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Abstract

Somatostatin is a biological molecule that serves important physiological functions in

a human body, including the regulation of blood pressure and growth. These functions

are furnished by a set of complex interactions between somatostatin and other partic-

ipating biomolecules. The main goal of this Ph.D. project was to develop tools based

on fluorescent nanoparticles that can report on these interactions at a molecular scale.

Fluorescent nanoparticles offer the advantages of protein-comparable size, high detec-

tion sensitivity, biocompatibility, and physical, chemical and photophysical stabilities,

in comparison with many conventional molecular probes.

Three key milestones of this project included: (i) Elucidating and harnessing the in-

teractions of nanoparticles with biological molecules and cells. In particular, two types

of nanoparticle-cell interactions were investigated: non-specific interactions, character-

ized by poorly controllable parameters, such as nanoparticle size, charge and surface

chemical groups; and specific interactions, characterized by a precise communication

protocol of a particular cell type with a nanoparticle surface, grafted with a specific

ligand. As a result of these investigations, the non-specific interaction channel was

inhibited, whereas the somatostatin-specific interaction channel was activated. (ii) De-

velopment of a universal biofunctionalization methodology to assemble robust, versatile

nanoparticular and biomolecular modules. Specifically, an affinity molecular pair based

biofunctionalization platform was developed, which allowed a ‘pot-mix’ procedure to

attach biomolecules onto nanoparticle surfaces. (iii) Design, synthesis and demonstra-

tion of a biologically active nanoparticle-somatostatin complex. This included two

xi
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stages: characterization of the receptor-binding activity of somatostatin ligands loaded

with a fluorescent tag, such as a red fluorescent protein; and introduction and testing

of a two-stage nanoparticle biofunctionalization and receptor-mediated internalization

procedure, which allowed to circumvent the loss of the somatostatin-nanoparticle bi-

ological activity. Identification and rectification of the loss of biological activity has

been one of the core accomplishments. Such an assembly has been demonstrated to be

suitable for observing the somatostatin-cell interactions.

A comprehensive, multi-stage program for tagging fluorescent nanoparticles to a

targeting biomolecule has been incepted and carried out to a successful completion.

The prospects of deploying fluorescent nanoparticle labeling technology is far-reaching,

ranging from in vivo investigations of neuronal machinery to tumor diagnosis and

treatment. This work is believed to provide a tangible contribution to nanotechnology

and life sciences.
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1
General Introduction and Outline

Precise and harmonious molecular interactions nurture life by supporting a great va-

riety of physiological functions. Understanding life can be summarized in two simple

questions – ‘why and how these molecules interact?’ and ‘what the outcomes of these

interactions are?’. While ‘why ’ may be philosophically addressed (and will be ignored),

answering the questions ‘how ’ and ‘what’ scientifically is non-trivial due to the com-

plexity, and time- and length-scales of these interactions. Most of the scientific and

technological efforts have been focussed on accessing these time- and length-scales.

Advances in the areas of molecular detection and isolation, ultrafast devices and mi-

croscopy has enabled us progress in our pursuit towards this goal.

More recently, efforts to meet the challenges of small-length scales has led to the

emergence of the field of nanotechnology. At the current state, nanotechnology refers

to the control and manipulation of structures at the nanometer scale, where unusual

1



2 General Introduction and Outline

material properties may be witnessed199. The significance of nanotechnology extends

to a number of arenas, including basic and applied research, industry and healthcare.

Nanotechnology, as a discipline, emerged in the late 1990s, arguably incepted by the

dinner lecture “There is a lot of room at the bottom”, delivered by Richard Feynman

on the 29th of December, 1959129.

