinholes block the out-of-

focus light in confocal setup, so the intensity profile (p(r)) of the focused laser

is considered to be three-dimensional Gaussian function.

CEF(r)I(r) = p(r) = I0 exp

[
−2(x2 + y2)

s2

]
exp

[
−2z2

u2

]
(1.16)

The radial radius (s) and axial half-length (u) refer to distances at which the

profile decreases to e−2 of its maximal value I0.

In summary, the autocorrelation function for the intensity fluctuation is

given by [5]

G(τ) =
B2 ∫ ∫ p(r)p(r′) < δC(r, 0)δC(r′, τ) > dV dV ′

[BC
∫
p(r) dV ]2

(1.17)

where r is the position of the fluorophore at t = 0 and r′ is its position at t = τ .

The denominator contains only the average intensity that means the average

concentration of fluorophores C, while the numerator calculates the intensity
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Figure 1.10 Schematic autocorrelation function changes for diffusion coefficients and

concentrations. When the diffusion coefficient decreases, the diffusion time becomes

longer and G(τ) appears at longer time. As the concentration of the sample increases,

G(0) decreases, therefore, the magnitude of G(τ) decreases.

fluctuations. This equation shows that we measure the correlation between flu-

orophore locations that is independent on the brightness of the fluorophore.

Chemical or photochemical processes that change the fluorescence intensity

can be studied using the Equation 1.17. By substituting the appropriate model

for C(r, t), the expected autocorrelation function can be derived.

Translational Diffusion

Most common application of FCS is to measure translational diffusion in con-

focal detection volume. We assume that the distribution of fluorophore, C(r, t)

depends on the diffusion only, and is described as below [5,38].
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< δC(r, 0)δC(r′, τ) >= C(4πDτ)3/2 exp

[
−|r − r′|2

4Dτ

]
(1.18)

where D is the diffusion coefficient. Insertion of Equation 1.18 in Equation 1.17

yields the correlation function for three-dimensional diffusion:

G(τ) = G(0)

(
1 +

τ

τDiff

)−1
(
1 +

s2

u2
τ

τDiff

)−1/2

(1.19)

where G(0) is the amplitude at τ = 0, diffusion time (τDiff) is defined as

τDiff = s2/4D. τDiff and D are determined by least-squares fitting of the sim-

ulated curve with the measured data. As the fluorophores diffuse more slowly

into and out of the observed volume, the correlation function shifts to longer

τ values, which reflects slower intensity fluctuations (Figure 1.10 horizontal

change). On the other hand, the concentration of fluorophores affect the am-

plitude of the autocorrelation curve G(0) (Figure 1.10 vertical change). The

number of molecules (N) is given by the inverse of G(0) (N = 1/G(0)). Since

C is proportional to N , while δC is proportional to the root of N according to

the Poisson distribution.

FCS is a powerful technique based on a statistical analysis of fluorescence

fluctuations including various photophysical properties of fluorophore. If we

prepare a proper fitting function for corresponding dynamics of C(r, t), we can

analyse the fast internal dynamics and photophysical processes as well as the

diffusion dynamics using FCS. Figure 1.11 shows a schematic autocorrelation

curve for different kinetic processes. In principle, FCS covers a wide temporal

range from nanoseconds to several seconds, therefore allowing a simultaneous

measurement of processes having different time scales.
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Figure 1.11 Time scales of various dynamic processes monitored by autocorrelation

analysis. FCS can simultaneously measure photophysical processes that affect to the

fluorescence intensity.
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Chapter 2

Precise Intracellular Location
Analysis of Leucyl-tRNA Synthetase
by STED Microscopy

2.1 Introduction

Leucyl-tRNA Synthetase (LRS), Lysosome, and mTORC1

Lysosomes play a role in catabolism by degrading extracellular and intracellu-

lar materials. Specially, mechanistic target of rapamycin complex 1 (mTORC1)

localizes in its active form on the surface of lysosomes and regulates energy

levels, growth signals, and nutrient along with other functions [39]. The mech-

anisms for tight crosstalk between mTORC1 activity and lysosomal function

have been reported. Multiprotein complexes on the lysosomal surface, includ-

ing Rag GTPases and a v-ATPase for an amino acid-sensing device, have been

shown to influence catabolism at different levels through mTORC1 regulation

in lysosomes [40,41].

Leucyl-tRNA synthetase (LRS) is well-known as one of the aminoacyl-tRNA
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Figure 2.1 Roles of leucyl-tRNA synthetase (LRS). (a) Canonical role; LRS conjugates

leucine and cognate tRNA. (b) Non-canonical role; LRS binds to RagD and activates

mTORC1 in a leucine dependent manner.

synthetases (ARSs) which charges amino acids to their cognate tRNAs (Fig-

ure 2.1a). ARSs also play an important role in humans, interacting with many

cancer-related proteins or involve in important signal pathways (Figure 2.1b).

In previous studies, it is revealed that LRS plays a critical role in amino acid-

induced mTORC1 activation by sensing intracellular leucine concentration and

initiating molecular events leading to mTORC1 activation [42, 43]. When the

leucine-binding ability of LRS was ablated, the mTORC1 pathway to this amino

acid was desensitized [42]. LRS directly binds to Rag GTPase, the mediator of

amino acid signaling to mTORC1, in an leucine-dependent manner. Amino

acids induce the movement of mTORC1 to the lysosome, where the Rag GT-

Pases reside [44–46].

LRS translocation to the lysosome depending on leucine is involved in

mTORC1 activation. We revealed that LRS is in the endomembrane fraction

with mTORC1 after adding leucine because mTORC1 translocates to the lyso-
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some with amino acids. We used super-resolution fluorescence microscopy to

directly visualize that LRS translocates to the lysosome and to determine its

location in the lysosome.

The Need for Super-resolution Microscopy

Optical microscopy has the enormous advantages because in vivo detection is

possible with its non-invasive properties. The technique is especially compared

to other microscopy, such as electron microscopy or scanning probe microscopy.

The diffraction limit of light, however, gives the optical microscope a resolution

limit [47]. One possible way to reduce the excitation spatial extent is to suppress

fluorescence outside the excitation region. Stefan W. Hell proposed a new con-

cept of super-resolution microscopy that overcomes the optical diffraction limit

utilizing stimulated emission in 1994 [48] and experimentally demonstrated the

stimulated emission depletion (STED) microscopy in 1999 [49]. The effective

spatial extent is confined when excited fluorophores are de-excited by stimu-

lated emission. The principle of STED is discussed in detail in Section 2.2.2.

STED technique has developed multicolor [50–52], three-dimensional (3D)

[50, 53], live cell [54, 55], and video-rate [56, 57] imaging techniques. STED mi-

croscopy has been successfully applied to diverse areas such as biochemistry and

molecular cell biology [55, 58–63]. We introduced two-color STED microscope

to directly observe the intracellular location of LRS and lysosomal associated

membrane protein 2 (LAMP2) according to leucine signal. The improved reso-

lution of the STED allows us to observe the subcellular structures of the lyso-

some. We can confirm that LRS translocates to lysosomal membrane to activate

mTORC1, which regulates protein translation, cell size, and autophagy.
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2.2 Materials and Methods

2.2.1 HeLa Cell Preparation

HeLa cell lines were cultured according to conventional method. HeLa cells

were seeded on coverslips (9 mm x 9 mm, Bellco) with 95% viability and cul-

tured in DMEM medium (Welgene) supplemented with 10% heat inactivated

fetal bovine serum and 1% penicillin-streptomycin at 37◦C in cell incubator

containing sufficient water vapor and 5% CO2.

For leucine depletion (–Leu sample), cells were rinsed 2 times with leucine

free DMEM (Welgene) and incubated in leucine free DMEM for 60 minutes.

For leucine stimulation (+ Leu sample), cells were rinsed 2 times with leucine

free DMEM and incubated in leucine free DMEM for 50 minutes and incubated

in general DMEM for 10 minutes.

After controlling the leucine signal, we prepared the sample for fluorescence

imaging. HeLa cells were fixed with 4% paraformaldehyde (PFA) for 15 min-

utes at room temperature (RT) and incubated with permeabilization solution

(PBS:Triton X-100:BSA = 100:0.4:5) for 15 minutes at RT. After this process,

HeLa cells were incubated with anti-LAMP2 (ab25631, Abcam) and anti-LRS

(A304-315A, Bethly) primary antibody (1/100 for anti-LAMP2, 1/1000 for anti-

LRS diluted with PBS containing 5% BSA) at RT for 1 h. Then cells were rinsed

3 times with PBS for 5 minutes and incubated with secondary antibody con-

jugated with Alexa 488 or STAR 635P (1/1000 diluted with PBS containg 5%

BSA) at RT for 1 h. Finally, we rinsed the cells 5 times with PBS for 5 minutes

to eliminate the unlabeled fluorophores and mounted with mounting medium

(P36930, Invitrogen).
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Resolved Abbe limit Unresolved

Figure 2.2 The intensity profiles of two optically observed adjacent particles (black and

red). Sum of two point spread functions (PSFs) is shown in blue. The particles within

the optical diffraction limit can not be optically distinguished.

2.2.2 Principle of STED Microscopy

Basic Photophysics for STED Microscopy

The image of a complex object is seen as a convolution of the true object and the

point spread function (PSF) (Figure 2.2. The PSF is the diffraction pattern of

light emitted from an infinitely small point source and is shown Airy pattern for

confocal microscope. The diffraction pattern is determined by the wave nature

of light. Ernst Abbe first discussed the optical diffraction limit in 1873 and

formulated it as following [47]:

∆r ≈ λ

2n sin θ
=

λ

2NA
(2.1)

where ∆r is the resolution, λ is the wavelength of light, n is the refractive index

of the medium, θ is the semi-aperture angle of objective lens. Usually, n sin θ

is expressed as NA, numerical aperture. Due to the diffraction limit of light,

optical microscopy has a lateral resolution limit of about half the wavelength

(Figure 2.2 Abbe limit). It is not possible to distinguish between two objects

that are nearby each other within 200 nm laterally and 500 nm axially with
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visible light. One possible way to improve the resolution is to reduce fluorescence

from a part of excitation region through stimulated emission.

Once an fluorophore is excited to Sn state, the energy of fluorophore is

dissipated by vibrational relaxation or internal conversion (non-radiative re-

laxations) within 10 ps (Figure 2.3). The excited fluorophore is in vibrational

ground state of the first electronic excited state (S1) and then returns to elec-

tronic ground state (S0) with fluorescence (∼ ns). It is also called the spon-

taneous emission. However, if an incoming electromagnetic wave of a specific

energy comes in before fluorescence occurs, it can induce light emission (stim-

ulated emission). Fluorescence can not occur in the areas where the stimulated

emission occurs prior to fluorescence. This trick is used to overcome the diffrac-

tion limit.

Obtaining a High Resolution with STED Microscopy

In order to reduce the effective focal volume, we use a phase plate to make

the STED beam doughnut-shaped. The circular phase plate shifts the phase of

the beam radius (xy section) from 0 to 2π. When the STED beam is focused

by the objective lens, the center of the STED beam disappears due to the de-

structive interference to form a doughnut-shaped beam (Figure 2.4b). Because

the doughnut-shaped beam itself is also light, it follows the diffraction limit;

therefore, the STED beam that has similar power to excitation beam hardly

improves the resolution. As the STED beam intensity increases, the center of

the doughnut-shaped beam (the effective PSF) is reduced, thereby improving

the resolution (Figure 2.4). The resolution is affected by the intensity of the

STED beam, which follows that [66,67],

∆r ≈ λ

2n sinα
√
1 + ISTED

Isat

(2.2)
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Figure 2.3 Photophysics of STED microscopy. (a) Simple Jablonski diagram of typ-

ical fluorophore. The excited fluorophore can emit photon through spontaneous or

stimulated emission. (b) Absorption and emission spectra of ATTO647N dye, a typical

organic fluorophore. Relation between the excitation, detection and STED wavelengths

are shown. The spontaneous emission is detected as signal and stimulated emission is

used for depletion of fluorophore in STED microscope. The stimulated emission is effi-

cient at the wavelength with high spontaneous emission intensity, because both sponta-

neous emission and stimulated emission are correlated with oscillator strength [64,65].

However, we select a long wavelength STED near the red edge of emission spectrum

which has less interference in excitation and fluorescence. When we use high power

of STED light, it induces the excitation of fluorophore due to crosstalk. Besides, the

STED microscope inevitably has a lower intensity per pixel than the conventional con-

focal microscope. To obtain as much fluorescence as possible, STED at long wavelength

is irradiated with high intensity.
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Figure 2.4 (a) xy cross-section images and (b) line profiles of excitation, STED, and

PSF. As the STED intensity increases, the effective PSF decreases (light to dark color).
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where n is the refractive index of the medium, ISTED is the depletion inten-

sity in experiments and Isat is the saturation intensity. The depletion efficiency

is mainly affected by ISTED/Isat. Effective sub-diffraction resolution is only

achieved when ISTED >> Isat. Isat, at which a half of the fluorescence is su-

pressed by STED, is given by Isat = hν/στ , where hν is the photon energy; σ

is stimulated emission cross section; τ is the lifetime [68–70]. The higher STED

power, the higher the resolution will be, but there is a limit due to the op-

tical stability of the fluorophores and the damage of the sample. The lateral

resolution is typically between 30 and 80 nm, and 2.4 nm resolution have been

reported [71]. Efficient stimulated emission results in improved resolution.

To achieve effective depletion an excitation beam and a STED beam should

be finely aligned in spatial position. In pulsed STED, two beams should be also

aligned in time. A STED beam that has hundreds of ps pulse duration usually

follows a excitation beam after ∼ 150 ps delay. During the delay time, the

most of the excited molecules undergo vibrational relaxation to the vibrational

ground state of the S1. The pulse-CW STED scheme has low depletion efficiency

due to the unintended temporal overlap of the two beams. A strong intensity

of the CW STED beam is typically needed to achieve a similar performance to

the pulse-pulse scheme.

Compared to conventional confocal microscopy with hundreds of nm reso-

lution, STED microscopy has improved resolution by 10–20 times. This resolu-

tion is particularly suitable for viewing the structure of intracellular organelles.

STED microscopy with improved resolution is capable of observing the detailed

structure of the organelles. HeLa cells, a typical mammalian cell, are 15–30 µm

in diameter and the lysosomes in HeLa cell is about 0.1 to 1.2 µm. With confo-

cal microscopy, it is difficult to observe the detailed structure of the organelles,

which is possible with STED microscopy.
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2.2.3 Experimental Setup for Confocal and STED Microscope

Home-built confocal and STED (continuous wave and pulsed) microscopes are

schematically shown in Figure 2.5. Both microscopes share the same setup based

on scanning microscope. The confocal microscope is to observe the fluorescence

with excitation beam only, and the STED microscope is to observe fluorescence

with the addition of the STED beam to the excitation beam.

We used Ti-sapphire laser (< 100 fs, 80 MHz, MaiTai HP, Spectra-Physics)

for pulse-pulse STED microscope. Faraday isolator (FI-780-5SV, Linos), in front

of laser, prevents the reflected laser light from re-entering to the laser. Ti-

sapphire laser beam is separated into two paths by polarizing beam splitter

(PBS) and half-wavewave plate for excitation (visible, 488–635 nm) and STED

(800 nm).

Excitation Paths

First, for the excitation beam, a super-continuum light (470–1600 nm) is gen-

erated by photonic crystal fiber (FemtoWhite800, NKT Photonics) and two

plano-convex lenses with short focal length. The super-continuum light is di-

vided in three wavelengths (488, 532, and 635 nm) mainly by long pass dichroic

filter which highly reflective below the cutoff wavelength and highly transmis-

sive above it at a 45◦ angle of incidence. Three colored excitation beams are

focused into a polarization maintaining single mode fibers (P1-488PM-FC) us-

ing plano-convex lens (Vis, achromat, f=10) for beam cleanup. 488 nm and

635 nm are respectively selected for 2-color imaging of Alexa 488 and STAR

635P dyes using excitation filters (L488-10, Thorlabs for 488 nm and z635/10x,

CHROMA for 635 nm). After the fiber, an achromatic plano-convex lens with

focal length of 40 mm enlarges the beam to a diameter of ∼ 1 cm. The colli-
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Figure 2.5 Experimental setup for STED microscope. It includes one excitation and

two STED sources. Two APDs measure the fluorescence of two different fluorophores

separately. (APD: avalanche photodiode, PMT: photomultiplier tubes)
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mated beam is achieved by adjusting the length between lens and fiber end. The

shear plate is usually used to test the collimation of beam. The shearing inter-

ferometer works only with continuous wave (CW) laser because it observes the

interference of reflected beam. The collimation of the pulsed laser is adjusted

based on the collimated CW laser. We also use an iris to adjust the beam size to

the objective back aperture size. The excitation beams reflected on the dichroic

mirror (Di01-R405/488/561/635-25x36, Semrock) enter the objective lens. In

this process, an achromatic half-wave plate and an achromatic quarter-wave

plate (RAC 3.2.15, RAC 3.4.15, B. Halle) are used to make circular polarized

beam so that the dyes are excited regardless of their transition dipoles.

STED Paths

The 800 nm pulsed STED beam has a very high peak intensity because the Ti-

sapphire laser generates very short pulse duration, less than 100 fs. The pulse

width is stretched to ∼ 5 ps to prevent spectral broadening using rods (ROD-

12-12-200-FDS90-600-900, CVI). An 100 m-long polarization maintaining single

mode fiber (PMJ-A3HPC,3S-633-4/125-3-100-1-SP, 100m, OZ Optics) further

stretches the beam to ∼ 280 ps. When the pulse duration time of STED is

elongated to hundreds ps, the photo-damage to the sample and fiber is reduced

as the peak intensity is decreased. Duration of stimulated emission is prolonged,

thereby depletion efficiency increased. 592 nm STED laser (2RU-VFL-P-1500-

592, MPB Communications) generates CW, so additional time expansion is not

required.

Two STED beams (592 nm, 800 nm) follow a similar path to the excitation

beam described above (polarization maintaining single mode fibers, half-wave

plate and quarter-wave plate, and dichroic mirror (ZT594dcrb, Chroma for 592

nm and FF756-Sdi01-25x36, Semrock for 800 nm). The difference from the
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excitation beam path is that STED beams pass through the phase plate (VPP-

1a, RPC Photonics) to make a doughnut-shape beam at focal plane. Due to the

sequential phase shifting from 0 to 2π, destructive interference occurs on the

center of the STED beam. The central part is vanished after being focused by

an objective lens, which results in the doughnut-shape. If we use π-phase plate,

we can make z-doughnut, which results 3D STED images.

Beam Alignment

Two excitation beams (488, 635 nm) and two STED beams (592, 800 nm)

are combined through dichroic mirrors and focused to the sample by an oil

immersion objective (HCX PL APO 100X, 1.4 NA, Leica). The beams are

aligned in exactly same position at focal plane, while imaging the scattering

of 80 nm Au beads with photomultiplier tubes (MP962, PerkinElmer) in non-

confocal mode. In the case of pulsed STED, excitation and STED beam should

be related temporally as well as matched their locations. We adjust the interval

between excitation and STED pulses to 160 ps using Daedal (linear positioner,

step motor: ZETA57-83-MO, Parker, driver: ZETA6104, Parker, moving 300

mm with 2 µm step size) to increase depletion efficiency. The optimal time

interval depends on the fluorophore. Avalanche photodiode detectors (APD)

(PFCCTC-FCAPC, MPD) with a short instrumental response function and

time-correlated single photon counting (TCSPC) module (SPC-150, Becker &

Hickl) are used for detecting the timing of lasers.