A particular class of nanotechnological material – nanoparticles – have enabled

rapid progress towards better understanding and control of the biomolecular interac-

tions, because of the following key properties. Firstly, in virtue of the conspicuousness

of nanoparticles, biomolecules of interest can be specifically tagged and tracked for

long periods of time. This is possible by attaching the molecule or its complementary

terminal to nanoparticles, in order to render the biomolecule visible. Secondly, certain

nanoparticles change their measurable properties (for example, color) when a molec-

ular binding event occurs, therefore suitable for sensing application. Thirdly, the use

of nanoparticles allows realization of novel biomolecular separation methods, such as

protein purification. Finally, nanoparticles can be used as a vehicle, for genetic or drug

cargo delivery to specific locations in cells or tissues, suitable for both diagnostic and

therapeutic applications.

The first property of nanoparticles is of particular interest to this PhD project,

whereby a complete multistage program of fluorescent nanotechnology application to

tag and investigate molecular pathways will be demonstrated. Somatostatin (SST) is

chosen as the targeting molecule. Since 1980s, SST has been known to participate

in crucial functions of the body, including the control of blood pressure, breathing,

metabolism, memory, growth etc. However, many questions pertaining to such SST-

mediated regulation processes still remain unanswered. Fluorescent nanoparticles rep-

resent as promising molecular probes to provide an insight into these processes. The

goal of this project was the development and demonstration of a nanoparticle-based

tool for the visualization of the molecular dynamics of somatostatin in cells, and its

potential use for tumor diagnosis. Stages during the development of the nanoparticle-

somatostatin probe are documented progressively in this work.
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1.1 Thesis Outline

This thesis contains 7 chapters, including two introductory, an experimental methods

and four results chapters.

• Introductory chapters

– Chapters 2 and 3 cover basic physical and biological concepts and brief

literature reviews pertinent to this thesis, respectively.

• Experimental methodology

– Chapter 4 documents the details of common experimental procedures used

throughout the PhD project.

• Experimental results and discussions.

– Chapter 5, named ‘Talking to the cells’, documents the development, char-

acterization and application of a novel, genetically engineered, fluorescent

somatostatin molecule. This chapter also introduces techniques with which

the somatostatin-cell interactions were characterized and controlled.

– In Chapter 6, the characterization of several commercially available fluores-

cent semiconductor nanoparticle samples is addressed, aiming at selection

of the optimal nanoparticle probes for somatostatin imaging. The selection

criteria included minimal fluorescence background due to non-specific, un-

controllable internalization of nanoparticles. The parameters that influence

non-specific attachment and uptake of nanoparticles in cells, including tem-

perature, were investigated and analyzed to determine the optimal nanopar-

ticle probe for several experimental demonstrations described in this work.

– In Chapter 7, the development of a versatile platform for attachment of

biomolecules to nanoparticle surface is described. Fluorescent nanodia-

monds were used as the model nanoparticles. The developed strategy was

confirmed to be easy, versatile and robust at the same time.



4 General Introduction and Outline

– In Chapter 8, the details of the molecular imaging of somatostatin using flu-

orescent nanoparticles is described. All the previously developed techniques

coalesce, resulting in a specific and sensitive fluorescent somatostatin probe.

• Appendices

– Appendices A, B and C contain programs (graphical user interfaces) written

in MATLAB for automated cell counting and analyzing large data sets.

– Appendix D contains the copy of two biosafety approvals that were obtained

to carry out cell-based experiments reported in this thesis.



2
Fluorescence – Basics, Imaging and

Nanoparticles

Fluorescence, fluorescence microscopy and nanoparticles form the corner stones of this

thesis. Introduction of important and relevant terminologies related to fluorescence,

followed by brief discussions on the conventional fluorescence methods, and their short-

comings, in the context of optical microscopy, are addressed in the first part of this

chapter. These discussions usher the necessity of novel fluorescent materials, where

nanoparticles play the key role, in virtue of a blend of their physiochemical and photo

physical properties. The origin of the nanoparticle fluorescence, and a brief outlook of

the main approaches of fluorescent nanoparticle-assisted optical imaging are addressed

in the second half of the chapter.
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2.1 The Phenomenon of Fluorescence