Acquiring Images

After alignment, we can obtain a confocal and STED image by scanning the

sample using piezo stage (NanoMax-TS, Thorlabs). In this study, pixel sizes

were 20 nm in the 800 nm STED and approximately 51 nm in the 592 nm
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STED and confocal images, and dwell time per pixel was 200 µs. The fluo-

rescence signals from two different dyes passes the multimode fiber (62.5 µm

diameter, M31L01, Thorlabs) through plano-convex lens (f=400) to eliminate

the backgrounds. Two signals are divided by dichroic filter (ZT633drc, Chroma)

and detected by two different APDs (SPCM-AQR-14-FC, Perkin Elmer). Some

emission filters and notch filters (ET525/50m (Chroma) and ZT594dcrb-UF1

(Chroma) for Alexa 488, ET700/75m (Chroma), FF01-720/SP (Semrock), and

NF03-785E (Semrock) for STAR 635P) are used to detect only each fluorescent

signal. A multi-channel analyzer (MCA) (P77782, FAST ComTec) performs

further processes to make images. The piezo stage is controlled by an ana-

log output board (PCI-6731, National Instrument). Imaging and post-imaging

processes are performed with the software programs Imspector and ImageJ.

Imspector program is kindly supported by the Max-Planck Institute.

The bight field images are acquired using CCD of webcam. For confocal

images, a laser power of several µW is used for the excitation power; For the

STED images, hundreds of mW STED is added. The high power of STED beam

may cause the photo-bleaching of dyes.

2.2.4 Data Analysis Method: Effective Co-local Factor (ECF)

To quantify the co-localization between two fluorescence channels (LRS and

LAMP2), we examine how many pixels are co-localized in the image. However,

it is not enough to count how many pixels overlap between the channels be-

cause the co-localization is also related to the absolute number of pixels of each

channel. The co-localization depends on the density of pixels, resulting in wrong

statistical analysis and large standard deviation.

In this study, we introduced an effective co-localization factor (ECF), which

considers the co-localization that spontaneously happens between theoretically
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random-arranged pixels. ECF is calculated using the following formula:

ECF = The experimental co-localization
Monte Carlo simulation co-localization

The experimental co-localization means how many pixels overlap between two

channels and Monte Carlo simulation co-localization means how many pix-

els overlap between random-arrange channels. To calculate the theoretically

random-arranged pixels, we count the total number of pixels of each channel

(experimentally obtained) and scatter these pixels to their respective channel

using Monte Carlo simulation. Then we count the number of the co-localized

pixels in the simulated images.

The ECF evaluates only the interaction between two channels. The ECF

larger than 1 means the effective interaction between two channels. We analyzed

the co-localization using ECF.

2.3 Results and Discussion

2.3.1 Leucine Dependent Co-localization of LRS and LAMP2

in Confocal Images

To observe LRS translocation to the lysosome, LRS and lysosomes were la-

beled with anti-LRS–Alexa 488 and anti-LAMP2–STAR 635P. LRS (green) and

LAMP2 (white) in HeLa cells incubated in the absence of leucine (–Leu) and

the presence of leucine (+Leu) were observed using confocal microscopy (Fig-

ure 2.6a). The co-localized pixels where LRS and LAMP2 overlap are shown

in blue for easy identification. Co-localization demonstrates that LRS transfers

directly to the lysosome in the presence of leucine.

To quantify the co-localization of LRS and LAMP2, the ECF was used,

which can determine the degree of overlap between the two signals regardless

of the absolute amount of the signal. The ECF that obtained as described in
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Figure 2.6 Location of intracellular LRS in absence or presence of leucine (–Leu,

+Leu). (a) LRS (green) and LAMP2 (white) are labeled with Alexa 488-conjugated

and STAR633P-conjugated secondary antibodies, respectively. Co-localization of the

two proteins results in a blue color in the merged image. (b) Quantification of the

co-localization between LRS and LAMP2 was performed with the ECF value (–Leu,

+Leu). The error bar means the standard deviation for 12 images. LRS translocates

to the lysosome in the presence of leucine.
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Section 2.2.4 were 0.9190 ± 0.107 (mean ± SD) in leucine-deficient media and

1.193 ± 0.193 in leucine-sufficient media (Figure 2.6b). Standard deviation was

from measurements with 12 images. The results demonstrated a significantly

higher ECF in leucine-sufficient group than that in leucine-deficient group. The

ECF larger than 1 means that there is effective interaction between LRS and

lysosome in leucine-sufficient media.

The results clearly showed that LRS translocates to the lysosome after the

addition of leucine. These results are consistent with previous reports that LRS

binds to Rag GTPase in the lysosome and activates mTORC1 in the presence

of leucine [42].

2.3.2 LRS Translocation to the Lysosomal Membrane in STED

Images

Confocal images only provide approximate location information of LRS and

lysosome due to their diffraction limit. In order to investigate the detailed po-

sition of the intracellular LRS in the lysosome, an improvement in resolution

is required. We used the STED microscopy for observing LRS and LAMP2

in the presence of leucine (Figure 2.7). In the enlarged images in Figure 2.7b

white, the hollow membrane structure of the lysosome that cannot be resolved

in confocal images is observed [58]. Because LAMP2 was stained in the lysoso-

mal membrane, the membrane could be distinguished from the interior of the

lysosome.

We observed that LRS is located on the lysosomal membrane and not inside

the lysosome. The co-localized pixels (blue) in the confocal image is large and

fuzzy, so that it provides only co-localization information, not exact locational

information; On the other hand, STED image provides accurate locational in-

formation with a better resolution.
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Figure 2.7 Confocal and STED images of LRS (green) and LAMP2 (white) in suffi-

cient leucine condition (+Leu). (a) Confocal and STED images of the same region of

HeLa cells were obtained. The yellow squares (1-4) are enlarged in (b). In STED im-

ages, hollow structures of the lysosome are resolved and LRS locates on the lysosomal

membrane.
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Figure 2.8 Intensity line profile of confocal and STED images. (a) Confocal and STED

images of LRS labeled with Alexa 488 and LAMP2 labeled with STAR 635P. (b)

Corresponding line profile of the pink line in (a) LRS. (c) Corresponding line profile of

the pink line in (a) LAMP2. Line profiles of STED image (red) can resolve the different

signals compared to that of confocal image (black)
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LRS was detected on the lysosomal membrane with an improved resolution

of STED microscope. Figure 2.8b and c show the line profiles of confocal and

STED images of LRS and LAMP2. The STED line profile has ∼ 80 nm reso-

lution while the confocal line profile has ∼ 1 µm resolution (Figure 2.8). (The

line profiles were fitted by Lorentz function.) With STED image, we resolved

two separated peaks which are indistinguishable in confocal images .

We not only confirmed the corelation between LRS and lysosome, but also

provided the evidence of the interaction between RagD and LRS by determining

the exact location of the LRS. In the presence of amino acids, LRS translocates

to the lysosomal membrane, where it interacts with and facilitates GTP hy-

drolysis of RagD, which is required for mTORC1 activation.

2.4 Conclusion

LRS plays major roles in providing leucyl-tRNA and activating mTORC1 through

intracellular leucine sensing. mTORC1 activated by amino acids affects the in-

fluence on physiology functions including cell proliferation, protein synthesis

and autophagy in various organisms. Biochemical results demonstrating leucine

sensing have been published, but visual results are lacking. In order for LRS to

interact with RagD, LRS should be present on the membrane of the lysosome,

but there was no direct experimental results. We observed the location of LRS

with or without leucine using super resolution fluorescence microscope. Leucine

induces the movement of LRS to lysosome, leading to mTORC1 activation. We

revealed that LRS is located on the lysosomal membrane, not inside the lyso-

some, on addition of leucine. This direct visualization reveals the mechanism

of LRS to activate the mTORC1. LRS is as an intracellular leucine sensor and

positive regulator of amino acid signaling to mTORC1.
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Chapter 3

Flexibility of Single-stranded DNA
Measured by Single-molecule
ALEX-FRET

3.1 Introduction

Single-stranded DNA Structure

Single-stranded DNA (ssDNA) plays an essential role in various DNA metabolic

processes such as replication [72], transcription [73], and DNA repair [74] that

involve many proteins. Nucleic acids in the cell nucleus undergo dynamic struc-

tural changes as they hand over their genetic information. It is therefore im-

portant to understand the structural properties of ssDNA, especially when it

binds with proteins. The study of ssDNA flexibility can also provide clues to the

RNA folding structure because of structural similarity of the RNA and DNA

backbone [75].

The flexibility of ssDNA has been demonstrated by various spectroscopy

methods, such as fluorescence correlation spectroscopy [76], single-molecule
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FRET (fluorescence resonance energy transfer) [77,78], and force spectroscopy

[79–81]. The flexibility of long ssDNAs (> 100 nucleotides) has been widely

investigated [82], but studies on shorter ssDNAs (< 15 nucleotides) are lim-

ited [77, 83, 84] since it is difficult to quantify the structural changes in ssDNA

at the correspondingly short length scale. When proteins interact with DNA,

they often interact with only a small number of nucleotides, the information of

the flexibility of short ssDNA is very important. For example, the RNA poly-

merase interacts with promoter DNA through a single-stranded transcription

bubble formed from ∼ 14 nucleotides [85]. In this study, we directly measure

the mechanical flexibility of ssDNA in short lengths.

DNA structures are affected by cations that can reduce electrostatic repul-

sion between the negatively charged phosphate groups of the DNA backbone.

These ions can directly bind to DNA or change the dielectric characteristics of

the medium. Divalent cations are known to be particularly effective in stabiliz-

ing the DNA structure [86] compare to monovalent cations. The effect of metal

ions in nucleic acid structure has been widely investigated both theoretically

and experimentally [76,87]. In the present study, we investigated the change of

ssDNA structure depending on the concentration of monovalent and divalent

cations.

The Application of Single-molecule FRET Technique

Analysis of structure and dynamics of biomolecules is fundamental for under-

standing biomolecular mechanisms; a powerful method that can perform such

an analysis is FRET [28, 88–91]. Various kinds of biomolecular processes have

been investigated using FRET between two fluorescent probes. FRET is a phe-

nomenon in which energy is transferred from a donor molecule to an acceptor

molecule through non-radiative dipole-dipole coupling [29, 31, 92]. The energy
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transfer efficiency is inversely proportional to the sixth power of the inter-probe

distance and is very sensitive to the changes in the distance on the length scale

of 1–10 nm. (See Section 1.5.2 for detailed information.)

The application of FRET phenomenon has been drastically increased by

combining with the development of single-molecule detection technique. Since

the first paper on single-molecule detection is published [93–96], single-molecule

spectroscopy has been widely used in biological applications. Single-molecule

detection makes it possible to observe changes in the absolute value of a single-

molecule while avoiding ensemble averaging. For this reason, single-molecule

FRET spectroscopy has been widely used as a spectroscopic ruler to analyze

biomolecular structures.

Various single-molecule FRET techniques have been developed, however,

conventional single-molecule FRET cannot distinguish changes in molecular

stoichiometry from conformational changes. To overcome such limitations, the

new platform of alternating laser excitation (ALEX)-FRET was introduced that

employs an additional excitation laser to directly probe acceptor dye [97,98].

By alternating multiple lasers rapidly, the presence of each fluorophore on

the distinct molecular compartment can be identified, which yields an indepen-

dent parameter for molecular stoichiometry for compositional information in

addition to the FRET efficiency for spatial information. By sorting molecules

in 2-D E-S histogram along two independent parameters, i.e., FRET efficiency

(E) versus stoichiometry ratio (S), molecular heterogeneities can be directly

visualized along with their structural differences.
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5’-ATCCCAGGAGCATT-3’

3’-TAGGGTCCTCGTAATAGCAGAACTCATT-5’

N = number of nucleotides
       of ssDNA 

Cy3

Cy5

N14 N0

a

b

Figure 3.1 Sample design for studying the flexibility of ssDNA. (a) Sample design

showing the dye labeling of two fixed sites separated by 14 nucleotides. N represents

the number of nucleotides in the ssDNA segment called ‘overhang’ and is adjusted by

varying the length of the upper strand labeled with Cy3. (b) N14 (left) and N0 (right)

with each dye labeling the same position.

3.2 Materials and Methods

3.2.1 ssDNA Preparation

The scheme for our sample design is shown in Figure 3.1. We purchased nucleic

acid samples from Integrated DNA Technologies (IDT). HPLC-purified sample

was labeled with Cy3 and Cy5 on the shorter and longer strands, respectively,

as shown in Figure 3.1a. The amino modifier C6 and C3, which is known to

have only a slight effect on their configurations was used to link the dyes and

DNA. The dye labeling sites are fixed at a specific position on each strand with

a separation of 14 nucleotides between the dyes. We controlled the length of

the overhang (the ssDNA segment) by varying the length of the shorter DNA

from 14 to 28 nucleotides, giving the overhang a length of 14 to 0 nucleotides

(Figure 3.1b). If we were to label the dye on the 3’ end of the shorter DNA, it
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Figure 3.2 Poisson distribution of the number of molecules according to concentrations

((a) 1.7 nM, (b) 1.0 nM, and (c) 0.1 nM). (c) When the average number of molecules

is 0.06 (100 pM), the probability of 0, 1, and 2 molecules in the observation volume is

94%, 5.6%, and 0.17%, respectively.

would have been difficult to see whether the overhang bends or not, especially

at small N.

In our single molecule experiment, we used a DNA concentration of 100 pM

to make sure that at most only one molecule was present in the observation

volume within the detection time window of 600 µs. The number of molecules

in detection volume follows a Poisson distribution because the events occur in-

dependently of time since the last event [99, 100]. The average value was used

to calculate a theoretical Poisson distribution, P (k;Navg) which is

P (k;Navg) =
Nk

avge
−Navg

k!
(3.1)

where Navg is the average number of molecules in observation volume (confocal

volume used in this work is about 1 fL (= 1 µm3)), k is the particular number

of molecules and takes values 0, 1, 2, · · ·.

The calculated probability, P (k;Navg), is represented in Figure 3.2 when

Navg = 1, 0.6, and 0.06. “Navg = 1” means (1/6.022 ·1023) mole/1 fL ≈ 1.7 nM.
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In the same way, Navg = 0.6 and 0.06 mean 1.0 nM and 0.1 nM, respectively.

When the molar concentration is 100 pM, P(k > 2;Navg = 100 pM) is 0.17% and

P(k = 0;Navg = 100 pM) is 94%. This means that no molecules are observed

for most of the time. The concentration of the sample should be lower than 100

pM to observe only single molecule.

The DNA was diluted with the buffer that contains 50 mM pH 8 Tris, 1

mM MEA, 5 vol% glycerol, and 1% BSA. The single molecule buffer reduces

photobleaching and photoblinking, slows the diffusion rate, and inhibits the

non-specific binding of the observed molecules. The salt concentration was var-

ied from 10 mM to 2 M to investigate structural changes by cation.

3.2.2 Experimental Setup for ALEX-FRET

We obtained our ALEX-FRET data using a home-built fluorescence confocal

setup (Figure 3.3). Two CW excitation lasers (532 nm: SambaTM 532, Cobolt;

635 nm: TECRL-25G-635, World Star Tech) were alternatively irradiated on

the diffusing sample. Alternation of two lasers was achieved using an acousto-

optic tunable filter (AOTF, AOTFnC-VIS, AA Opto-Electronic) running at

50 µs period. To avoid the temporal cross-talk, the “on” time of the AOTF

was limited to 45 µs, while 5 µs remained as the “off” time. After individual

lasers passed through a polarization maintaining single-mode fiber (P1-488-PM-

FC and P1-630PM-FC, Thorlabs) for beam cleanup, they were combined with

dichroic mirrors (488/532/633rdc, Chroma). Lasers were circularly polarized to

efficiently excite the dyes using half-wave plate and quarter-wave plate (RAC

3.2.15 and RAC 3.4.15, B. Halle). Lasers excite the sample on an objective (Up-

lanSApo 60x/1.20 w, Olympus). Fluorescence signals from donor and acceptor

were separated by a dichroic mirror (630dcxr, Chroma) and detected by two

avalanche photodiodes (APDs) (SPCM-AQR-14, Perkin Elmer). We adjusted
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Figure 3.3 Experimental setup for ALEX-FRET. The enlarged circle represents an

diffusing molecule in observation volume. (AOTF: acousto-optic tunable filter, APD:

avalanche photodiode)
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Figure 3.4 Molecular sorting based on E-S histogram. D-only, A-only, low FRET D-A

pair, and high FRET D-A pair are clearly distinguished.

the laser power so that the S value is at 0.5 when there is one donor and one

acceptor. The raw data were acquired and analyzed with LabVIEW program

(NI6602 and NI6713, National Instruments)

3.2.3 ALEX-FRET Data Analysis

E-S Histogram

ALEX-FRET is a technique to excite the donor and the acceptor separately

using two lasers, and it is possible to obtain not only the FRET efficiency (E)

value, but also the stoichiometry (S) values of two molecules. The values of

E and S were calculated from the photon traces detected by APD using the

following equations:

E =
FA
D

FA
D + γFD

D

(3.2)
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where F Y
X means the fluorescence intensity of Y fluorophore whenX fluorophore

is excited. (e.g., FA
D is fluorescence intensity of acceptor channel when green

laser is turned on to excite the donor dye.) γ = ΦAηA/ΦDηD, a normalizing

the difference in quantum yields (Φ) and the detection efficiencies (η) for donor

and acceptor molecules (See Section 1.5.2).

S =
FD

FD + FA
(3.3)

where FX means the total fluorescence intensity when the laser that can excite

X fluorophore is turned on. The donor excitation laser excites the donor so

that the donor emits fluorescence or the acceptor emits fluorescence through

the FRET. That is, FD = FA
D + γFD

D , and FA = FD
A + FA

A ≈ FA
A because FA

is caused only by the acceptor.

For donor-only, S =
FD

FD + FA
=

FD

FD + 0
= 1

For acceptor-only, S =
FD

FD + FA
=

0

0 + FA
= 0 (3.4)

For donor-acceptor pair, S =
FD

FD + FA
=

FD

FD + FD
= 0.5

It is assumed that the intensity of total fluorescence by each laser is the same.

We can construct the 2-D E-S histogram using the above equations, where

x-axis is FRET efficiency (E), and y-axis is stoichiometry (S) (Figure 3.4).

ALEX-FRET is particularly useful when dual labeling is not perfect. It

cannot be distinguished by E value whether the donor exists only or the FRET

value is 0 due to the distance between the donor and the acceptor. The S value

can be used to identify between the two cases.
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Figure 3.5 Absorption and emission spectra of Cy3 (donor) and Cy5 (acceptor) and

their crosstalk. A green and red arrows indicate the wavelength of lasers to excite D and

A, respectively. A green and red background squares imply the detection wavelength

of D and A, respectively. Unwanted direct excitation of acceptor (blue) and leakage of

donor emission (purple) are also expressed.
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Accurate FRET Measurement

To measure accurate FRET efficiencies and distances from single molecules, we

should correct the crosstalk between the donor and the acceptor [98]. Figure 3.5

shows two main crosstalk terms, direct excitation (Dir) and leakage (Lk). Dir

is defined that the donor excitation laser is partially absorbed by the acceptor

molecule; Lk means that the part of donor emission is detected by acceptor

channel. Most FRET-capable donor-acceptor pairs naturally have the crosstalk.