Fluorescence is the emission of light by a substance that has absorbed electromagnetic

radiation, usually at a different spectral band. The shift in spectral band of the light

emitted by fluorescence, when compared to the absorbed light (also termed ‘excitation

light’), allows their decoupling by employing spectral filtration techniques, enabling

suppression of the excitation light. The mode of acquisition of the fluorescent light

can be tailored in such a way that the information regarding the location, distribution

and functional state of an ensemble of fluorescence emitters can be probed; leading to

advanced imaging, sensing and manipulation of the fluorescent material. Fluorescence

as a probing tool is currently used in a range of areas including astronomy, geology,

meteorology, biophysics, biochemistry and medicine. This section focusses on the origin

and main properties of fluorescence, starting with a brief historical note. Further

information on these topics is readily available in various text books19,143.

Historical evidences suggest that fluorescence was first observed as a phenomenon

of blue glow from the chemical matlaline260 present in wood, by a Spanish physician

and botanist, Nicholas Monardes in 1565. More descriptive studies of the fluorescence

appeared only in the 19th century, when Herschel 107 observed the ultraviolet (UV) re-

gion of the sunlight induced a diffuse blue glow of quinine solution. More investigative

experiments on this glow by Stokes 245 , in 1852, led to the discovery of the “Stokes

shift”, which will be discussed below. At present, fluorescence is well addressed ex-

perimentally, wide spread in investigative and practical procedures, and a theoretical

framework on its origin is reasonably established.

Fluorescence of materials is typically a result of its constituent molecules’ fluorescent

responses, and it takes place in three consecutive steps (see Figure 2.1) – (1) absorption

and conversion of excitation light energy to electronic and vibrational energy of the

fluorescent molecule, (2) probable loss of the vibrational energy to environment and

(3) conversion of the resultant electronic energy, back into light. These steps can be

understood using Jablonski energy level diagram, as shown in Figure 2.1 and explained

below.
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Excitation photon

Vibrational relaxation

Inter-system crossing Vibrational energy levels (1, 3
Vm, n)

Electronic energy levels (1, 3Em)

1E0

1
V1, 2

1
V1, 3

1
V1, 1

1
V2, 1

1
V2, 2

1E1

Fluorescence Phosphorescence

3E0

3
V1, 2

3
V1, 1

Figure 2.1: A Jablonski energy diagram depicting possible transitions that occur after
absorption of light. Upward arrow denote molecular excitation, whereas downward arrows
show relaxations. V and E denote vibrational and electronic energy levels, respectively.
Subscripts denote the order of the energy level, and Vm,n are the vibrational energy levels
within the Em

th electronic energy level. Superscripts of E and V correspond to the degeneracy
of the levels – 1 is singlet and 3 is triplet.

A Jablonski diagram is a schematic representation of energy levels that a molecule

can occupy, as a function of a characteristic of the levels, called degeneracy143. De-

generacy refers to the number of ways in which the total spin of unpaired electrons

can orient with respect to its orbital angular momentum, as allowed by quantum me-

chanics19. Degeneracy of energy levels influence the transitions by which a molecule

can accept or emit electromagnetic energy, as will be discussed. Total energy of a

molecule is a sum of its rotational (not shown), vibrational and electronic energies.

The Born-Oppenheimer approximation suggests that a molecule can occupy different

vibrational states at each electronic state, as shown in Figure 2.1. At room temper-

ature, a molecule usually occupies the lowest electronic energy level (ground state).

By absorbing a photon in the electromagnetic spectral region, the molecule can tran-

sit to a higher electronic level (excited state), shown by the green arrow, upwards in
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Figure 2.1. These transitions are usually accompanied by promotions to higher vibra-

tional states†. Such an excited molecule undergoes quick vibrational relaxation to the

lowest vibrational level (that is, 1E1), by non-radiatively dissipating its energy to the

environment. It is the radiative relaxation from 1E1 to the ground state (1E0) or, more

often, to one of its higher vibrational states – 1V1,1,
1V1,2,

1V1,3, ... that gives rise to

fluorescence (see Figure 2.1, red downward arrow). The loss of the excitation energy

by two vibrational relaxations in one round-trip accounts for Stokes shift, where the

energy of the emitted photon is lower than that of the absorbed photon. For example,

a UV photon absorbed by quinine is down-converted in energy to an emitted photon

in the visible spectral range, e. g., a blue photon, causing the blue glow observed by

Stokes 245 and Herschel 107 .

Another process closely related to fluorescence is called phosphorescence. This

occurs in molecules, which return back to the ground state via an alternative process

of the inter-system crossing. Inter-system crossing occurs when a molecule transits from

a particular degeneracy state to another. In Figure 2.1, the energy levels on the left

are of degeneracy = 1 (singlet states), while those on the right are of degeneracy = 3

(triplet states), and the inter-system crossing is shown by a pink, ragged arrow. A

molecule undergoing inter-system crossing is usually referred to be ‘trapped’, as a

radiative relaxation from the triplet state (3E0) back to the ground singlet state (1E0)

is inefficient. It takes much longer time (usually ranges from milliseconds to minutes,

as compared to a few nanoseconds in the case of direct transitions) for the molecule to

return back to the ground state, and the associated emission is called phosphorescence.

Phosphorescence is the reason some materials glow in the dark after exposure to bright

light. Phosphorescence was first observed by a French physicist Edmond Becquerel,

even before Stokes observed fluorescence260. Fluorescence and phosphorescence are

grouped into a broader class of photoluminescence. Hereafter, we will focus on the

phenomenon of fluorescence.

†This is a manifestation of the Frank-Condon principle19
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2.1.1 Fluorescence - Properties and Measurements Methods

Main fluorescence properties and measurement methods are discussed in this section.

Many of these methods were instrumental in the course of this project.

2.1.1.1 Fluorescence Spectra

The configuration of large number of vibrational and electronic energy levels of a

molecule, as shown in Figure 2.1, and differences in efficiencies of radiative relax-

ations between them give rise to an energy- (or wavelength-) dependent fluorescence

emission intensity, usually measured as fluorescence emission spectra. A representative

emission spectra of a well known fluorescent species (a fluorophore), anthracene, ob-

tained under excitation at two different wavelengths, 340 nm and 357 nm, are shown in

Figure 2.2. Three peaks in the emission spectra correspond to radiative relaxations of

the molecule from the excited state to three vibrational levels at the ground electronic

state. Note that the profile of the fluorescence emission spectra is independent of the

excitation wavelength, although variation in intensity can be observed. This is due

to the wavelength-dependent absorption of the excitation light, which can, in turn,

be represented as a fluorescence excitation spectra [see Figure 2.2]. Three peaks in

the fluorescence excitation spectra correspond to the excitations from the ground state

to three vibrational states in the excited electronic level. The fluorescence emission

and excitation spectra are generally acquired using a fluorescence spectrometer or a

fluorimeter, which is detailed in Section 4.1.2.

2.1.1.2 Quantum Efficiency and Quantum Yield

After a molecule transits to the excited state by absorbing light, the probability of un-

dergoing radiative relaxation versus vibrational relaxation determines the fluorescence

efficiency. The fluorescence efficiency, otherwise known as quantum efficiency of fluo-

rescence (η), is a ratio of the number of photons emitted to the number of molecules in

the excited state167. Quantum yield (QY) is another closely related parameter, defined

as the ratio of number of photons emitted to the number of photons absorbed, and



2.1 The Phenomenon of Fluorescence 11

300 350 400 450

0.00

0.25

0.50

0.75

1.00

 

 

F
lu

o
re

s
c
e

n
c
e

 i
n

te
n

s
it
y
 (

n
o

rm
a

liz
e

d
)

Wavelength (nm)

 Excitation spectrum Emission spectra

 

@ 340-nm

   excitation

@ 380-nm

   emission

@ 357-nm

   excitation

Figure 2.2: Fluorescence emission and excitation spectra of anthracene. Two emission
spectra were acquired at excitation wavelengths of 340 nm (solid cyan line) and 357 nm
(dashed cyan line). An excitation spectrum was acquired with emission wavelength fixed at
380 nm (dashed purple line).

should not be confused with the quantum efficiency. These and other terminologies

associated with fluorescence are systematically presented by Melhuish 167 , in an article

published by the International Union of Pure and Applied Chemistry (IUPAC).