FA
D = DFA

D +A FA
D +D→A FA

D

= Lk + Dir + FRET (3.5)

The upper superscript at left indicates the type of probe. D→A is the fluores-

cence generated from acceptor after energy transfer. FA
D contains other contam-

inated signals such as Lk and Dir as well as the FRET signal. We could obtain

the crosstalk by ALEX experiments. The ALEX measurements of donor-only

sample and acceptor-only sample tells us Lk and Dir, respectively. We have to

calibrate the crosstalk every measurement because it depends on instrumental

factors such as excitation intensity and detector alignment.

3.3 Results and Discussion

3.3.1 Flexibility of ssDNA with 3-nucleotides

In ALEX FRET, a 2-D E-S histogram represents different subgroups of sample

that has a heterogeneous distribution in chemical composition and molecular

structure. Figure 3.6a shows a 2-D E-S histogram with four distinct (E, S)

domains that may represent possible configurations of species expected from

our sample. Doubly labeled species that have an intermediates S value can be

readily distinguished from both singly labeled “impurities” that result from
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Figure 3.6 Experimental E-S histograms of ssDNA overhang. (a) Two-dimensional E-S

histogram representing different domains of (E, S) values anticipated for four different

subgroups of our sample: donor-only impurities with S ∼ 1, acceptor-only impurities

with S ∼ 0, and doubly labeled species (S ∼ 0.5) that are more flexible (high E) or less

so (low E). (b) Experimental E-S histograms for N14 (left) and N0 (right) obtained

at 2 M NaCl. Red circles represent the doubly labeled species with S ∼ 0.5 that are

the subject of our interest.
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partial bleaching of fluorophores or failure of hybridization. The latter may

further branch into those flexible enough to bring the two fluorophores together

to yield a large E value and those not flexible enough. The minimum E value

is expected to occur for N0 (i.e., double-stranded DNA or dsDNA). Since the

persistence length of dsDNA is 50 nm [101], the 15-bp segment between the

fluorophores should remain straight at a length of ∼ 5 nm. Since Förster radius

of Cy3-Cy5 pair is also ∼ 5 nm, the expected minimum E value is about 0.5

from our experiments. Those with ssDNA overhang should have a higher E

value since the two fluorophores can be brought closer due to its flexibility.

Figure 3.6b shows two representative single-molecule ALEX FRET data for

N14 (left) and N0 (right) collected from a large number (> 1,000) of DNA

molecules at 2 M NaCl. The value of E was determined by fitting the peak at

S ∼ 0.5 to a Gaussian distribution and taking its center value. The E value of

N14 was 0.944, representing a strongly curved structure of DNA while that of

N0 was 0.541, indicating that dsDNA indeed has a rigid structure.

3.3.2 ssDNA in Various Ion Concentration

The averaged FRET efficiencies for overhangs of different lengths obtained un-

der different ion concentrations are given in Figure 3.7. Any salt effect observed

here is due to its effect on the DNA structure since the dye properties are hardly

affected by salt conditions [77].

Figure 3.7 shows that, for instance, N0 and N3 have different FRET values.

The E value of N3 is much higher than that of N0 even though the fluorophores

are labeled on the same positions in N0 and N3. It indicates that sufficient

flexibility is introduced with only 3 nucleotides of ssDNA. Since ssDNA may

fluctuate freely during the detection time window of 600 µs, we use the contour

length of ssDNA that represents its length at maximum physically possible
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Figure 3.7 Average FRET efficiency values for different lengths of ssDNA (N = 0–14)

in various concentrations of NaCl and MgCl2.

extension. The contour length of N3 is estimated to be 1.89 nm since the unit

length of each base is well known to be 0.63 nm [102, 103]. This shows clearly

that a ssDNA shorter than its persistence length can still bend. (The persistence

length of ssDNA was reported to range from 2 to 5 nm, depending highly upon

the ion concentration of the buffer [77].)

DNA structure is influenced by cations that screen the negatively charged

phosphate backbone, perhaps more strongly for ssDNA than for dsDNA be-

cause of the higher flexibility of the former. In this study, we also examined

the difference in the salt effect between monovalent and divalent cations by

employing NaCl and MgCl2.

For Na+ cation, our result shows that, for smaller N, there is little depen-

dence of E on the cation concentration because the ssDNA structure is still not

very flexible. For larger N (N > 9), however, E is significantly influenced by the
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cation concentration, increasing as the cation increases.

At an intermediate concentration of Na+ (250 mM), the E values of N9,

N13, N14 are all comparable and seem to have reached a plateau, indicating

that the flexibility does not increase even for longer overhangs at this cation

concentration, which may not be sufficient to screen all negative charges. When

we use a higher concentration (2 M) of Na+, however, the E value increases

beyond the plateau since the flexibility of the overhang is enhanced again by

further screening of the excess negative charges. By also looking at the data

for the lowest Na+ concentration (25 mM), we can see that it takes a certain

amount of cations to sufficiently screen the negative charges of the backbone to

make it flexible enough.

In the case of MgCl2, we observed little concentration dependence. Since

the E values obtained for various concentrations of Mg2+ are also comparable

to that for 2 M Na+, we think that the ssDNA is made flexible enough by

the divalent cation even in its low concentration. This indicates that a divalent

cation has a much stronger screening effect toward neutralization of the negative

charges on the DNA backbone.

3.4 Conclusion

We examined the flexibility of a short ssDNA overhang ranging in length from

0 to 14 nucleotides at various concentrations of NaCl and MgCl2. The distance

between the fluorophores measured by single-molecule ALEX-FRET yielded

information about the bending structure of ssDNA and its flexibility. We dis-

covered that sufficient flexibility is introduced with only 3 nucleotides of ssDNA

and that a ssDNA shorter than its persistence length can still bend. The flexibil-

ity of ssDNA is little affected by cations when its length is short but becomes
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increasingly affected by cation concentration as its length is increased. The

screening effect was much greater for a divalent cation than a monovalent one.
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Chapter 4

Detection of Single Diffusing Molecule
in Sub-diffraction-limit Volume by
ALEX-FRET and STED Microscopy

4.1 Introduction

In the last two decades, single-molecule FRET techniques have provided much

useful information about such biophysical problems without ensemble aver-

age as chemical kinetics, mechanical/photophysical dynamics, conformational

changes, inter-/intra-molecular interactions, and molecular movements [94, 97,

104–107]. Since the FRET efficiency has a strong dependence on the distance

between two fluorophores (E ∝ r−6), one can readily obtain one-dimensional

spatial information [28, 29]. Despite its many advantages, however, use of the

diffusion-based single-molecule technique has been restricted to dilute samples

(with a concentration down to tens of pM) due to the diffraction-limited obser-

vation volume (typically ∼ 1 fL with a conventional confocal microscope) [108].

Considering that many biomolecular interactions have a dissociation constant
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larger than ∼ nM [109], this certainly poses a grave problem in applying the

diffusion-based single-molecule technique to such molecules.

Various methods have been developed to break the concentration barrier

(observe a single-molecule in high concentration). Total internal reflection is

broadly used to confine the detection volume to a depth of ∼ 100 nm with

evanescent wave [110]. Zero-mode waveguide, whose diameter is much smaller

than the wavelength of the light used, is employed to generate an evanes-

cent field with a penetration depth of tens of nm [111]. Convex lens induced

confinement (CLIC) utilizes the small contact point of a plano-convex lens

and coverglass, which can confine the z-axis dimension down to 5 nm [112].

Concentration-independent single-molecule spectroscopy (ciSMS) uses UV and

visible light for reversible photo-switching of a fluorophore in high concentra-

tion of fluorescent protein [113]. Most of these techniques have been applied

to only immobilized samples, which have a possibility to cause surface-induced

perturbations in the presence of a high level of background.

ALEX-FRET spectroscopy, one of single-molecule techniques to measure

FRET efficiency of freely diffusing molecules, was developed to overcome the

limitations of conventional single-molecule FRET measurements [97]. By excit-

ing the acceptor fluorophore as well as the donor fluorophore in an alternating

way, one can obtain not only the spatial information (E) but also the stoi-

chiometric information (S) regarding the fluorophore composition. As shown

in Chapter 3, ALEX-FRET can measure four inter-fluorophore distances and

their compositions [114,115].

In this work, we introduced a novel method for the detection of single dif-

fusing molecules at high concentration by utilizing the stimulated emission de-

pletion (STED) microscopy to effectively reduce the observation volume. STED

was developed to overcome the optical diffraction limit (δr = λ/2NA, λ: wave-
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length of the excitation light, NA: numerical aperture, Equation 2.2) in far-field

optical microscopy. A doughnut-shaped depletion beam is used to switch-off the

fluorophores in excited state to prevent them from emitting fluorescence, result-

ing in reduced observation volume [48]. STED microscope can be easily adopted

to a confocal microscope with an additional light source and can be applied to

many of fluorophores commercially available. Therefore, an optical spectroscopy

technique in sub-diffraction limited observation volume has been introduced uti-

lizing the fluorescence correlation spectroscopy [60]. We combined the STED

microscopy technique and the alternating laser excitation spectroscopy for flu-

orescence resonance energy transfer (ALEX-FRET), one of the diffusion-based

single-molecule spectroscopy, and observed a single diffusing molecule in highly

concentrated solution (called ‘ALFRED’).

4.2 Materials and Methods

4.2.1 DNA Sample Preparation

As a model system to demonstrate the feasibility of ALFRED, we observed

30-base double stranded DNA (dsDNA) labeled with a FRET pair, DY510XL

(Dyomics GmbH) and ATTO647N (Atto-Tec GmbH). 30-mer of single stranded

poly-A and poly-T DNA oligomers (IDT) were used, whose bases at the end

were amino-modified for the fluorophore labeling (5’ modified poly-T for DY510

XL; 5’ modified poly-A for ATTO647N (low-FRET); 3’ modified poly-A for

ATTO647N (high-FRET)). In order to efficiently deplete both of the fluo-

rophores with a single depletion laser, we chose DY510XL that shows a large

Stoke’s shift and broad emission spectrum. DY510XL and ATTO647N were la-

beled at the end of oligomers via simple click reaction in sodium borate buffer

(pH = 8.3, 2 h, room temperature). Unreacted oligomers and fluorophores were
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removed by high performance liquid chromatography (1100 series, Agilent Tech-

nologies) using the C18 reverse phase column (RPC C2/C18 ST 4.6/100, GE

Healthcare). Each labeled single strand was annealed with its complementary

strand by gently cooling the mixture from > 90◦C to the room temperature.

Viscosity Lifetime

(mPa·s) (ns)

Photon counts 

(kHz)

0% PEG 1.002 0.5 35.4

30% PEG 7.215 1.51 360

ALEX-FRET and ALFRED measurements were carried out in the presence

of 30% of poly(ethylene glycol) (PEG), triplet quencher (β-mercaptoethylamine,

1 mM) and salt (NaCl, 50 mM) in Tris buffer (pH = 8.0). PEG was used to

increase the viscosity and diffusion time to get enough photons from the flu-

orophores traveling the reduced observation volume. Moreover the quantum

yield of DY510XL notably increases in the viscous solution. The viscosity of

intracellular cytoplasm is known to be 1.9–3.1 mPa·s, which is higher than the

normal aqueous buffer solution [116,117]. Finally, prepared sample was put on

a cover glass sealed by silicon spacer (CoverWell Perfusion Chamber Gasket,

ThermoFisher) to prevent sample evaporation during the measurement.

4.2.2 Experimental Setup for ALFRED

Our experimental setup is briefly shown in Figure 4.1, which is a combined

setup of Section 2.2.3 and 3.2.2. Ti-sapphire laser (< 100 fs, 80 MHz, MaiTai

HP, Spectra-Physics) is separated in two path, excitation and STED. 510 nm

and 635 nm were selected for excitation of DY510XL and ATTO647N, and 780

nm is suitable for depeletion of two fluorophores. Two excitation lasers were

alternatively irradiated using an acousto-optic tunable filter (AOTF, AOTFnC-
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Figure 4.1 Experimental setup for ALFRED. The two excitation laser beams (510 and

635 nm) alternatingly irradiates the sample for 50 µs, while the doughnut-shaped STED

beam (780 nm) depletes the fluorescence signal from outside its central hole confined

at a sub-diffraction limit.
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VIS, AA Opto-Electronic) running at 50 µs period. To avoid the temporal cross-

talk, the “on” time of the AOTF was limited to 45 µs, while 5 µs remained as

the “off” time. For STED beam, 780 nm output of a Ti:Sapphire laser passed

through the two glass rods and 100 m long fiber to be stretched to ∼ 280 ps.

STED beams passed through the phase plate (VPP-1a, RPC Photonics) to

make a doughnut-shape beam at focal plane.

Two excitation beams (510, 635 nm) and STED beam (780 nm) are com-

bined through dichroic mirrors and focused to the sample by an oil immersion

objective (HCX PL APO 100X, 1.4 NA, Leica). They should be aligned in

exactly same position at focal plane. Co-localization between excitation and

STED beam was monitored by collecting scattered light from an Au bead with

80 nm diameter. STED beam was adjusted to irradiate the samples after 160

ps from the excitation to achieve the maximum depletion efficiency.

The fluorescence signals from donor and acceptor passed the pinhole to

eliminate the backgrounds and divided by dichroic filter (ZT633drc, Chroma)

and detected by two different APDs (SPCM-AQR-14-FC, Perkin Elmer). Some

emission filters and notch filters were used to detect only each fluorescent sig-

nal. We adjusted the laser power so that the S value is at 0.5 when there is

one donor and one acceptor. The raw data was analyzed with LabVIEW pro-

gram (NI6602 and NI6713, National Instruments) as shown in Section 3.2.3.

When only the excitation beam is irradiated, ALEX-FRET is measured in the

diffraction-limited confocal volume, and ALFRED is measured in the reduced

focal volume when STED beam is added.

Fluorescence correlation spectroscopy (FCS) is a technique that measures

the time-dependent changes of fluorescence. FCS data were obtained with the

correlator (Flex02-01D, Correlator.com), and the raw data were analyzed with

LabVIEW program (National Instruments). Fitting of the FCS curve with the
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autocorrelation function is described in Section 1.5.3. When we assume that

only the random diffusion of the fluorophores results fluorescence fluctuation in

our system, the autocorrelation function (G(τ)) according to lag time (τ) is as

follows:

G(τ) = G(0)

(
1 +

τ

τDiff

)−1
(
1 +

s2

u2
τ

τDiff

)−1/2

(4.1)

where G(0) is the amplitude at τ = 0, τDiff is diffusion time in observation

volume and is inversely proportional to the diffusion constant (D). s and u are

the radial radius and axial half-length of observation volume. τDiff and D are

determined by least-squares fitting of the simulated curve with the measured

data.

4.3 Results and Discussion

4.3.1 Observing Single-molecules in Reduced Focal Volume

To overcome the concentration limit in confocal, we apply an additional doughnut-

shaped depletion laser, which effectively induces the stimulated emission of the

excited fluorophores. This results further reduced observation volume, where

much less fluorophores can be detected (Figure 4.2).

The final observation volume in ALFRED highly depends on the intensity of

depletion laser. It is well known that the effective focal volume can be reduced

proportionally to the square root of the depletion laser intensity (Equation 2.2).

We plot a reference curve for the resolution and the STED beam power in the

home-built STED microscope (Figure 4.3a). The resolution is obtained from

full-width at half maximum (FWHM) value of the STED image of 20 nm flu-

orescent beads (FluoSpheres Carboxylate-Modified Microspheres, crimson flu-

orescent, Invitrogen). We obtain the Isat = 0.73 MW/cm2 by interpolating the

result with Equation 2.2, where the resolution equals to r0/
√
2. The resolution
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Figure 4.2 Conceptual illustration of ALEX-FRET-STED (ALFRED). The doughnut-

shaped STED beam “erases” the fluorescence signal from outside its central hole. Al-

though there exist a number of fluorophores in the diffraction-limited volume (green),

only a single molecule can be detected in the reduced observation volume (red). A

detection volume ∼ 100 times smaller than the confocal volume allows a much higher

sample concentration without compromising the single-molecule nature of the detec-

tion.
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Figure 4.3 Focal volume reduction and subsequent change of Poisson distribution. (a)

STED beam intensity (I) versus resolution (r). The saturation intensity (Isat) is cal-

culated as 0.73 MW/cm2 at the focal plane. (b) Poisson distribution at 5 nM concen-

tration in different observation volumes (green: confocal, red: ALFRED). With 10 aL

observation volume, we can observe individual molecules in 5 nM solution.

is ∼ 23 nm (at I = 13.4 MW/cm2), which is > 10-times less than the reso-

lution without the depletion laser (∼ 300 nm). This result suggests that the

concentration barrier in single molecule detection can be increased 100-times

(> 5 nM) in ALFRED measurement.

The probability that how many molecules exist in the observation volume at

certain concentration is described by the Poisson distribution (Equation 3.1).

Figure 4.3b shows the Poisson distribution of two different observation volumes,

1 fL (diffraction-limited observation volume, ALEX-FRET) and 10 aL (100

times reduced observation volume, ALFRED), at 5 nM concentration that is

100-times higher than conventional condition (50 pM). In the diffraction-limited

volume (1 fL), there exist more than two molecules with > 80% probability,

where it reduces to < 0.05% with reduced observation volume (10 aL). Hence,

the individual molecules are distinguishable even at high concentration if we

successfully reduce the observation volume.

73



Confocal Raw & Fit
STED Raw & Fit

τD = 3.18 ms 

0.0

0.5

1.0

1.5

N
or

m
al

iz
ed

 a
ut

oc
or

re
la

tio
n

Lag time (s)

0.74 ms

10-4 10-3 10-2 10-1 100

Figure 4.4 FCS results of ATTO647N labeled dsDNA in solution containing 30% of

PEG (green: confocal, red: ALFRED). The diffusion time (τDiff) decreased to 0.74 ms

when the depletion laser was applied.

We performed the FCS to evaluate the diffusion times (τDiff) of dsDNA in

both of ALEX and ALFRED conditions (Figure 4.4), as well as the viscosity

of 30% PEG solution (η = 7.2 mPa·s). In single-molecule spectroscopy, τDiff

plays an important role when we use an intensity-based analysis method such

as FRET. The longer binning time than the τDiff is required to obtain the

accurate fluorescence intensity. Furthermore, the alternating periods of each

excitation laser also should remain shorter than τDiff [118].

τDiff of dsDNA clearly decreases in ALFRED (3.18 ms → 0.74 ms), sug-

gesting that the observation volume is efficiently reduced. Based on the FCS

results, the photon binning time is determined as 3.5 ms and 1.0 ms for the

ALEX and ALFRED analysis, respectively (slightly longer than the diffusion

times).