2.1.1.3 Fluorescence Lifetime

Fluorescence lifetime (τ) is defined as the time required for the fluorescence intensity

to decay from an initial value (measured at t = 0) to e−1 of that value167. Considering

a fluorophore with two energy levels, it is the average time a molecule spends in the

excited state before relaxing to the ground state. In case of organic fluorophores, τ

ranges from 1 ns to 10 ns, and is determined by the rates of both radiative and non-

radiative relaxations from the fluorophores’ excited state143. Fluorescence lifetimes are

usually measured by phase fluorimetry or flash fluorimetry191. In the phase fluorimetery

method, τ is determined by measuring the shift in phase of the emitted light following

excitation by an intensity-modulated light223. In the flash fluorimetery method, short

pulses of light are used for the excitation, followed by recording the fluorescence decay

signal. The fluorescence lifetime(s) is determined by single- (or multi-) exponential
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fitting.

2.1.2 Applications of Fluorescence

A record of applications of fluorescence and phosphorescence commenced within decades

after its discovery. Becquerel proposed coating the inner surface of electric discharge

tubes to convert the generated UV light to visible, which is still widespread in modern

fluorescent lighting. Another early application of fluorescence was reported in 1887, in

hydrogeology, where the path of the Danube river was traced by pouring and tracking

ten liters of concentrated disodium salt of fluorescein (uranin)260. A great number of

applications of fluorescence has since been developed such as, genetic forensics238, pol-

lution detection121, healthcare25,148,195, molecular sensing8, macromolecular sequenc-

ing243, histology41, cellular and molecular biology149,240 etc. Fluorescence imaging and

microscopy represents an important application scope that is relevant to this thesis.

2.2 Fluorescence Microscopy

Traditionally, microscopy is considered as an optical magnification technique to over-

come the limits of native ocular resolution, in order to visualize minute spatial details.

The use of magnifying tools have been dated back to the Assyrians of 600 B. C., based

on the archeological remains of crude lenses. However, documented accounts on micro-

scopes are only available since the 16th-17th century, by Galileo Galilei, Robert Hooke

and Antoni van Leeuwenhoek208,261. Since then, development of microscopy proceeded

at a high rate. At present, microscopy usually refers to the the technology of magnifica-

tion, in combination with one or the other modes of contrast enhancement to separate

regions under investigation (the signal) from the rest (background)152. The modes of

contrast mostly rely on specific properties of the sample (intrinsic or extrinsic) includ-

ing spatial variations of transparency, fluorescence, birefringence, scattering, refractive

index, thickness, fluorescence lifetime and nonlinear optical properties231.

Fluorescence microscopy relies on the contrast provided by fluorescent molecules in

a sample, whose main property is the emission of fluorescence light, after absorbing
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appropriate excitation light of a narrow spectral band. The Stokes shifted fluores-

cence emission allows an almost complete isolation of the fluorescent signal from the

excitation light and ambient background by using wavelength-selective filtering and de-

tection optics. A conventional fluorescence microscope can allow visualization of single

fluorescent molecules separated by several hundred nanometers, as determined by the

Rayleigh criterion33. The resolution and background suppression can be further im-

proved by employing: confocal fluorescence microscopy240, time gated fluorescence mi-

croscopy230, multi-photon fluorescence microscopy62, up conversion microscopy51, and

their combinations. A cutting-edge advancement in fluorescence microscopy, namely,

the STochastic Optical Reconstruction Microscopy (STORM) offers very high resolu-

tions ≈ 50 nm even in 3D specimens264.

Fluorescent molecules that provide contrast for microscopic visualization, also known

as fluorophores, can be classified into intrinsic or extrinsic (or endogenous or exoge-

nous), depending on their natural or introduced fluorescence properties. The natu-

rally occurring fluorescent molecules including tryptophan, nicotinamide adenine dinu-

cleotide (NADH), ADH, chlorophyll etc. are examples of intrinsic fluorophores143. At

the same time, technological advances in biochemistry and molecular labeling has en-

abled the attachment of extrinsic fluorescence molecules (or, simply, fluorescent probes)

to specific molecules of interest in a biological specimen. For example, Figure 2.3 shows

the image of a cluster of three rat pancreatic cells, whose nuclei and cell membranes

were labeled using two fluorescent probes, Hoechst 33342, and fluorescent nanoparticles,

respectively. Hoechst 33342 is a well known fluorescent probe that binds specifically

to certain grooves in a DNA strand to render them visible242, while treatment of cells

with nanoparticles under certain conditions is known to enable membrane labeling132.

The library of fluorescent probes currently available for labeling is vast and ever

growing10 (e. g., Handbook of fluorescent probes and research products 102). In general,

these probes comprise of two components a fluorophore and a targeting, or sensing

group10,128. This concept is illustrated in Figure 2.4. The targeting group allows the

fluorophore to be tagged to a specific site of the specimen; this strategy will be uti-

lized throughout this thesis (for example, an antibody bound to a dye). In some cases
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Figure 2.3: Image of a cluster of three pancreatic tumor cells co-labeled with Hoechst 33342
and fluorescent nanoparticles to visualize nuclei and membranes, respectively. The image was
acquired using fluorescence confocal microscopy. Scale bar 10 µm.

targeting groups are replaced with sensing groups, which report on the event of sub-

strate binding as a change in fluorescence. For example, Calcium Green-1, shown in

Figure 2.4, contains a chelator as the sensing group, which binds to free Ca2+ in a so-

lution. The fluorescence spectra before and after Ca2+ binding are different, enabling

measurement of the ion-concentration from the resultant spectral shift. Fura-2AM94

is another example of a Ca2+-sensitive fluorescent probe that is used in Chapter 5.

Until late 1990s, most probes contained organic compounds as its fluorophore moi-

ety. Some of these included: fluorescein isothiocyanate, 4’,6-diamidino-2-phenylindol

(DAPI), propidium iodide43, anthracene61, rhodamine98 etc. However, organic fluo-

rophores have several shortcomings.

2.2.0.1 Typical Shortcomings of Organic Fluorophores

1. They have broad emission spectra, which poses limitations on the number of

probes that can be used simultaneously. Therefore, they have a limited scope

for multicolor imaging (also known as spectral multiplexing), where more than

three types of molecules are to be co-labeled in a sample185. Figure 2.5 shows

the emission spectra of series of alexa-fluors and their spectral overlap185, which

clearly demonstrates the limitation imposed by their fluorescence spectral width

on multiplexing.
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Figure 2.4: Fluorescent probes containing fluorescein as the fluorophore. They are named
after the targeting molecule attached to fluorescein: (A) 5-Dodecanoylaminofluorescein, a
liphophilic probe allowing membrane labeling; (B) fluorescein coupled to a hexapeptide
formyl-Nle-Leu-Phe-Nle-Tyr-Lys, a fluorescent probe to label the chemotactic peptide re-
ceptor of neutrophils; (C) Calcium Green-1 consisting of dichlorofluorescein coupled to the
Ca2+-chelator, BAPTA; (D) fluorescein di-β-d-galactopyranoside, a fluorogenic substrate for
β-galactosidase. Reproduced from the paper by Johnson 128 with copyright clearance.

2. The fluorescence from organic fluorophores tends to decay upon prolonged expo-

sure to the excitation light – a phenomenon called photobleaching. This precludes

their use in time-lapse fluorescent imaging, especially in real-time with small en-

sembles of fluorophores91,168. A plot and corresponding images that show rapid

photobleaching of a green fluorescent protein sample upon exposure to 514-nm

laser are presented in Figure 2.6.