Figure 4.5 shows the fluorescence time trace of the dual-labeled dsDNA in

30% PEG solution at 5 nM concentration. The binning times are 3.5 ms for
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Figure 4.5 Fluorescence time trace of (a) ALEX-FRET and (b) ALFRED (5 nM dual-

labeled dsDNA in 30% PEG solution). Bursts from single molecules observed by AL-

FRED (b) are not seen in the ALEX-FRET (a) because its focal volume contains too

many molecules (above the line: FD, below the line: FA).

ALEX and 1.0 ms for ALFRED. Since there can exist more than two molecules

in the diffraction-limited observation volume (ALEX-FRET), the time trace

showed an average value with some stochastic fluctuations (Figure 4.5a). On

the other hand, only one or no molecule can exist in the reduced observation

volume (ALFRED) resulting the fluorescence ‘burst’ (Figure 4.5b). These bursts

are regarded as the sum of the photons from the individual molecules, thus each

burst can be analyzed to extract useful information from a single molecule.

4.3.2 E-S Histogram with ALEX-FRET and ALFRED

We test whether the ALFRED can distinguish the donor- and the acceptor-

only samples in highly concentrated solution (Figure 4.6). ALEX-FRET and

ALFRED are applied to samples at 100 pM and 1 nM, respectively. Clearly

sorted results ensure the feasibility of our ALFRED system.

Figure 4.7 shows the 2-D E-S histogram of ALEX-FRET and ALFRED at
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Figure 4.6 2-D E-S histogram of donor-only and acceptor-only samples measured by

ALEX-FRET and ALFRED. ALEX-FRET examine samples in 100 pM concentrations,

whereas ALFRED is applied to 1 nM of samples. D-only species appear near S = 1

and E = 0 position, but A-only samples appear in the bottom region of the histogram

(S = 0). They are clearly coincident with each other, when proved the feasibility of

ALFRED system.
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Figure 4.7 ALEX-FRET (left) and ALFRED (right) results of 5 nM dsDNA in 30%

PEG solution. In 5 nM, several molecules exist in a confocal volume (ALEX-FRET),

which give an unresolved ensemble-averaged distribution. In contrast, when the focal

volume is reduced by ALFRED, only one diffusing molecule is detected during binnig

time. The signals from the D-only species (green circle), the A-only species (red circle),

the low-FRET D-A species (blue circle), and the high-FRET D-A species (purple circle)

are clearly resolved.
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5 nM concentration. It is measured with the dual-labeled dsDNA having two

different FRET states. E and S values were calculated from the fluorescent

intensities collected in each binning time (Equation 3.2 and 3.3). We also cali-

brate the effects of the direct excitation (Dir) and emission leakage (Lk) from

the photon counts, as well as the background noise, to evaluate the E and S

values accurately.

In ALEX-FRET measurements, the signals came from several molecules

having different fluorophore composition are collected together in the binning

time, resulting the averaged FRET value in the histogram (Figure 4.7, left

column). However, the reduced observation volume of ALFRED results in the

detection of individual dsDNA molecules without the ensemble average (Figure

4.7, right column). ALFRED successfully resolved the donor- (green circles) and

acceptor-only (red circles) molecules in the histogram as well as the dual-labeled

molecules (blue and purple circles).

All the possible compositions of the sample are clearly appeared in the

E-S histogram, but their standard deviations in distributions are larger than

that in ALEX-FRET. The lower signal-to-noise ratio of ALFRED due to the

smaller photon counts mainly contributes to this feature, which can be inter-

preted as a combination of two factors: i) reduction of the diffusion time, ii)

photobleaching of the fluorophores during diffusion due to the intense depletion

laser. Especially, the photobleaching during diffusion causes the dissymmetry

of the photon counts from the donor and acceptor molecules, which induces

much severe broadness effect to E and S values. In addition, highly populated

features of the donor- and acceptor-only species in the ALFRED also can be

explained by the photobleaching. Since the depletion laser surrounds the obser-

vation volume, STED-induced photobleached species are regarded as the solely

labeled molecules.
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4.4 Conclusion

In conclusion, we successfully combined ALEX-FRET single-molecule spec-

troscopy and super-resolution STED microscopy to confine the observation

volume less than the diffraction-limited volume. We demonstrated the capa-

bility of our technique that can distinguish each individual fluorescent molecule

in 5 nM concentration, which is 100-times increased concentration than that

in conventional diffusion-based single molecule spectroscopy. Since this concen-

tration is comparable with the dissociation constant of many enzymes, it will

help us to investigate the biomolecules in vivo at the single-molecule level. The

concentration limit of ALFRED is now restricted by the quantum yield and

stimulated emission cross-section of the fluorophores, which can be overcome

by developing proper fluorophores to enable the single-molecule detection in

even higher concentration.
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Chapter 1

Introduction to Organic Light
Emitting Diode (OLED)

1.1 History and Working Principle of OLED

History of OLED

Part II covers OLEDs that generate electroluminescence compared to Part I,

which deals with photoluminescence. Electroluminescence refers to the genera-

tion of light by electrical excitation of organic materials. The first experiments

dealt with electroluminescence on anthracene crystals were successfully carried

out by Pope et al. (1963), as well by Helfrich and Schneider (1965) [1–3]. The

organic molecules are electrically conductive as a result of delocalization of π

electrons caused by conjugation over part or all of the molecules. In 1982, the

first thin film electroluminescence device was developed by vacuum deposition

method, and a year later, similar devices made of polymer materials were de-

veloped [4, 5]. The efficiency and lifetime of the devices were extremely low,

requiring more than 100 V for operation.
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The electroluminescence of organic materials initially did not get much

attention. The first heterojunction device by Tang and Van Slyke in 1987

[6] sparked academic and commercial interest. The achievement of a double-

organic-layered architecture consisting of a hole transporting layer and an emis-

sive layer of aluminum quinolinolate (Alq3) gave electroluminescence around

1,000 cd·m−2 at driving voltages below 10 V. Double-organic-layered OLED is

still the archetypical structure for OLEDs [7, 8]. After then, a huge increase

in device lifetime and efficiency has been achieved [9, 10], which allows organic

electroluminescence to enter the display and lighting market [3, 11].

For high efficiency and stability, host-guest system has been used in emis-

sive layer (EML). In 1998, Baldo significantly improved the internal quantum

efficiencies of the devices by applying the triplet harvesting effect [12]. As the

recombination of electrons and holes yields triplet (75%) and singlet (25%)

excitons and organic materials usually emit only from singlet states (fluores-

cence), this limited the achievable internal quantum efficiency. Baldo could

overcome this limitation by using phosphorescent transition metal complexes

having heavy atoms (such as iridium or platinum) as the emitting materials.

Light is emitted from the triplet states of these compounds and singlet exci-

tons are rapidly converted into triplets through efficient intersystem crossing

(ISC). Highly efficient green and red electrophosphorescent emitters have been

demonstrated with internal quantum efficiencies approaching 100% [13,14].

The development history of OLED device structure is shown in Figure 1.1.

The OLED architectures became complicated from a simple mono-layer struc-

ture to a multi-layer structure in order to improve device efficiency [15]. Each

layer has a special function such as the hole injecting layer (HIL), hole trans-

porting layer (HTL), hole blocking layer (HBL), emissive layer (EML), and

electron transporting layer (ETL). In electroluminescent devices the recombi-
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Figure 1.1 Evolution of OLED device structures. (HIL = hole injecting layer, HTL =

hole transporting layer, EML = emissive layer, HBL = hole blocking layer, ETL =

electron transporting layer)
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nation zone should be in the middle of EML. However, balanced charge injec-

tion or carrier mobility is usually not observed in single layer OLEDs and is

achieved by the incorporation of additional layers giving multilayer OLEDs. (In

organic semiconductors, holes are generally more mobile than electrons.) Hole

and electron transport layers provide facilitated charge injection and enhanced

recombination of electrons and holes in the EML. Charge and exciton blocking

layers block the opposite charge carriers from passing over the EML. It has

been found that the electroluminescence efficiency of OLEDs can be increased

by the confinement of charge carriers or excitons in a multilayer device [16].

The confinement of charge carriers can increase the capture of carriers, and the

confinement of excitons can improve the energy transfer from the host to the

guest [15].

Working Principle

OLEDs typically consist of a metal cathode (e.g., Ca, Al), an organic layers, and

a transparent anode (e.g., indium tin oxide (ITO)) deposited on a transparent

substrate such as glass or flexible polymer [17]. Figure 1.2 summarizes the

working principle of three-layered OLED.

Under a driving voltage, electrons are injected from the cathode into the low-

est unoccupied molecular orbital (LUMO) of the adjacent organic layer (ETL)

and withdrawn from the highest occupied molecular orbital (HOMO) of the

adjacent organic layer (HTL) to anode. The latter process is described as the

holes are injected into the HOMO of HTL from the anode. At this time, HIL can

be inserted between anode and HTL to facilitate hole injection. The electrons

and holes move through the organic layers and recombine to form an “exciton”,

a bound state of the electron and hole. The exciton, or excited molecule, is

usually generated in the guest (doped) material of EML. As the exciton decay
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Figure 1.2 Energy level scheme of a typical heterojunction OLED with an applied bias

voltage. HOMO and LUMO levels of organic layers, vacuum levels (Evac), and the

Fermi levels of electrodes (EF) are represented.

to ground state, it emits the electroluminescence [18,19]. The frequency of this

radiation depends on the bandgap of the material, in this case the difference in

energy between the HOMO and LUMO.

The enormous interest in OLEDs is especially caused by technological as-

pects such as low costs, the ease of fabrication using standard techniques (e.g.

vacuum deposition or solution processing) [8, 20], the possibility of realizing

flexible or large-area displays [21], their use in lighting applications and the

variety of organic materials providing emission wavelengths that cover wave-

lengths from the ultraviolet to near infrared [22].

1.2 Degradation Problem

OLEDs have been mass-produced for display applications and are expected to

find application in the commercial lighting market in the near future. Besides
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Figure 1.3 Reduced OLED brightness with operation time.

high efficiencies and low power consumptions, it is also important that the

devices have a high operational stability [23]. Typically, the higher is the lumi-

nance of a device and the higher is the energy of the emission, the shorter is

the lifetime of an OLED [3]. For applications requiring very high brightness like

outdoor displays, high dynamic range displays, or window integrated transpar-

ent devices, the current OLED technology still does not provide the required

lifetimes.

Over the past three decades, OLED research has been conducted to iden-

tify and overcome the failure and degradation processes that lead to limited

device lifetimes. Already in 1982, there were discussions on the device lifetime

for the first vacuum deposited device [4]. In 2004, Aziz and Popovic provided an

extended overview about the known degradation mechanisms [24]. According

to Sebastian Scholz et al. [3], the phenomenon of degradation can be cate-

gorized as (i) the growth of non-emissive areas, mainly known as “dark-spot

degradation”, (ii) the immediate breakdown of the electroluminescent behavior

(catastrophic failure), (iii) the short- or long-term degradation effect (“intrinsic

degradation”), well described by the (stretched) exponential decay function of

the decreasing luminance [24–26], and (iv) additionally, the voltage increase

during the aging process (direct current (DC) driven) [25,27].

Although many different degradation mechanisms have similar effects and

appearances, they can be classified on the basis of external and internal causes of
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degradation. (intrinsic factors: electro- or photochemical reactions, thermal be-

havior, or interfacial effects such as cathode delamination; extrinsic fators: wa-

ter, oxygen, impurities, fabrication environment like dust and vacuum pressure,

and the substrate conditions) (i) Dark spot degradation and (ii) catastrophic

failure that are caused by extrinsic factors can be suppressed by carefully opti-

mized and controlled fabrication conditions and an appropriate encapsulation

of the devices and thus are no longer considered an obstacle for commercial ap-

plications [23]. Intrinsic degradation resulting in (iii) and (iv) is characterized

by the decrease of overall luminance over time during continuous operation. In

contrast to extrinsic degradation mechanisms, intrinsic degradation mechanisms

are significantly more difficult to investigate.

Intrinsic degradation mechanisms have been studied by different chemical

and electrochemical analysis techniques such as voltammetry techniques, elec-

tric field profiling, photoluminescence, as well as high performance liquid chro-

matography (HPLC) [28, 29]. Several researchers have discovered a wide range

of photochemical and electrochemical reactions that can be detected in aged

OLEDs [29–35]. It is assumed that the dipole reorientation, the charge carri-

ers, and the excitons were changed by various chemical, electrochemial, and

photochemical reactions during driving the device. These phenomena lead to a

positional shifts of the recombination zone, an accumulation processes on in-

terfaces, and an increase of internal resistance, resulting in OLED degradation.

Nevertheless, predictions of device stability based on material properties

and overall device architecture are still out of reach. To enable the development

of high performance and stability device, it is important to understand the

degradation mechanism. An understanding of the degradation mechanisms and

the chemical nature of defects in the organic layers will lead to further design

rules for improved molecular stability for OLED applications, as well as other
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organic based optoelectronic devices.

100



Chapter 2

Study for Luminescence Properties of
the Charge Traps in OLED using
Transient Electroluminescence

2.1 Introduction

The limited operational stability of organic light emitting devices (OLEDs)

presents a challenge to their widespread acceptance [3,23,24]. In order to utilize

OLED in various fields such as large-area displays and solid-state lighting, the

development of devices with high luminescence is required. It is necessary to

analyze the cause of device degradation for improving OLED device lifetime.

Luminescence intensity decrease and driving voltage increase in electrically

aged device [36]. The charge carriers are confined in defect sites that have lower

energy level than surrounding molecules. Giebink and coworkers introduced a

model where defect sites act as luminescence quenchers, non-radiative recombi-

nation centers, and deep charge traps [37]. According to this model, when the

defects act as luminescence quenchers, luminescence lifetime is reduced. Emitter
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decays faster with quenchers than without them [38,39]. On the other hand, if

the defects act as a non-radiative recombination centers or a charge traps inde-

pendent of the light emitting process, it is difficult to observe through the lumi-

nescence. Several electrical measurements such as electrochemical impedance

spectroscopy (EIS), linear sweep voltammetry (LSV), and charge-based deep

level transient spectroscopy (Q-DLTS) have been used to observe charge traps

in OLED devices. However, these methods have limitations such as highly de-

pendence of fitting models or experimentally challenging process [40–44].

We have introduced transient electroluminescence (TREL) technique to an-

alyze what happens in devices. TREL that measure the time-resolved lumines-

cence when a pulse-shaped voltage is applied to device enables noninvasive mea-

surements, as well as in situ analysis on the same environment in which OLED

operates [45]. TREL technique is often used to study the properties of devices,

particularly in measuring the mobility of charge carriers in devices [46–49]. The

mobility was calculated by measuring the time between the first application of

operating voltage to the OLED device and the light emission.

In this study, we have analyzed whole TREL curves by dividing it into on-

set, rise, and decay times. By analyzing the mobility of the charge carrier and

the emission decay, we figure out the existence of the charge trap and the in-

fluence of the charge trap on the luminescence. TREL technique is a method

of observing luminescence unlike conventional electric techniques, and it is pos-

sible to analyze the change of luminescence according to electrical properties.

We develop a new analysis method of TREL result, which can be applied to

identify the internal state of other optoelectronic device. We have also observed

luminescence of the charge trap and its characteristics.
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Figure 2.1 Fabicated red phosphorescent OLED device and its luminescence properties.

(a) Schematic energy band diagram of red phosphorescent OLED device. The energy

levels of LUMO and HOMO are written in units of eV. (b) J-V-L characteristics of

fabricated red phosphorescent OLED.

2.2 Materials and Methods

2.2.1 OLED Fabrication

The exact device configuration used in this work was indium tin oxide (ITO,

150 nm)/hexaazatriphenylene hexacarbonitile (HATCN, 7 nm)/4,4’-cyclohexyli

denebis(N,N-bis(4-methylphenyl)benzenamine) (TAPC, 60 nm)/Bis(10-hydroxy

benzo[h]quinolinato)beryllium (Bebq2):red dopants Iridium(III)bis(4-methyl-2-

(3,5-dimethylphenyl)quinolinato-N,C2’)acetylacetonate (Ir(mphmq)2(acac)) (20

nm)/Bathophenanthroline (Bphen, 60 nm) or tris-(8-hydroxyquinoline) alu-

minum (Alq3, 60 nm)/Lithium fluoride (LiF, 2.5 nm)/Aluminum (Al, 100 nm).

To fabricate OLED devices, clean glass substrates precoated with a 150 nm thick

indium tin oxide (ITO) layer with a sheet resistance of 10 Ω/sq were used (Fig-

ure 2.1a). Line patterns of ITO were formed on glass by photolithography pro-

cess. HATCN, TAPC, Bebq2, Bphen were purchased from Jilin OLEDMaterials

Tech. LiF and Al were purchased from Taewon Scientific. Ir (mphmq)2(acac)
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was synthesized according to the synthesis method of previous report [50]. The

ITO glass was cleaned by sonification in an isopropylalcohol and acetone, rinsed

in deionized water, and finally irradiation in a UV-ozone chamber. All organic

materials were deposited by the vacuum evaporation technique under a pres-

sure of 3·10−7 Torr. LiF and organic materials were thermally deposited on the

ITO substrate at a rate of 0.3 Å/s and Al at a rate of 5 Å/s. The fabricated

OLED devices were encapsulated with a sealing glass and a UV curable resin

in a nitrogen atmosphere to prevent contact with moisture and oxygen in the

air. The J-V-L data of the OLEDs were measured using a sourcemeter (2635A,

Keithley) and a spectroradiometer (CS-100A & CS-2000A, Konica Minolta)

(Figure 2.1b). The fabricated devices were electrically degraded by applying 5

V DC voltage.

2.2.2 Transient Electro- and Photo-luminescence Measurements

The transient electroluminescence (TREL) measurement begins with applying

a rectangular voltage pulse using DG645 (delay generator, Stanford Research

System, rise time < 100 ps, fall time < 3 ns) (Figure 2.2). Voltage pulses are

applied with a voltage of 4 V for 100 µs, with an off-time of 1 ms or 4 ms

between each pulse. The OLED-emitted light was collected by lens (f = 100

mm) and detected by APD (PFCCTC-FCAPC, MPD) and analyzed on a SPC-

150 (Becker & Hickl GmbH) board (maximum time resolution of 25 ns). Only

the light with a wavelength 580–620 nm was used for the analysis to measure

the phosphorescence of the dopant material.

Transient photoluminescence (TRPL) is a method of forming an exciton

using a light source rather than a voltage. Ir(mphmq)2(acac), a dopant material,

was excited with a 200 nW 405 nm laser (LDH-P-C-405 with PDL 800-B driver,

Picoquant) through the lens (f = 40 mm) as shown in Figure 2.2 blue line. 405
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Figure 2.2 Experimental setup of transient electroluminescence (TREL) and photolu-

minescence (TRPL). Delay generator (for TREL) and pulsed laser (for TRPL) that

were triggered by SPC-150 apply the pulsed excitation to the OLED. The generating

light was detected by APD and analyzed by SPC-150 according to time.

nm can not excite other materials except Ir(mphmq)2(acac) due to excitation

energy mismatch. The shape of the laser pulse was the same as that of the

voltage pulse in TREL experiment. Except for excitation source, the other

setup was the same for TREL and TRPL.

2.2.3 Measuring Electronic Properties of OLED

We have compared the electrical properties before and after degradation of the

device. Electrochemical impedance spectroscopy (EIS300, Gamry Instrument)

was used to measure the capacitance of the OLED device depending on fre-

quency of potential perturbation. DC voltage of 4 V was applied and the AC

voltage of 10 mV was scanned at a frequency of 10−1–106 Hz, and the capac-

itance of the device was plotted as a Nyquist plot which is the relationship

between real part and imaginary part of capacitance. EIS measurements con-
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firmed the internal and interface resistance of the device. Detailed analyses are

discussed with data in Section 2.3.2.

Linear sweep voltammetry (LSV) can observe the presence of the charge

traps as reported by Kodacov et al. [42, 43]. Voltammetry measurements were

performed with a electrochemical workstation (CHI6048, CHI Instruments) The

voltage was scanned from −1 V to 4.5 V (forward scan) at sufficiently high

scan rate (40 V/s). This is an electrical analysis method that can confirm the

existence of the charge trap. Briefly, there is a trap when the bump appears in

current-voltage curve when scanning the voltage. Further explanation is given

in Section 2.3.2.

2.3 Results and Discussion

2.3.1 Analysis of TREL Curves

We used a red phosphorescent OLED device (ITO/HATCN/TAPC/Bebq2:5%

Ir(mpmhmq)2(acac)/Bphen/LiF/Al) as a model system (Figure 2.1a). The de-

vice consists anode, hole injection layer, hole transport layer, emissive layer with

Ir(mpmhmq)2(acac) dopant, electron transport layer and cathode. For electrical

aging, the devices were driven at constant voltage (5 V).

TERL is one of the most suitable method for analyzing properties of light

emitting optoelectronic device. The graph in Figure 2.3 showing the brightness

versus the time is called a TREL curve. Rectangular pulse voltage is applied

at t = 0. The gray and red line refer to the applied voltage and EL intensity,

respectively. When the voltage greater than built-in voltage is applied on device,

the charge carriers are injected from corresponding electrodes (I). The electrons

originating from the cathode pass through the electron transport layer and the

holes originating from the anode pass through the hole transport layer. The
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Figure 2.3 Schematic diagram of TREL experiments shows the time until the first

light comes out (t0), the time until light is saturated (tr), and decay time (td) after

voltage is turned off. The voltage of the rectangular pulse applied to the device over

time and the amount of light generated by the device are represented by gray and red

lines, respectively. Electrons and holes are injected from corresponding electrodes right

after the voltage is applied (I). Two kinds of charge carriers with energy which comes

from external voltage move along th organic layers and form an exciton that can make

luminescence (II). When the voltage is turned off, the remaining excitons decay with

their lifetime (III) and then the device have a rest before the next voltage pulse arrives

(IV).
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electrons and holes meet in the emissive layer to form excitons and they start

to emit luminescence (II). We observe the luminescence emitted by the excitons.

After the voltage is turned off, the remaining excitons decay with luminescence

and the resulting decay curve is observed (III). After the off-time which is

sufficient for the exciton to completely decay (IV), the pulsed voltage is applied

again.

In order to analyze the TREL curves, there are three components that we

should concentrate on: t0 (onset time), tr (rise time), and td (decay time). t0 is

the time between the first application of operating voltage to the OLED device

and the light emission. The time at which the first two injected charge carriers

meet is affected by the injection rate and the mobility of the relatively slow

charge carriers (electrons in most cases). tr is the time from t0 until the EL

intensity is saturated. tr is also affected by the mobility of charge carriers. The

rise curve is fitted with logarithmic function to obtain t0 and tr. We define t0 as

the time of the point that the baseline and the fitted curve intersects. tr is the

time until luminescence reachs 80% of the maximum value starting from the

time t0. Finally, td means the emission lifetime of the excitons after the voltage

is turned off. td is determined by single- or bi-exponential decay fitting of the

TREL decay curve depending on the shape of the curve.

2.3.2 The Charge Traps in Degraded Device

TREL Experiments

Figure 2.4a shows how the TREL curve changes as the device is degraded. The

degradation ratio means the degree of decrease in EL intensity compared to

pristine device at the same voltage. The TREL curve of pristine device is black

colored and that of the most degraded device (degradation ratio 66%) is red

108



-5 0 5 10 15 20

0.01

0.1

1

 N
or

m
al

iz
ed

 c
ou

nt
s

Time (µs)

Degradation ratio
 Pristine
 12.1%
 35.1%
 42.7%
 56.3%
 65.6%

-5 0 5 10 15 20
Time ( s)

100 110 120 130 140
0.01

0.1

1

Time (µs)
150 160

0 20 40 60 80
0.0

0.5

1.0

1.5

2.0

2.5

3.0
O

ns
et

 ti
m

e 
( µ

s)

Degradation ratio (%)

0 20 40 60 80
10

20

30

40

50

60

70

R
is

e 
tim

e 
( µ

s)

Degradation ratio (%)

0 20 40 60 80
1.8

2.0

2.2

2.4

2.6

2.8

3.0

3.2

D
ec

ay
 ti

m
e 

( µ
s)

Degradation ratio (%)

a

b

c

d

Figure 2.4 TREL results of OLED devices during degradation process. (a) TREL curves

show the increase and decrease of EL according to time. The curves are smoothed 5

points by fast Fourier transform (FFT) method. (b-d) While the device is 66% de-

graded, t0, tr, and td are plotted according to degradation ratio. t0 is about 2 µs faster,

tr is about 55 µs slower, and td is about 1 µs longer. The error bars show the standard

deviations of the four repeated experimental results.
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colored. As the device is degraded, luminescence starts earlier and ends later.

The changes of three time components (t0, tr, and td) during degradation are

plotted on Figures 2.4b-d. We investigated the implications of changes in the

components as the device was degraded gradually.

t0 and tr: It is expected that t0 and tr will increase because the resistance

inside the device will increase, then the mobility of the charge carriers will

decrease in a degraded device. Surprisingly, t0 decreases by 2 µs during the

experiments as shown in Figure 2.4b. It means that the luminescence starts

earlier in the degraded device even though the charge carriers in degraded device

is slower than those in pristine device. If two charge carriers start to move from

the inside the organic layer, rather than from the electrode, they can form

excitons earlier in spite of their lower mobility, because the charge carriers are

closer to each other. The hypothesis that charge carriers are trapped in defects

in organic layers (that is, the charge traps) can explain that the t0 becomes

fast as degradation proceeds. As the amount of charge traps increases, the EL

starts faster and t0 decreases. The charge carriers trapped in the defect sites

affect only the initial stage of luminescence and the luminescence saturation

process (tr) is affected only by the mobility of the charge carriers originating

from the electrode. As expected, tr tends to increase over degradation process,

in our experiments, increasing by about 55 µs when the device is 66% degraded

(Figure 2.4c).

td: The result that td increased by 1 µs with 66% degradation can be ex-

plained by the effect of the charge trap (Figer 2.4d). Electrons and holes trapped

at close distances can cause delayed luminescence because they meet through

diffusion even after voltage is turned off [51, 52]. Delayed luminescence due to

the charge trap makes td longer. As the device is degraded, the number of charge

traps increases and the amount of delayed luminescence also increases, leading
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Figure 2.5 EIS and LSV results of OLED devices during degradation process. (a)

Nyquist plot of pristine device (black square) and degraded device (red circle) obtained

by EIS experiment. Assuming that the OLED devices are the circuit such as an inset,

the internal resistance (Rp) of pristine device is 5.00·103 Ω and the Rp of 66% degraded

device is 2.08·104 Ω according to the fitting result (gray line). (b) Voltage-current curve

is measured at voltage before the current flows in the linear sweep voltammetry (LSV)

experiment. Both pristine device (black line) and degraded device (red line) show V0

(transient voltage), which suddenly increases current before the device starts operating.

Degraded device has a higher V0 than pristine device.

to a longer td. We observed that t0 becomes faster and td becomes slower during

degradation and concluded that the charge traps exist inside the organic layer

and the number of traps increases with degradation.

Electric Experiments

We measured the capacitance of the OLED device depending on frequency of

potential perturbation. Electrochemical impedance spectroscopy (EIS) results

are represented in Nyquist plot, which shows the relationship between real part

and imaginary part of capacitance (Figure 2.5a). The data at high frequency

perturbation are located on the left side of the semicircle and the data at low

frequency perturbation are located on the right side. OLED is typically assumed
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as a constant phase element (CPE) circuit composed of two of resistors and a

non-perfect capacitor (Figure 2.5a inset). Ru (uncompensated resistance), one

of the resistors, refers the resistivity of interface between the electrode and the

organic material. The other resistor Rp (polarization resistance) and C (non-

perfect capacitor) wired in parallel mean resistivity of organic materials and

the interfaces between the layers. Using CPE model, the left x intercept of the

semicircle implies Ru, and the right x intercept is the sum of the resistance

of two resistors (Ru and Rp). When the Nyquist plot is fitted to the CPE

model, the Ru values, which are related with interfaces between organic and

inorganic materials, are 25.4 Ω and 34.9 Ω in pristine and 66% degraded devices,

respectively. The Ru values are relatively small, and the difference between

pristine and degraded devices is not large. On the other hand, the internal

resistance Rp, which is related to organic materials and the interfaces is different

from Ru. Rp of pristine device is 5.00·103 Ω and the Rp of degraded device is

20.8·103 Ω, which is more than four times larger than that of pristine device.

Using EIS technique, we confirmed that the internal resistance (Rp) of the

device increases as the device is degraded.

Figure 2.5b shows the result of measuring the current-voltage curve using

the linear sweep voltammetry (LSV) technique. In this experiment, the applied

voltage is ramped at a constant rate (40 V/s, forward scan), and the resulting

current is recorded. A weak bump occurs in the current, and the bump moves to

high voltage after degradation. If the OLED device does not contain the charge

traps, in general, the current does not flow until the voltage reaches built-in

voltage (Vbi), and increases immediately above Vbi.

In the study of Kondakov et al., the bump is due to the charge traps of

device. A micro current starts to flow at a transition voltage (V0) that is lower

than Vbi in the device with the charge traps. The field and the stored charge

112



vanish at V0. When the device has the charge traps, either electron or hole,

the other charge carriers can be injected into device when voltage above V0 is

applied. It is also confirmed by the electrical method that the amount of charge

traps inside the device increases when the device is degraded. We confirmed

the existence of the charge traps by TREL and LSV experiments. TREL re-

sults show not only the existence of the charge traps but also the luminescence

properties of the charge trap.

2.3.3 Luminescence Properties of the Charge Trap

We compare decay curves of TREL and TRPL to discuss the td in depth (Figure

2.6). Unlike the TREL experiment in which a voltage is applied to form an exci-

ton, we use rectangular laser pulse to form an exciton in the TRPL experiment.

When light is applied on device, the guest molecule is excited directly to form

an exciton, so that no charge trap is formed. Only the intrinsic luminescence

lifetime of the excitons can be measured using TRPL. The decay time of TRPL

does not change significantly before and after degradation. The photolumines-

cence spectrum of the device also has the same shape and intensity in pristine

and degraded device. It indicates that the dopant material (Ir(mphmq)2(acac))

itself is not degraded. On the other hand, the td of TREL increased about 50%

during degradation. The increase in td appears only in TREL experiments, not

in TRPL experiments.

TRPL and TREL decays are not only different in lifetime but also in shape.

The intrinsic luminescence lifetime of photo-generated excitons follows a sin-

gle exponential function, while electro-generated excitons appears like a bi-

exponential function. The electro-generated exciton has another emission path

different from photo-generated exciton. Considering that TREL is measured

by adding up to resistor-capacitor circuit time (rc time is typically 200–500
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Figure 2.6 Decay curve analysis of OLED devices. (a) shows the result of comparing

the decay curves of TRPL (shape) and TREL (line). The decay curves of TRPL do

not differ between pristine (black shape) and degraded device (red shape) and follow

a single-exponential decay in both cases. In TREL experiments, the decay lifetimes in

degraded device (red line) become longer than those of pristine device (black line) and

follow a bi-exponential decay in both cases. (b) When a TREL results are fitted with

a bi-exponential function (inset), a2, which is the ratio of the delayed luminescence

lifetime (τ2), is plotted according to the degradation ratio. The a2 increases as the

device is degraded. The error bars are the standard deviations of the four experimental

results.

ns [53].), we can say the short luminescence lifetime (τ1) of TREL corresponds

to tPL of TRPL. This means τ1 is luminescence through normal path. However,

the long luminescence lifetime (τ2) in TREL decay curve refers a delayed lumi-

nescence which is caused by the delayed recombination of the charge carriers

trapped in defect sites (charge traps). Figure 2.6b shows the change of a2, which

is the relative ratio of τ2 in TREL fitting results. The a2 means the amount of

delayed luminescence and the increase in a2 during degradation process intu-

itively shows the increase of the charge traps.

The luminescence behavior of defect can be confirmed by analyzing the

change of td. Defects can act as luminescence quencher, non-radiative recom-
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bination centers, and the charge traps [37]. The decreasing td means that a

light-quenching material exists around the emitter when device is degraded.

If the defect plays the role of non-radiative recombination center, td will not

change since it does not affect the luminescent lifetime of the emitter. In this

experiment, however, td increased in degraded device. This phenomenon can not

be explained by the defects acting as luminescence quencher or non-radiative

recombination center. Increased td indicates the presence of the charge traps

that can decay with luminescence. (When the charge traps decay without lumi-

nescence, td does not change.) The change of td makes us estimate the behavior

of the defects.

We designed the experiment to have much longer voltage off-time than the

exciton’s decay time. 1 ms off-time is long enough because the delayed lumi-

nescence lifetime by the charge traps, τ2, is only 5.85 µs. Even after delayed

luminescence is completed during the off-time, t0 gets faster by degradation.

This means that the charge traps that can make early luminescence still exist

after 1 ms. Even when the off-time increases to 4 ms, the same t0 value is ob-

tained as that in the case of 1 ms (Figure 2.7). It can be deduced that the charge

traps that enable early luminescence (CT2) are different from the charge traps

that cause delayed luminescence (CT1). CT1s can make luminescence with rel-

atively low energy (thermal energy), and the lifetime is about 5.8 µs. On the

other hand, CT2s are trapped in the defect unless external energy is applied,

and the lifetime is much longer than 4 ms. In particular, the presence of the

CT2s causing early luminescence has not been previously reported. Depending

on the characteristics of the device, various types of the charge traps may exist.

TREL results show that the effect on the device luminescence depends on the

type of charge traps.

Figure 2.8 summarizes the effect of the charge traps on TREL curve. The
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Figure 2.7 t0, tr, td, and a2 versus degradation ratio graph according to off-time. There

is no significant difference in off-time. The error bars are the standard deviations of

the four experimental results.
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Figure 2.8 Schematic diagram of TREL experiments when the charge traps inside the

OLED device. When the pulsed voltage (gray line) is applied, a black line-shaped

EL appears when there is no charge trap, and a red line-shaped EL appears when

there are radiative charge traps in the organic layers. In phase II and III, the EL is

predominantly generated by injected charge carriers (yellow-green and sky blue). The

luminescence in phase I and IV are caused by trapped charges. The luminescence in

IV is caused by the CT1s (red) which can meet by thermal diffusion, whereas the

luminescence in I is due to CT2s (dark red) which can escape by external voltage.
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luminescence appearing in phase I and IV are generated by the charge traps.

When the voltage is applied in phase I, trapped charge carriers (CT2) can es-

cape from defects and meet earlier than charge carriers coming from electrodes.

The luminescence processes in phase II and III are the same as those of pristine

device without trap (Figure 2.3). Trapped charge carriers in defects with rela-

tively low energy barrier (CT1) induce delayed luminescence through thermal

diffusion (IV). The phenomena that occur in phase I and IV are caused by the

charge traps, but it seems that there are differences in the types of the charge

traps that cause two phenomena.

We investigated that the charge traps are inside the device through the

analysis of three time components (t0, tr, and td) from TREL curve as the

device is degraded. We also investigate how the charge trap can affect the EL.

It was observed that the charge traps caused an early luminescence at the

initial stage of the voltage supply and a delayed luminescence after the voltage

is turned off. TREL technique is a simple experimental method that can confirm

the presence of the charge traps intuitively. The optical characteristics of the

charge traps in the OLED device can be fully analyzed using TREL technique.

2.4 Conclusion

We observed the existence of the charge traps in the OLED device by the

spectroscopic method and investigated its luminescence properties while the

device was being degraded. During the degradation, OLED device shows several

phenomena that can be explained only by the charge traps among Giebink’s

three kinds of defects [37] in TREL experiments. When the device is degraded,

tr increases as expected, but t0 decreases, even though the mobility of the charge

carriers is slowed down. Some of charge carriers trapped in the defects are able
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to form excitons faster than charge carriers originating from the electrodes

because they are close to each other. Therefore, t0 decreases as the charge traps

increase. Furthermore, another kinds of electron and hole traps are able to form

excitons even after the voltage is turned off, which cause delayed luminescence.

As the degradation proceeds, the amount of the charge traps increases, which

indicates a decrease in t0 and an increase in td. The a2, the ratio of delayed

luminescence, increases with degradation. Because the charge traps exist only

when electro-excited, a2 does not appear in PL decay, but only in EL decay.

We developed the TREL experiment, which have been used for the mea-

surement of the charge carrier mobility, into the technique that is capable of

identifying the charge traps in the device. The presence of the charge traps

is confirmed directly by time-resolved spectroscopy. Because TREL observes

light, the effect of the charge traps is able to be confirmed via luminescence,

unlike other electrical techniques that can observe charge traps. Moreover, we

elucidate the phenomenon that the charge traps affect an early luminescence

after the voltage is applied as well as the phenomenon that the charge traps

cause a delayed luminescence. The understanding of these phenomena of the

charge traps are able to be applied to the development of a new concept device

in order to increase the repetition rate of the OLED device.

In situ charge trap analysis of a light emitting device can be utilized not

only to study the degradation mechanism of the device, but also to confirm a

new luminescence characteristic of the optoelectronic device. It also contributes

to the development of a new level of light emitting device. Furthermore, this

technique can contribute to the development of optoelectronics.
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Chapter 3

Non-invasive and Layer-selective
Analysis of OLED Degradation
Process

3.1 Introduction

As mentioned in previous chapters, it is important to understand the degra-

dation mechanism of OLEDs. The lifetime of the device can be improved by

knowing which part of the device is responsible for the degradation process. It

is investigated in various ways to figure out the origin of the degradation of

OLED device. Matrix assisted laser desorption/ionization time-of-flight mass

spectrometry (MALDI-TOF-MS) [54, 55], high performance liquid chromatog-

raphy (HPLC) coupled with UV absorption or MS [29,35] are typical methods

for identifying chemical degradation of materials [3]. The change in the sur-

face of the device can be observed by atomic force microscopy (AFM) [56–59],

scanning tunneling microscopy (STM) [60], X-ray (XPS) [61–64] or ultraviolet

(UPS) [65] photoelectron spectroscopy [3]. However it is impossible to observe
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Figure 3.1 Fabicated red phosphorescent OLED device and its luminescence properties.

(a) Schematic energy band diagram of red phosphorescent OLED device. MoO3 is

included to facilitate injection of holes. The energy levels of LUMO and HOMO are

written in units of eV. (b) J-V-L curves of fabricated red phosphorescent OLEDs.

the degradation process in real time because these measurements cause a direct

deformation of the device.

On the other hand, the optical method allows in situ measurement of the

emission states of materials, but it is difficult to observe each layer because of an

optical resolution limit (several hundred nm). Here, we proposed a new optical

method that can identify which layer causes degradation. The optical method

spectrally resolves each layer that can not be spatially resolved. We showed the

feasibility of this new optical method with a four-layer OLED device.

3.2 Materials and Methods

3.2.1 OLED Fabrication

The exact device configuration used in this work was indium tin oxide (ITO, 150

nm)/MoO3 (10 nm)/N,N’-Di(1-naphthyl)-N,N’-diphenyl-(1,1’-biphenyl)-4,4’- di-

amine (NPB, 50 nm)/Bis(10-hydroxy benzo[h]quinolinato)beryllium (Bebq2):
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(2,4-Pentanedionato)bis[2-(2-quinolinyl)phenyl]iridium(III) (Ir(pq)2(acac)) (30 

nm)/ Tris-(8-hydroxyquinoline)aluminum (Alq3, 30 nm)/Lithium fluoride (LiF, 

1 nm)/ Aluminum (Al, 120 nm) (Figure 3.1a). Organic materials were pur-

chased from Luminescence Technology Corp. (Lumtec). Line patterns of ITO 

were formed on glass by photolithography process. All organic materials were 

deposited by the vacuum evaporation. The fabricated OLED devices were en-

capsulated with a sealing glass and a UV curable resin in a nitrogen atmosphere 

to prevent contact with moisture and oxygen in the air. The J-V-L data of the 

OLEDs were measured using a sourcemeter (236, Keithley) (Figure 3.1b). The 

fabricated devices were electrically degraded by applying constant 6 V DC volt-

age using DC power supply (E3620A, Agilent).

3.2.2 Luminescence Intensity and Lifetime Measurements

Fluorescence lifetime and steady state spectrometer (GB/FLSP920, Edinburgh 

instruments) combined with picosecond pulsed diode laser (EPL-375, Edin-

burgh instruments) were used for intensity and lifetime measurements. A few 

µW of 375 nm light source did not cause photodegradation of OLED. Monochro-

mator in the spectrometer divided the wavelengths into 420, 530, and 600 nm 

for NPB (HTL), Alq3 (ETL), and Ir(pq)2(acac) (guest), respectively. The in-

tensities and lifetimes of each material are measured at the corresponding wave-

length. Data were acquired for 10 seconds for accurate measurement of photolu-

minescence (PL) and electroluminescence (EL) intensities followed by accumu-

lation up to 3000 peak counts (100 ns pulse period) and 1000 peak counts (10 

µs pulse period) for fluorescence and phosphorescence l ifetime measurements, 

respectively.

123



HTL

ETL
Guest
Host

Cathode

Anode

300 400 500 600 700 800
0.0

0.2

0.4

0.6

0.8

1.0

 

 

Em
is

si
on

 (n
or

m
al

iz
ed

)

Wavelength (nm)

HTL ETL Host Guesta b

Figure 3.2 Device design that allows layer selective observation. When the bandgaps

of layers are different, each layer can be spectrally resolved.

3.3 Results and Discussion

3.3.1 Experimental Concept for Layer Selective Degradation

Analysis

An optical method is suitable for non-invasive observation of the device. How-

ever, even with the advanced techniques such as confocal microscope, the optical

detection method can not spatially resolve an each layer because of the limited

resolution. Therefore, we constructed the OLED with layers having different

bandgaps to seperate each layer by spectra (Figure 3.2).

In order to demonstrate the feasibility of the concept, we chose NBP (HTL,

3.1 eV), Alq3 (ETL, 2.77 eV), and Ir(pq)2acac (guest, 2.2 eV). The host mate-

rial, Bebq2 has 2.7 eV bandgap similar to Alq3. However Bebq2 is invisible in

luminescence spectroscopy because its energy is totally transferred to a guest

material. We can resolve HTL, ETL, and a guest material by the spectral differ-

ence. HTL, ETL, host, and guest were excited simultaneously by 375 nm laser,

but were detected separately by a monochromator.
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Figure 3.3 Change in electroluminescence (EL) intensity during degradation. (a) Spec-

tra decreased but did not change in shape. (Inset: normalized EL spectra) (b) EL

intensities at 600 nm decreased as degradation time. A rapid decrease in intensity was

observed before 300 h.

3.3.2 Determining Which Layer is Degraded

The electroluminescence (EL) intensity gradually decreased over time when a

constant voltage (6 V) was applied, which means the device was degraded. The

intensity of the EL spectra decreased, but the shape of the EL spectra did

not change (Figure 3.3a and inset). This indicates that new molecules, having

different spectrum, were not generated. When the device was driven for about

300 hours, the EL intensity decreased by 60% (Figure 3.3b).

On the other hand, during the same electro-degradation time, the photolu-

minescence (PL) intensities and lifetimes of three materials were only slightly

changed (Figure 3.4). PL intensities decreased after 400 hours but the difference

is very small compared to the change of EL intensity. Among the three materi-

als, the guest material appeared to be the most damaged. Figure 3.4c-d shows

the change of PL lifetime that is similar to the change of PL intensity. The in-

tensity and lifetime of the guest material decreased after 400 hours, indicating
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Figure 3.4 Change in photoluminescence (PL) intensity and lifetime of HTL, ETL,

and guest materials during degradation. (a) Spectra did not decrease so much nor
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not change much. PL lifetime of guest materials were reduced by about 20% over 500

h degradation. HTL, ETL, and guest materials are represented in blue, green, and red

color, respectively.
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that Ir(pq)2(acac) is degraded.

In the beginning of the observation, the change of the PL intensities and

lifetimes was not observed from HTL, ETL and guest molecules. Therefore, the

degradation of EL intensity cannot be elucidated by the change of materials.

There is a possibility of defect at the interface which might affect the decrease

of EL intensity. Although interface is composed of a much smaller quantity

compared to the entire layer and has no significant effect on PL, it has a cru-

cial effect on EL. It can be explained that the cause of the degradation of the

device is caused by the difficulty of charge carrier injection at interface rather

than chemical decomposition of the organic material [66–68]. Another cause of

the rapid degradation can be proposed as the effect of quencher which is as-

sumed to be polaron quencher because it was activated only when voltage was

applied. Some researchers have been reported that exciton (or triplet) polaron

annihilation (EPA or TPA) is the cause of the degradation [66–68]. Decrease

in PL intensity and lifetime after 400 h indicates the start of chemical degra-

dation of the bulk material, however, the chemical degradation does not affect

substantially the EL intensity.

Additionally, there are a few things to complement in this experiment. The

EL intensity decay is also affected by the reduction of applied current. The

reason why a number of excitons are reduced over time is complicated. There-

fore, in order to eliminate the influence of the internal resistance, the device

is degraded in constant current mode. It is necessary to compare the results

of EL (at a constant current) with the results of PL. Few other additional ex-

periments are necessary to reveal the specific cause of the degradation. In this

experiment, excitation source was 375 nm that limited the material selection,

but the shorter wavelength of laser will allow to observe a broader range of

materials.
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The bandgap of each layer was intentionally manipulated with a high degree

of diversity in this experiment. When the emission spectra (i. e., bandgap) are

overlapped between the layers of the OLED device, the layers can be separated

using a linear unmixing method which is used for spectral imaging in fluores-

cence microscopy. A reliable separation of the layers is required for analysis and

quantitation, but it is complicated by the significant overlap of the bandgaps

of layers [69]. Linear unmixing method allows the reliable separation of even

strongly overlapping emission spectra. It is based on the assumption that the

total detected signal S for every channel of wavelength (λ) can be expressed as

a linear combination of the contributing layers. S(λ) = ΣAi · Li(λ) where Ai

and Li represents the amount of contribution by specific layer and the reference

emission spectra of the layer. Ai is determined by calculating contribution values

that most closely matches the detected signals in the channels [69]. By adding

the linear unmixing method to our new optical analysis, it can be universally

applied to a device composed of layers having similar bandgaps.

Even though the layer-specific degradation of the device was not fully un-

derstood through this optical method, there is an importance of building a new

technique that can diagnose the degradation of a material in situ. The method

has a great advantage of diagnosing the degradation of a material non-invasively

unlike other chemical analysis methods. This optical method also has another

advantage of observing the luminescence. When we apply the technique to other

OLEDs, such as OLED using thermally activated delayed fluorescence (TADF)

material, blue phosphorescent OLED, or OLED in high current, we can use the

technique to determine which layers or materials are degraded.
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3.4 Conclusion

We developed a new technique that can overcome optical resolution limit by

spectrally resolving the bandgap, so that we could examine the layers of OLED

respectively. Using the method, we can verify the optical change of materials

in OLED layer-selectively and observe each layer in real time to discover the

degradation mechanism. In our experiments, there is no correlation between

the break down of a molecule and the initial device degradation shown by

EL intensity although the guest material, Ir(pq)2(acac), seems to be degraded

after 400 h. It can be concluded that the degradation of a molecule was not

observed but rather other factors such as interface failure or polaron quencher

caused degradation, which requires a few additional control experiments to

prove the exact the factor. This technique, which can efficiently investigate the

luminescence properties of a material without destroying the device, can be

used in other OLED devices to diagnose chemical degradation.
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Appendix A

Molar Concentration Measurement
and Bio-imaging Application of
ZAIS/ZnS Core/Shell Nanocrystals

A.1 Introduction

Semiconductor nanocrystals (NCs) with fluorescence, which are also called

quantum dots (QDs), have been widely used in solar cell, photocatalysts, and

biological application because they have an excellent and unique optical proper-

ties. They have robust photostability and high absorption coefficient, and their

fluorescence wavelengths can easily be adjusted depending on their size or com-

position [1–3]. Many researchers were initially focused on II-VI based QDs such

as CdSe because of their rapid synthesis method and excellent optical proper-

ties. However, the application of QDs have been limited by the toxic effects of

heavy metals on humans and the environment [4–6].

III-V and I-III-VI based semiconductor NCs such as InP/ZnS, CuInS2,

AgInS2, and ZnS-AgInS2 (ZAIS) have replaced cadmium based QDs [7–11].
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Cadmium-free NCs are not toxic but have a disadvantage of low fluorescence

quantum yield. The formation of shell layer with wide band gap such as ZnS

(3.68 eV) was a good solution for improvement of quantum yields.

Various synthetic approach for formation of ZnS shell layer have been stud-

ied. Formation of ZnS layer has been mostly achieved by thermal reaction in

organic solvent or water, hydrothermal reaction, ultrasound, and microwave re-

action. In this study, we fabricate the core-shell NCs using ultrasound technique,

which is an easy and simple method.

For general application of NCs, it is important to know the molar con-

centration and molecular extinction coefficient that allows for a reproducible

concentration measurement. When NCs are used to label biomolecules, for ex-

ample, their concentration is essential to control the number of biomolecules

that are conjugated at the NC surface [12]. Although concentrations of metal

element are determined by various measurement techniques such as atomic

emission spectroscopy (AES), atomic absorption spectroscopy (AAS), UV-Vis

spectroscopy, and MALDI-TOF mass spectroscopy, it is difficult to determine

the exact molar concentration for NCs [13,14].

Fluorescence correlation spectroscopy (FCS) is a sensitive and non-invasive

detection technique using statistical analysis of the fluctuations of the fluo-

rophores in small observation volume [15, 16]. This technique has been suc-

cessfully used to characterize hydrodynamic diameters and surface charges of

organic and aqueous QDs [17–20]. The FCS method has applied to measure the

concentration of QDs based on the amplitude of their autocorrelation curves

and detection volume [21, 22]. We measured the averaged molar concentration

and extinction coefficient of aqueous ZAIS/ZnS NCs using FCS. The concen-

tration of NC was quantified and applied to imaging experiments.
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Figure A.1 Synthesis process of ZAIS NCs using ultrasound technique.

A.2 Materials and Methods

A.2.1 Synthesis of ZAIS and ZAIS/ZnS NCs

We introduce a novel strategy for fast synthesis of high quality ZAIS and

ZAIS/ZnS NCs. The detail process for synthesis of ZAIS core was reported

previous work [11]. 0.1 g metal-carbamate precursor powder and 10 mL do-

decylamine were added into a 20 mL reaction vial and the mixed solution was

treated ultrasound (Sonic Dismembrator 500, Fisher Scientific) for 10 min at 20

kHz in ambient condition (Figure A.1). The reaction solution was centrifuged

to remove the side products and obtained clear solution. Mixture solvent (chlo-

roform:methanol = 1:3) was added into 5 mL clear solution and centrifuged to

obtained purified ZAIS core in octadecene.

For formation of shell layer, zinc undecylanate and sulfur powder were dis-

solved in 5 mL mixture solution (octadecene:trioctyphosphine = 4:1) and added

into the 20 mL reaction vial with core solution. The solution was treated ul-

trasound at several times with various amplitude of ultrasound. The optimum

condition of power and time are 15% and 10 min. The final product was ob-

tained centrifugation with chloroform, 1-butanol and methanol.

The ultrasound is formed from the acoustic cavitation for collapsing bubbles,
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and it generates hot spots with harsh conditions (T = 5000 K, P = 1800 atm,

and cooling rate = 1010 K/s). In the hot spot, raw materials were change to the

metal ion through dissociation, atomization, and ionization process. The metal

ions made covalent bonds and then formed NCs [23].

The water soluble NCs were obtained by ligand exchange method. 200 µL

3-mercaptopropionic acid (MPA) was diluted in 10 mL methanol solution and

its pH was controlled up over 13 using 1 M KOH. The MPA solution was added

into the sample solution, and the mixture was vigorously stirred for 30 min.

After the stirring, the solution with precipitate was centrifuged and washed

several times with methanol. The precipitate containing MPA-coated NCs was

re-dispersed in distilled water [11].

A.2.2 Quantum Yield and Fluorescence Lifetime Measurements

We use a quantum efficiency measurement system (QE-1000, Otsuka Electron-

ics) for measuring quantum yield. Fluorescence lifetime was measured by con-

ventional time-correlate single photon counting (TCSPC) method. 405 nm 10

MHz diode laser (LDH-P-C-405 with PDL 800-B driver, Picoquant) was used

to excite the NCs. The detection of single photon and determination of its

arrival time were performed using an avalanche photodiode (APD) (PFCCTC-

FCAPC, MPD) and a TCSPC module (SPC-150, Becker & Hickl GmbH). ZAIS

and ZAIS/ZnS NCs were dissolved in chloroform and distilled water for mea-

surement.

A.2.3 Molar Concentration Measurements Using FCS

FCS is a technique that measures fluorescence emitted by particles diffusing

through the observation volume [24, 25]. Random diffusion of the fluorophore

results in time-dependent changes of intensity, called fluorescence fluctuation.
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Correlation analysis of fluorescence fluctuation gives us the molecular informa-

tion. ZAIS and ZAIS/ZnS NCs do not fluctuate due to blinking because there is

no dark state such as triplet state unlike other QDs [11]. We used the model in

which fluorescence fluctuation depends only on the diffusion. We have already

discussed the autocorrelation function in Section 1.5.3.

G(τ) = G(0)

(
1 +

τ

τDiff

)−1
(
1 +

s2

u2
τ

τDiff

)−1/2

(A.1)

where G(0) is the amplitude at τ = 0, τDiff is diffusion time in observation

volume and is inversely proportional to the diffusion constant (D). s and u are

the radial radius and axial half-length of observation volume. Because G(0) is

equal to 1/N , the number of fluorophores (N) is calculated from G(0). G(0) is

determined by least-squares fitting of the simulated curve with the measured

data.

The concentration C can be calculated using the relationship below.

C =
N

Veff
(A.2)

We can calculate the concentration if we know the exact effective volume (Veff),

but generally we do not know the exact value of Veff . For this reason, Veff should

be calibrated by reference fluorophores with known concentrations and diffusion

coefficient.

To measure the concentration, MPA-coated ZAIS/ZnS NCs are diluted with

0.4% triton X-100 (T8787, Sigma Aldrich) and PBS buffer to prevent self-

aggregation or non-specific binding. FCS measurements are best performed

when observing a small number of fluorophores (< 10), typically near 1 nM. FCS

was measured with a confocal setup which is composed of objective lens (UP-

lanApo 60x/1.20w, Olympus), 488 nm laser (TECBL-20GC-488, World Star
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Tech) to excite ZAIS/ZnS NCs, and 500 nm long pass filter to obtain the emis-

sion of ZAIS/ZnS NCs. FCS data was obtained with the correlator (Flex02-01D,

Correlator.com). We needed to calibrate the setup and confirm the observa-

tion volume. Alexa488 dye solution which has known diffusion coefficient and

concentration was used for calibration. The fitting process was repeated until

the measured correlation function matched the calculated correlation function.

The process is essential for the FCS experiment of the sample. Veff and u/s are

typically less than 1 fL and 15, respectively. We obtained the autocorrelation

curve of ZAIS/ZnS NCs for 120 s. All measurements were repeated more than

5 times and each result was fitted independently giving the average values and

the standard errors to increase the reliability.

A.2.4 Imaging of HeLa Cell and Cell Viability Assay

HeLa cell lines were cultured according to conventional methods. DMEM (LM001-

05, Welgene), 10% fetal bovine serum (16000-044, Gibco), and 1% Streptomycin-

penicillin (15140-122, Gibco) were used for grow media. For confocal fluores-

cence imaging, HeLa cell was grown in cover slip for about one day. Cell was

incubated another 24 hour in 2 ml of growth media containing 10% MPA-coated

ZAIS and ZAIS/ZnS NCs. Cell was fixed by 4% paraformaldehyde and mounted

with prolong Gold antifade reagent (P10144, Life technologies).

Confocal laser scanning platform (SP8 X, Leica) was used for confocal imag-

ing of HeLa cells containing MPA-coated ZAIS and ZAIS/ZnS NCs. 405 nm and

488 nm laser were illuminated through objective (HC PL APO CS2 63x/1.40

oil) and used to excite DAPI and the ZAIS and ZAIS/ZnS NCs in the fixed

HeLa cells, respectively. The fluorescence of NCs were detected, ranging from

488 nm to 750 nm.

For the cell viability assay, toxic effect was evaluated with MTS (3-[4,5-
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dimethylthiazol-2-yl]-5-[3-carboxymethoxyphenyl]-2-[4-sulfophenyl]-2H-tetrazo-

lium). MTS assay measures the activity of enzymes that produce a formazan

product that absorb 490 nm in live cells. Cells were seeded on 96-well plates

and treated with MPA-coated ZAIS and ZAIS/ZnS NCs 0–500 nM concentra-

tion and incubated for 24 h. MTS stock solution was added and incubated for

1 h. After incubation, the absorbance at 490 nm was measured using iMark

microplate absorbance reader (Picoquant). All experiments were performed in

triplicate.

A.3 Results and Discussion

A.3.1 Synthesis of ZAIS and ZAIS/ZnS NCs and Their Optical

Properties

ZAIS and ZAIS/ZnS NCs were synthesized according to the procedure as de-

scribed in Section A.2.1. It is known that the shell layer influences on chemical

and physical stability and emission intensity of NC. ZnS is a suitable material

for formation of the shell layer because of its wide band gap (3.68 eV).

The TEM images of ZAIS and ZAIS/ZnS NCs are showed in Figure A.2a

and b, respectively. The growth of ZnS shell leads to a large particle size. The

TEM images clearly show spherical shape with an average size of 4.3 nm (ZAIS)

and 5.8 nm (ZAIS/ZnS). The excitation and emission spectra of ZAIS and

ZAIS/ZnS NCs are showed in Figure A.2c and d, respectively. In excitation

spectra, ZAIS/ZnS shows two peaks (410 nm and 488 nm) compared to ZAIS

with one peak (516 nm). The 488 nm of ZAIS/ZnS is due to the core absorption,

and the 410 nm is due to the ZnS shell. The ZnS shell also leads to a blue shift

of core absorption (516 nm → 488 nm). The process of etching the core surface

when the ZnS shell is formed may cause the spectral changes by the diffusion of
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a

dc

b

Figure A.2 TEM images of ZAIS (a) and ZAIS/ZnS (b) NCs. Diameters of ZAIS and

ZAIS/ZnS are about 4.3 nm and 5.8 nm, respectively. Excitation and emission spectra

of ZAIS (c) and ZAIS/ZnS (d) NCs. ZAIS/ZnS NCs show 2 times higher fluorescence

intensity than ZAIS NCs at 488 nm.
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Figure A.3 Quantum yields of the NCs are show in (a). Photolumicescence decay curves

of ZAIS and ZAIS/ZnS NCs in the different solvents in chloroform (b), in water (c).

zinc from the shell into the core. Both NCs show the highest emission intensity

at 488 nm. This means that we do not have to use UV light inducing cell demage

to excite NCs.

Quantum yields and lifetimes of ZAIS and ZAIS/ZnS NCs were measured in

chloroform and water (Figure A.3). Water-soluble NCs are made by exchanging

the ligand with MPA as described in Section A.2.1.

The fluorescence quantum yields of ZAIS and ZAIS/ZnS NCs are 13% and

81% in the chloroform, respectively. In water soluble NCs, the fluorescence

quantum yields of ZAIS and ZAIS/ZnS NCs show 23% and 54%, respectively.

The ZAIS/ZnS has 6 times higher quantum yield than ZAIS, and doubled when

MPA-coating is applied (Figure A.3a). Thus, formation of ZnS shell reduced the

defects on surface of NCs and increased emission intensity.

Figure A.3b and c show fluorescence lifetime curves of ZAIS and ZAIS/ZnS

NCs in chloroform and water. First, ZAIS (black) has a shorter lifetime than

ZAIS/ZnS (red) in both solvents. ZAIS core has many non-radiative decay

paths through defects on the core surface, whereas the ZnS shell reduces some

of non-radiatve decay paths. Therefore, ZAIS/ZnS has a higher quantum yield

and a longer lifetime than ZAIS, which means that there are fewer defects in
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ZAIS/ZnS than ZAIS.

We compared uncoated and MPA-coated NCs to examine the effect of MPA-

coating. It is difficult to compare uncoated and MPA-coated NCs precisely

because they are in different solvent environments. MPA-coated ZAIS has 2

times higher quantum yields and longer lifetime than MPA-uncoated ZAIS. We

assume that MPA acts as a kind of shell and removes the defect on the ZAIS

core surface. On the other hand, when ZAIS/ZnS is coated with MPA, quantum

yields and lifetime decrease compare to uncoated ZAIS/ZnS. This seems to be

due to some damage during the MPA ligand exchange process of the ZnS shell.

A.3.2 Determining the Molar Concentration and Extinction

Coefficient of ZAIS/ZnS NCs

We determined the molar concentration of MPA-coated ZAIS/ZnS NC solution

using FCS technique. After diluting the solution of unknown concentration to

1/25, 1/50, 1/100, 1/200, autocorrelation curves from each diluted samples are

obtained (Figure A.4). The concentration of each solution was calculated by

fitting the curve with Equation A.1. As described in Section 1.5.3, high correla-

tion values mean low concentration. The concentration linearly increases with

dilution ratio, which means that the fitting is successful (Figure A.4b). The

slope of linear fit indicates the original concentration of unknown ZAIS/ZnS

solution, 6.34 µM. If the photoblinking of the NCs affects the fluorescence fluc-

tuation, a bump appears near 1 µs. Since there is no bump in the correlation

curves, NCs does not blink due to the triplet state.

The Beer-Lambert law shows the relationship between molar concentration

(C), path length (b), and absorbance (A), A = ε·b·C. Here, ε is the wavelength-

dependent molar extinction coefficient with units of M−1cm−1. This equation

can be used to determine the extinction coefficient (ε) when we know the con-
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Figure A.4 Determining the molar oncentration of MPA-coated ZAIS/ZnS NCs with

fluorescence autocorrelation curve. (a) Fluorescence autocorrelation curve of MPA-

coated ZAIS/ZnS NCs in PBS 0.4% triton X-100. Sigmoidal curve is fitted result from

raw data (scatterd). From top to bottom, the molar concentrations of ZAIS/ZnS were

fitted as 18.0, 50.4, 109, and 232 nM each. (b) In four diluted solutions (1/25, 1/50,

1/100, 1/200), concentrations showed linear correlation with dilution ratio. One can tell

the estimated concentration of original ZAIS/ZnS solution from the slope of dilution

ratio–concentration graph.
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centration of solution.

The absorbance of the 6.34 µM ZAIS/ZnS solution at 488 nm was mea-

sured by UV-Vis spectrometer. Substituting the absorbance and calculated

concentration into the equation, we estimate the extinction coefficient of so-

lute (ZAIS/ZnS). The calculated extinction coefficient in wavelength 488 nm

(ε488nm) of ZAIS/ZnS is 238,761 M−1cm−1, which is relatively large compared

to other organic dyes such as Alexa 488 (ε = 73,000) and ATTO 488 (ε =

90,000).

We figure out that the concentration of the MPA-coated ZAIS/ZnS solution

is 6.34 µM in FCS experiments. The extinction coefficient of the ZAIS/ZnS is

determined as 238,761 M−1cm−1 using the relationship between the absorbance

and the concentration. The concentration of unknown ZAIS/ZnS solution can

be easily measured using the extinction coefficient.

A.3.3 Application of ZAIS and ZAIS/ZnS NCs as an in vivo

Imaging Probe

The confocal images of a HeLa cell with ZAIS and ZAIS/ZnS NCs confirm the

possibility of fluorescent probes in bio-imaging. To make them water-soluble,

the surface of the NCs was inevitably coated with MPA which is hydrophilic.

In spite of their hydrophilic surface, NCs are well absorbed into the cells.

Figure A.5 show confocal images with MPA-coated ZAIS NCs (top line) and

with MPA-coated ZAIS/ZnS NCs (bottom line). We confirmed a typical HeLa

cell morphology in bright field images (Figure A.5 left column) which means

that NCs does not damage the cell. The cell nucleus is stained with DAPI

(blue), and fluorescence of NCs (red) are spread uniformly in the cytoplasm.

For the application of fluorescent probes, in vitro cytotoxicity of NCs is an

important factor. Cell viability assay based on MTS is performed on HeLa cell

150



50 μm

Bright field DAPI NCs Merge

ZA
IS

ZA
IS

/Z
nS

Figure A.5 Confocal images of HeLa cells incubated with ZAIS (top line) and ZAIS/ZnS

NCs (bottom line). NCs enter into the cytoplasm well.

Figure A.6 MTS cell viability assay was performed to check the cell viability and

cytotoxicity of ZAIS and ZAIS/ZnS NCs. Concentrations of up to 500 nM do not

affect cell viability. The error bars are mean standard deviations.
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line (Figure A.6). We test various molar concentrations (ranging from 0 to 500

nM) as measured by FCS method. The toxicity of the ZAIS and ZAIS/ZnS NCs

is not found on HeLa cell after 24 h incubation.

A.4 Conclusion

We synthesized ZAIS and ZAIS/ZnS NCs containing less-toxic elements (Zn,

Ag, In, and S) by ultrasonic irradiation that is a simple and rapid synthesizing

method. The ZnS shell with high bandgap is added to ZAIS core to make the

fluorescence brighter. ZAIS/ZnS has higher quantum yield and longer lifetime

than ZAIS. This is because the ZnS layer effectively removes defects on the core

surface and reduces non-radiative decay paths. For use as a bio-imaging probe,

water soluble NCs are fabricated by ligand exchange. The MPA-coated ZAIS

core has higher quantum yield and longer lifetime than uncoated ZAIS, because

MPA has a kind of shell effect. On the other hand, MPA-coated ZAIS/ZnS has

smaller quantum yield and shorter lifetime than uncoated ZAIS/ZnS. MPA has

a contrary effect on the two types of NCs.

The molar concentration of MPA-coated ZAIS/ZnS solution is measured by

FCS technique. Using the molar concentration and absorbance, we determine

that the molar extinction coefficient (ε488nm) of ZAIS/ZnS is 238,761 M−1cm−1.

Once extinction coefficient is known, the concentration can be easily calculated

from absorbance measurements.

To investigate the possibility of NCs as a cell imaging probe, we incubated

HeLa cells in cell culture medium containing MPA-coated ZAIS and ZAIS/ZnS

NCs. The confocal images show that water soluble NCs are well absorbed into

the cytoplasm of HeLa cells in spite of their hydrophilicity. In MTS assay, NCs

are rarely toxic to HeLa cell when cells are treated with 500 nM NCs for 24 h.
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The newly synthesized ZAIS and ZAIS/ZnS NCs have high quantum yields

and high extinction coefficients as well as very low cytotoxicity, demonstrating

their potential for using in cell imaging and other biological applications. We

measured the concentration and extinction coefficients of the fluorescent NCs

that could increase the utilization of NCs.
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Appendix B

Generation of Highly Luminescent
Micro Rings by Optical Irradiation

This chapter was published in Chem. Comm., 2017, 53, 7642

B.1 Introduction

As a fundamental element of nature, light performs essential roles in energy

production [26], visual perception [27], and signal transduction [28] and so on.

The material-specific nature of the light-matter interaction has been widely

used to characterize unknown materials [29], while the ubiquity and versatility

of such interaction has even allowed unexpected applications such as animal

motion control by light [30], light-induced nano motors [31], and photothermal

therapy for cancer treatment [32].

Sometimes the light–matter interaction is used to generate a certain struc-

ture of materials on the microscopic scale. A prime example is found in pho-

tolithography for semiconductor devices [33,34], where the light-induced change
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of solubility is used to control the device structure. Another example may in-

clude the light-induced manipulation of azo-polymer films utilizing photoin-

duced molecular migration and surface deformation [35–37], although its actual

use has been restricted to holographic surface relief gratings [38].

In our experiment, we reported another light-induced process that results

in a highly luminescent, ring-shaped microstructure (named the ‘‘luminescent

micro ring’’, LMR) on a glass surface. There have been reported cases analogous

to our finding in terms of the resultant ring-like structure, including the agglom-

eration of metal nanoparticles [39] and the aforementioned azo-polymer films,

but our LMR has unique photophysical and mechanical properties distinctly

different from those of the previously reported cases.

B.2 Materials and Methods

B.2.1 Sample Preparation

Since almost all of experiments were performed on the optical microscope, the

sample was basically prepared on the microscope cover glass (0101242, Marien-

feld). We used plastic coverslips (12547, Fisher Scientific) as a different sub-

strate. Depending on the type of light absorbing molecules, we prepared each

sample in the following conditions.

1. Liquid samples containing dye molecules

We made 2 mM aqueous solutions of fluorescein (F6377, Sigma Aldrich), rho-

damine 6G (R6G, 83697, Sigma Aldrich) and methylene blue (M9140, Sigma

Aldrich). To test the importance of absorbance of samples, we prepared 50 mM

solution of phenolphthalein (PhP, 015945, Sigma Aldrich) in EtOH (A995-4,

Fisher Scientific) and used 1 M aqueous solution of NaOH (7571-4400, Daejung
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Chemicals & Metals) to make the basic PhP sample (PhP in EtOH : NaOH(aq)

= 98 : 2, volume ratio). Effect of sample’s charges/ions were tested by using [2

mM R6G + 20 mM NaCl] aqueous solution and 2 mM Nile Red (N0659, TCI)

solution in methoxybenzene (A0492, TCI). A 2 mM Atto540Q (AD540Q-21,

Atto-tec) solution in acetonitrile (9017-03, J.T.Baker) was used as a nonfluo-

rescent but highly absorbing sample. In order to remove aggregated particles

and impurities, the samples were mildly sonicated for more than 60 minutes

and filtered by a syringe filter with a 20-nm pore size (6809-1102, Whatman

GmbH). A small volume (∼ 20 µL) of sample was dropped onto the cover glass

for further experiments.

2. Surface-Bound Nanoparticles

We tested three kinds of nanoparticles: 30, 35, 50, 100 and 140 nm fluores-

cent nanodiamonds (FND) from the Dr. Huan-Cheng Chang group of Taiwan,

80 nm gold colloid (EM.GC80, BBI Solutions), and CdSe/ZnS quantum dot

(Q21321MP, Invitrogen). All nanoparticles were immobilized on the surface of

the cover glass through the electrostatic interaction, resulted from treatment of

the cover glass with poly-L-lysine solution (P8920, Sigma Aldrich) for 3 minutes

to coat the surface with positive charges. After washing out the poly-L-lysine

with deionized water, the aqueous solutions of nanoparticles were incubated on

the surface for 3 minutes to induce electrostatic binding to the surface. The

unbound nanoparticles were washed out with deionized water, and finally a

proper mounting medium was applied on the cover glass.

3. Transparent Polymer Matrices

PDMS elastomer (SYLGARD 184, Dow Corning) and PMMA (MW 15,000 and

350,000, Sigma Aldrich) were used as model systems for transparent polymer
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matrices. PDMS was coated on the glass surface following the protocol provided

by the company. PMMA was dissolved in a chloroform solvent and the solution

was drop-casted on the glass surface. The glass coverslip was then baked in an

oven at 80 ◦C for 30 minutes to remove the solvent and obtain the glass surface

coated with PMMA.

4. Dye Powder

In our fluorescence lifetime measurement of R6G powder for comparison with

those of R6G solution and the LMR, the sample powder was dropped on the

glass surface and used without further treatment.

When we characterized the LMR, the mounting media was removed by

vigorous washing of the glass coverslip with acetone, methanol, and deionized

Milli-Q water. The LMR strongly adhered to the glass surface, even sonication

in various solvents cannot remove it from glass coverslips. All images and spec-

tra in Figure B.2 were obtained without any mounting medium. If long-term

generation and observation of the LMR was necessary in the liquid medium,

we used a cover glass bottom dish (100350, SPL Life Sciences) as a sample

container to reduce the effect of solvent evaporation. In particular, when we

tested benzene and other aromatic hydrocarbons, we used a homemade sam-

ple container made of stainless steel to avoid unintended generation of organic

impurities resulting from dissolution of container materials into the solvent.

B.2.2 Optical Microscopy and Spectroscopy

All optical experiments were performed using a home-built microscope (Figure

B.1). Two laser beams (532 nm: SambaTM 532, Cobolt; 633 nm: 25-LHP-928-

230, CVI Melles-Griot) were combined into a single optical path with dichroic

mirrors (ZT532rdc, Chroma), and coupled to a single-mode fiber (Φ= 4.2 µm,
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Figure B.1 Schematic design for the home-built optical microscope. A white light LED

and three lasers were used as the light source for optical imaging. A quarter waveplate

made the excitation light circularly polarized. The sample was placed on a piezo stage

for precise control of scanning. In order to avoid severe signal loss, a pellicle beam

splitter was introduced to split the scattered light to another beam path that cannot

pass through the dichroic mirror. A WebCam has strong resistance against photo-

damage. Scanning-based luminescence and scattering images were obtained by the APD

and PMT.
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P1-630PM-FC, Thorlabs) to make Gaussian-like beams. They passed through a

second dichroic mirror (ZT375/488/532/633rpc, Chroma) which removed scat-

tered light from luminescence signals. An achromatic λ/4 retarder (RAC-3.4.15,

Bernhard Halle Nachfl.) was employed to make the circularly polarized excita-

tion light for efficient excitation of the sample. An oil-immersion objective lens

(UIS2 series, PlanApo N, NA = 1.4, 100x, Olympus) effectively focuses the ex-

citation light and collect the transmitted, scattered and luminescence signals.

The sample was placed on a piezo stage (Nanomax Max311, Thorlabs) that can

precisely scan the sample for scanning-based luminescence/scattering imaging.

A common white light LED placed above the sample stage was also used as an

illumination light source for bright-field imaging.

A removable pellicle beam splitter (BP145B1, Thorlabs) was introduced for

the bright-field and scattering images to avoid severe signal loss due to the

dichroic mirrors, whereas the luminescence signals were collected after passing

the dichroic mirrors without the pellicle beam splitter. Three photodetectors,

which were selectable by using flip mirrors, were employed to acquire the sig-

nals: an avalanche photodiode (APD, SPCM-AQR-14FC, Perkin Elmer) cou-

pled to a multi-mode fiber Φ = 62.5 µm, M31L02, Thorlabs) acts as a pinhole

in the confocal luminescence imaging mode; A photomultiplier tube (MP962,

Perkin Elmer) with active quenching control collects scattered signals without

the pinhole to generate scattering images; a WebCam (VX1000, Microsoft) with

a relatively low detection quantum yield records signals when extremely large

photon counts are expected as in the case of taking a movie for the LMR for-

mation. The detection lenses that effectively focus optical signals to the detec-

tors were selected by considering the size of the confocal pinhole or wide-field

image magnification. If an emission filter was needed to separate the signals

from backgrounds, a proper filter was placed in front of each detector (Table
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1). The acquired signals were analyzed by a multi-channel scaler (P7882, Fast

ComTech) or a data acquisition board provided by the supplier and then pro-

cessed by the imaging software also provided by the supplier, except when the

Imspector program was used for scanning-based imaging.

Luminescence Transmission Scattering Spectrum Lifetime 

Light Source CW 532 nm White light LED CW 532 nm CW 532 nm 
Femtosecond 

Ti:sapphire 

Emission Filter LP03-532RE-25 - ET525/50m LP03-532RE-25 LP03-532RE-25 

Table 1 Light sources and emission filters used in each experiment. In particular, we 
changed the dichroic mirror that reflects the excitation light and transmits the 
luminescence (ZT375/488/532/633rpc → ZT532rdc, not shown in table) to prevent the 
spectral deformation due to the dichroic mirror while getting photoluminescence 
spectrum of the LMR.

In order to characterize the emission spectra from dye solutions, solid pow-

ders and the LMR, a portable spectrometer (SM240, Spectral Products) re-

placed the APD (Table 1). For the lifetime analysis, light from a femtosecond 

laser (MaiTai, Spectra-physics) with supercontinuum generator (FemtoWHITE-

800, NKT Photonics) and appropriate bandpass filter excited the sample (Ta-

ble 1), and a time-correlated single photon counter (SPC-150, Becker & Hickl 

GmbH) analyzed the collected photons to generate luminescence decay profiles. 

The height/phase imaging of the LMR was performed using a commercially 

available atomic force microscope system (NanoWizard, JPK Instruments).
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Light Scattering AFM Morphology

a Before Irradiation After Irradiation
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Figure B.2 Images of luminescent micro ring (LMR). (a) Confocal luminescence images

for the generation of luminescent micro ring (LMR) under intense CW laser irradiation.

When a glass surface coated with an aqueous solution of 2 mMR6G (left) is irradiated, a

bright image of LMR appears around the irradiation centre (right). (b) Light-scattering

image of the same LMR. (c) Wide-field transmission image of the same LMR. The LMR

showed poor efficiency for transmission as well as scattering. The length scale of the

wide-field transmission image did not exactly follow the scale bar, but was roughly

adjusted. (d) Surface morphology scan by AFM shows that the LMR has a thickness

of ¿100 nm. Some high-thickness structures are also observed inside the LMR but they

are not luminescent. (e) The lock-in phase shift of these microstructures was larger

than that of the glass surface, suggesting that the LMR is composed of softer materials

than the glass.
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B.3 Results and Discussion

B.3.1 LMR Phenomenon

When an intense CW laser (532 nm, 41 mW) beam was focused on a glass

surface coated with an aqueous solution of Rhodamine 6G (R6G), we discov-

ered that an LMR was unexpectedly formed on the glass surface (Figure B.2a).

To see how this process takes place, we recorded its temporal evolution us-

ing a WebCam and found that the LMR was generated following a dynamic,

explosion-like event. In order to characterize the physical properties of the LMR,

we obtained its light scattering and transmission images by optical microscopy

and surface morphology and phase contrast images by atomic force microscopy

(AFM) (Figure B.2b-e). Although a surface morphology scan by AFM showed

that both the ring and certain internal regions of the ring had protrusions (with

a height of ∼ 170 nm, Figure B.2d), it was only the circular ring that was lumi-

nescent (Figure B.2a). A phase contrast image taken using an AFM showed a

larger lock-in phase shift at these microstructures, indicating its softer material

nature than the glass surface (Figure B.2e) [40].

As for the photophysical properties, the LMR has a much broader lumi-

nescence spectrum, ranging from mid-visible to even near-IR (Figure B.3a),

than the R6G solution [41]. The luminescence lifetime of the LMR measured

by time-correlated single photon counting (TCSPC) was much shorter (∼ 0.3

ns) than that of the R6G solution (3.5 ns) [42] (Figure B.3b). We found that

the most striking photophysical property of the LMR was its great resistance

against photobleaching (Figure B.3c). Under continuous raster-scanning with

532 nm laser irradiation at an optical power of 10 mW, the LMR showed little

photobleaching for up to ∼130 min, except for a slight decrease in luminescence

intensity.
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Figure B.3 Photophysical properties of LMR (a) Photoluminescence spectrum of the

LMR in Figure B.2 and that of R6G in aqueous solution. (b) Temporal decay pro-

files of luminescence for R6G solution, R6G powder, and the LMR. (c) Resistance of

the LMR against photobleaching during continuous irradiation of light. The bright

luminescence from the LMR was sustained for more than 3 hours with a sufficient

signal-to-background ratio for imaging.
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B.3.2 Characterization of the LMR

The characteristic emission spectrum and lifetime of the LMR give clues to its

identity. In a previous study, a thin film of R6G with luminescence peaks at

617 and 660 nm was attributed to various aggregates of R6G molecules in the

film [43]. Another study showed that a high concentration of R6G in xerogel

nanolayers gave rise to a large bathochromic shift in its photoluminescence

spectrum, which was suggested to be caused by fluorescent J-aggregates [44].

On the other hand, the luminescence lifetime of the R6G aggregates intercalated

into Laponite clay films was much shorter than that of the monomer [45]. Our

own data in Figure B.3b shows that the solid powder of R6G has a faster TCSPC

decay than its solution, as the former may contain some aggregates, unlike the

latter. If indeed our LMR consists of various aggregates of R6G molecules, it

would be consistent with the broader luminescence spectrum and the decrease

in the TCSPC lifetime.

As a first step to characterize the light-induced formation of the LMR, we

tested several light-absorbing molecules and mounting media to generate the

LMR in addition to R6G in water (Table 2). It is clear that large absorbance at

the irradiation wavelength is a key factor for the LMR formation. In particular,

phenolphthalein (PhP), whose absorbance changes significantly as the pH of

its solution is changed [46], was introduced as a light absorber to investigate

whether light absorption plays a crucial role in the LMR formation. It turned

out that LMR formation was possible only when the solution was basic and thus

PhP could efficiently absorb the 532 nm light. LMR formation was also achieved

with nearly transparent immersion oils when light-absorbing nanoparticles such

as fluorescent nanodiamonds were present on the glass surface.

165



Light - absorbing 
Molecule Mounting Medium LMR Formation 

- 

Water 

X 
Fluorescein O 

Rhodamine 6G O 

Methylene Blue O 

Rhodamine 6G 
Water (on a plastic coverslip) X 

Water (20 mM NaCl) O 

Nile Red Methoxybenzene O 

Atto540Q Acetonitrile O 

Phenolphthalein 
Ethanol (neutral) 1 X 
Ethanol (basic) 1 O 

- 
Immersion oils 3 

X 

Nanoparticles 2 O 

- Polymer matrices 4 X 
- Hydrocarbons 5 X 

Table 2 1Neutral (basic) ethanol is a 98:2 (volume ratio) mixture of ethanol
+H2O (1 M NaOH (aq)). 2Fluorescent nanodiamonds (30, 35, 50, 100, 140 nm in 
diameter), 80 nm Au beads, or 10 nm CdSe/ZnS quantum dots. 3Immersion oils 
manufactured by Olympus, Leica, and Merck. 4PDMS and PMMA. 5Cyclohexane, 
octane, benzene, naphthalene, anthracene, pyrene, and perylene (aromatic 
hydrocarbons were dissolved in benzene).

We also tested the possible effect of electrostatic charge in the form of ions 

in the sample. We found that neither complete absence of charge (as with 2 mM 

Nile Red in methoxybenzene) nor abundance of charge (as with 20 mM NaCl 

added to 2 mM R6G in water) made any difference as long as the solution con-

tained light-absorbing molecules. Transparent polymer matrices alone yielded 

no LMR, as did benzene derivatives whose absorption coefficient at the irradi-

ation laser wavelength (532 or 633 nm in this experiment) was effectively zero. 

Therefore, we conclude that intense light absorption by matter in the form of 

either solute molecules or nanoparticles in solution is a prerequisite for the LMR 

formation. Incidentally, Table 2 shows that we could not generate the LMR eas-
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ily on a plastic coverslip, possibly because of its lower transparency to visible

light (for absorption) or different surface properties (for material adhesion).

Next, we measured the diameter of the LMR as we varied the concentration

of R6G, the power of irradiation laser, and the duration of laser irradiation

(Figure B.4). Results indicated a general saturation behaviour, suggesting that

a steady-state is reached during the formation of the LMR. We propose that a

key step in the LMR formation should involve a heat-induced process following

light absorption, since the convection in solution allows its temperature near the

glass surface to reach its steady-state value when the laser power is sufficiently

high or when the duration time is sufficiently long [47].

If the heat is caused by light absorption, the temperature will also reach a

plateau when the absorber concentration is high enough to allow nearly all in-

cident light energy to be absorbed regardless of the concentration. In addition,

a simple simulation showed that the temperature of the glass-solution inter-

face could reach thousands of Kelvin (Figure B.5) [48], which is high enough

to change materials properties through thermal reactions or phase transition.

Indeed, we could generate highly luminescent micro rings even with the highly-

absorbing but virtually non-fluorescent quencher dye Atto540Q (Figure B.6),

which suggests that materials properties of the LMR can grossly change from

its source material as complex photothermal reactions take place. Likewise,

LMRs made from nanoparticle absorbers in immersion oil showed significantly

different photoluminescence decay behaviour from its source material (Figure

B.7). Therefore, we suggest that the generation of the LMR may be induced

by a light-induced photothermal process and may involve complex reactions,

based on the absorption dependent propensity for LMR formation (Table 2),

the saturation of the LMR diameter (Figure B.4), distinct photophysical prop-

erties from those of source materials (Figure B.5, B.6), and our simulation result

167



a

b

c

[R6G]: 2mM
Power: 40 mW

[R6G]: 2mM
Time: 60 s

Power: 40 mW
Time: 60 s

D
ia

m
et

er
 (µ

m
)

Irradation Power (mW)

R6G concentration (mM)

Irradation Time (s)
0 100

4020100

300200

1.50.50 2.01.0

30

0

10

5

D
ia

m
et

er
 (µ

m
)

0

10

5

D
ia

m
et

er
 (µ

m
)

0

10

5

Figure B.4 Control the diameter of the LMR as a function of (a) irradiation time, (b)

irradiation power, and (c) the concentration of absorbing molecule (R6G). Red lines are

guides for the eye, not fitted lines. The grey dashed-lines indicate possible saturation

values.

168



a

b
Irradation Power (mW)

Irradation Time (s)

4020100 30 50

500

0

1000

Te
m

pe
ra

tu
re

 (K
)

Te
m

pe
ra

tu
re

 (K
)

Figure B.5 Simulated temperature at the interface between the glass coverslip and the

light-absorbing medium (a 2 mM aqueous solution of R6G) as a function of (a) the

irradiation power (at 1 µs) and (b) the irradiation time (at 40 mW) [48]. Irradiation

beam size for the simulation is 600 nm in diameter, typical value in confocal micro-

scope with high-NA objective lens. Convection, radiation, and phase transitions were

neglected in this simulation. Without these heat transport processes that lower the

interfacial temperature, it reaches a sufficiently high temperature after ∼ 1 µs (when

using 40 mW of laser power) to evaporate water-based media and to initiate thermal

reactions. In reality, interfacial cooling will happen quite efficiently but nevertheless,

a local region with a sufficiently high temperature may still be present for the above

processes.
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Luminescence

counts0 735

Wide-field: Transmission

Figure B.6 Comparison of the confocal luminescence image (Left) and wide-field trans-

mission image (Right) of the LMR generated with 2 mM Atto540Q solution in acetoni-

trile. The LMR showed bright luminescence despite the very low fluorescence quantum

yield of the quencher dye Atto540Q. The length scale of the wide-field transmission

image does not exactly follow the scale bar but is roughly adjusted.

(Figure B.5).

B.4 Conclusion

In conclusion, we serendipitously discovered light-induced formation of a mi-

crostructure hitherto unknown and characterized the photophysical properties

of the resultant LMR. The generation of the LMR takes place only when the

laser is highly focused near the interface between glass coverslip and solution

containing a sufficient amount of light-absorbing materials. From the photo-

luminescence spectra and the TCSPC lifetimes, it is assumed that the LMR

consists largely of materials other than the original sample, which may include

its complex aggregates. We also found that the generation of the LMR may

well be induced by a light-induced photothermal process. The uniquely appeal-

ing properties of the LMR include: i) highly bright luminescence and robust

photostability ii) ease of generation at any intended location, and iii) strong

170



a b

Time (ns)

N
or

m
al

iz
ed

 in
te

ns
ity

 (a
.u

.)

FND (100 nm)

IRF

FND LMR

QD LMR

IRF

QD (CdSe/ZnS)

Time (ns)

N
or

m
al

iz
ed

 in
te

ns
ity

 (a
.u

.)
Figure B.7 Comparison of the TCSPC photoluminescence lifetimes of nanoparticle ab-

sorbers QD and FND vs. those of the LMRs generated from them in immersion oil

(manufactured by Olympus, containing 1,3,5-triisopropylbenzene as a major compo-

nent). In both cases, the LMR exhibits a much shorter lifetime and more complex decay

profile, which suggests that the LMR may contain complex materials resulting from

diverse photothermal processes.

adhesion to glass surface. With these desirable properties, the LMR can be

used as a fiducial marker for drift-corrected long-term imaging [49] as well as

in many other applications. Since the exact composition of the LMR and the

mechanism of LMR formation are still unclear, further study is needed and now

underway.
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초록

빛과 물질의 상호작용은 과학적으로 흥미로운 다양한 현상들을 일으킨다. 그 상

호작용에 의해 신호의 변화를 탐지하고 분석하는 분광학은 양자 역학의 발전의

핵심이었을 뿐만 아니라 물리적 화학적 분석에 널리 사용되고 있다. 또한 그 신

호를 공간적으로 형상화 하는 현미경 관찰법의 활용은 탐구대상의 구조나 화학적

조성에 대한 직접적 정보를 제공한다. 광학 분광기나 현미경은 살아있는 개체를

훼손하지않고실시간으로관찰할수있다는장점이있다.이러한물리화학적광학

기술을 활용해 기존에 해결할 수 없었던 생물학적 문제에 접근해보고자 했다.

빛의 고유한 회절 한계로 인해 광학 현미경으로는 아주 가까운 위치에 있는

두 물체를 구분할 수 없다. 회절 한계는 대략 파장의 절반 정도 (가시광선의 경우,

300 nm) 인데, 이는 생분자의 크기 (1–10 nm) 보다 훨씬 크다. 최근 분자의 광물

리적 특성을 이용해 회절한계를 극복한 초고분해능 현미경들의 개발로 살아있는

세포내의세포소기관,단백질,핵산등의생분자를관찰할수있다.우리는 STED

(stimulated emission depletion)초고분해능현미경을이용해세포내류실 tRNA

합성효소의 정확한 위치를 확인할 수 있었다. 류실 tRNA 합성효소는 세포 증식,

단백질합성및자가영양을포함한생리기능에영향을미치는 mechanistic target

of rapamycin complex 1 (mTORC1) 이라는 단백질 복합체를 활성화시키는 역할

도 한다는 보고가 있었다. 우리는 류신이 있을 때 LRS가 mTORC1 이 생성되는

리소좀으로 이동하는 것을 확인하고, STED 현미경을 사용해 LRS는 리소좀의 내

부가 아닌 막에 존재한다는 사실도 밝혔다. 이는 LRS가 류신에 의해 mTORC1

을 활성시킨다는 직접적인 이미지 증거로 류실 tRNA 합성 효소의 새로운 역할을

초고분해능 이미지로 확인했다.

단분자형광분광학은형광분자각각의물리화학적현상을관찰하는방법으로

여러 분자를 동시에 관찰할 때는 평균에 가려져 볼 수 없었던 단일 분자의 거동을
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관찰할 수 있다. 특히 생체 분자는 환경에 따라 균일하지 않은 상태로 존재하기 때

문에각각의상태를확인하기위해서는단분자를관찰할필요가있다.단분자형광

분광학으로 단일 가닥 DNA 의 유연한 구조를 밝혔다. 단일 가닥 DNA 의 구조에

대한이해는세포의유전과정을해석는데결정적이지만,나노미터길이에서의동

적변화구조를측정하는것은실험적으로어려웠다.교차레이저여기법을적용한

단분자형광공명에너지전달(ALEX-FRET)분광학을이용해단일가닥 DNA의

구부러지는 정도를 확인했다. 다양한 길이의 단일 가닥 돌출부가 있는 이중 가닥

DNA 시스템을 설계하고, DNA의 특정 위치에 있는 두 형광단 사이의 형광 공명

에너지 전달 효율(FRET efficiency)을 측정해 단일 가닥 DNA의 유연성을 결정했

다. 지속 길이보다 짧은 세 개 염기 서열을 가진 단일 가닥 DNA가 구부러진다는

사실을 발견했다.

공초점현미경을기반으로하는단분자분광학에서도회절한계로인해분자를

하나씩 관찰하기 위해서는 농도를 아주 낮게 (50 pM) 유지해야 한다. 세포 안의

효소같은 생분자들은 그보다 100 배 높은 (5 nM) 수준에서 주로 작동한다. 우리는

STED 현미경법을 단분자 분광학에 적용해 광학 회절 한계보다 약 100 배 작은

부피에서 확산하는 단분자를 관찰했다. 이로써 전형적인 단일 분자 측정 조건보다

약 100배높은 5 nM농도에서도단일분자검출이가능했다.이중가닥 DNA에두

가지 형광 분자를 표지해 새로운 기술의 실현 가능성을 시연했다. 이 새로운 기술

은 생체 내 확산하는 단일 생분자를 직접 관찰할 수 있는 기술로, 다양한 생화학적

문제를 해결하는 역할을 할 것으로 기대한다.

앞서 익히고 개발한 분광학 기술 등을 생분자 뿐 아니라 유기 광전소자에도

적용했다. 특히 전압을 받아 빛을 발생하는 유기 발광 다이오드(OLED)의 열화

과정을 시분해 분광학으로 분석함으로써 열화의 매커니즘을 실시간으로 관찰 및

분석할 수 있었다. 디스플레이의 수준을 넘어, 강한 빛을 내는 조명 등에 OLED를

활용하기 위해서는 짧은 소자 수명이 문제가 된다. 열화 발생 시 주변보다 상대적

으로 에너지준위가 낮은 결함(defect)에 갇힌 전하 운반체는 여러 경로로 소자의

발광을 저해하는데, 그 중 전하 트랩은 실험적으로 관측이 어렵다. 우리는 시분해
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전계발광(transient electroluminescence) 기술에 새로운 분석 방법을 접목해 열화

시 전하 트랩의 증가를 관찰하고, 그로 인한 발광 특성의 변화를 밝혔다. 전압이

들어간 순간부터 처음 빛이 발생할 때까지의 시간(t0)은 소자가 열화될 때 감소한

다. 유기층의 전하 트랩에 갇힌 전하 캐리어는 전극에서 주입된 전하 캐리어보다

먼저 마주치기 때문이다. 발광 수명(td)은 점점 증가했는데, 이것은 전하 트랩의

뒤늦은 결합으로 설명이 가능하다. t0 의 감소와 td 의 증가로 전하 트랩의 존재를

확인했으며, 전하 트랩이 발광에 미치는 영향을 알 수 있었다. TREL 측정 기술에

새로운 분광학 분석 방법을 적용해 손쉽게 전하 트랩을 분석할 수 있는 방법을

개발했다. 이는 범용적으로 활용될 수 있는 발광/수광 소자의 실시간 전하 트랩

분석 기술로 소자의 열화 메커니즘 연구 및 새로운 특성 연구에 활용될 수 있다.

OLED 소자가 열화될 때 어느 층이 원인인지 알기 위해서는 화학적 분석이

필요하다. 광학 기술은 다른 화학적 분석 기술과 달리 형광의 세기와 수명 관측을

통해 광화학적 성질 비침습적으로 분석할 수 있다. 그러나 소자 내 유기층의 두께

는 수 십 nm로 광학 회절 한계보다 얇아서 공간적으로 각 층을 구분하기 어렵다.

이 문제를 해결하기 위해 각 층을 밴드갭이 다른 물질들로 구성해 소자를 제작하

는 방법을 선택했다. 광원은 모든 층을 동시에 여기시키지만 각 층에서 발생되는

빛은 각각 다른 파장을 갖기 때문에 이를 스펙트럼상에서 분리할 수 있다. OLED

의 열화과정 동안 세 가지 물질을 광학적을 분리해서 실시간으로 관측함으로써

TREL 기술의 실현 가능성을 보였다. 이는 분자의 광학적 특성을 분석해 화학적

변화를 알아낼 수 있는 간편한 기술로 다양한 다층 소자 연구에 적용할 수 있다.

주요어: 광물리현상, 초고분해능 현미경법, 단분자 형광 분광학, 시분해 분광학,

아미노아실 tRNA 합성효소, 단일 가닥 DNA, 유기발광 다이오드
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