3. The emission and excitation spectra (intensity and wavelength) of organic fluo-

rophores are often susceptible to environmental changes, such as pH176, osmolar-

ity (see Figure 2.7) and attachment of targeting moieties185.

4. Many of the commonly used organic fluorophores, even those approved for clinical
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Figure 2.5: Normalized fluorescence excitation (A) and emission (B) spectra of a range
of alexa fluorophores. Reproduced from the paper by Panchuk-Voloshina et al. 185 with
copyright clearance.
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Figure 2.6: Photobleaching of enhanced green fluorescent protein (EGFP) deposited on a
glass slide. Green data points are the mean (normalized) pixel values of the images acquired
using a fluorescence confocal microscope, at time lapse periods, with the laser excitation at
a wavelength of 488 nm. Blue line is an exponential fit. Sample images at three time-points
(0 s, 10 s and 18 s) are presented as snippets adjacent to their respective data points. Inset
shows a zoomed out picture obtained after 18 s, which clearly demonstrates the photobleached
area. Red box is 18 µm × 18 µm.
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Figure 2.7: Variation in the fluorescence intensity of a monomeric red fluorescent protein
(mRFP)-containing fluorescent probe, SST-mRFP (see Chapter 5 for details), at different pH
and osmolarity conditions. MES is 2-(N-morpholino)ethanesulfonic acid; PBS is phosphate
buffered saline.

use, are toxic10.

5. Fluorescence quantum yields of organic molecules are low, usually below 50%.

The quantum yield of infrared dyes are much lower, despite being very desirable

for deep tissue observations, because of their fluorescence emission falling in the

so-called “biological tissue transparency window” – the spectral region between

670 - 900 nm, characterized by minimal optical extinction.

The above mentioned drawbacks of organic fluorophores stipulate a need for robust

and efficient alternatives that have narrow fluorescence emission spectra, low toxicity,

and allow easy labeling to a targeting/sensing moiety. The development of nanotech-

nology in late 20th century resulted in a range of nanoparticles that were capable

of satisfying most of these criteria. It is worth mentioning that in some cases, the

drawbacks of the organic fluorophores noted above can be exploited for some specific

applications. For example, fluorescence recovery after photobleaching (FRAP) relies

on the photobleaching of fluorophores in a small microscopic region, which recovers

over time by diffusion of unbleached fluorophores from the surrounding media. The
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time scale of recovery provides valuable information on the diffusion coefficient of the

fluorophore, and therefore, the size of the molecule or viscosity of the medium.

2.3 Nanoparticles for Fluorescence Microscopy

Materials that were not immediately attractive as fluorophores exhibited new, valuable

properties at the nanometer scale. Indeed, when particle dimensions approach the

length scales of electronic wave functions, the optical properties deviate (significantly)

from those of bulk material. Nanoparticles can ameliorate the shortcomings of organic

fluorophores, provided they have the following properties:

1. Chemical and fluorescence stability : Biological applications require that extrinsic

fluorophores are stable and inert under various chemical and biochemical envi-

ronments.

2. High contrast: Increased contrast enables visualization of molecular probes with

high sensitivity. In fluorescence microscopy, this can be achieved by using flu-

orophores with high fluorescence efficiency, large or negative stokes shift, large

fluorescence lifetime etc.

3. Biocompatibility : A nanoparticle that allows easy attachment of targeting or

sensing molecules is desirable.

4. Controllable size: Optimal size of nanoparticle required for labeling application

is still debated. It typically ranges from 5 nm to 100 nm.

5. Non-toxicity : It is essential that extrinsic fluorophores introduced into a biolog-

ical system are inert and non-toxic.

6. Other modes of contrast: It is often desired that a sample labeled by a fluorescent

probe is observable by alternative means, such as electron microscopy, which can

provide resolution at the nanometer level.
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At present, the library of nanoparticles that fulfill most of these criteria is quite

large, and include semiconductor nanoparticles (quantum dots)11,110, fluorophore im-

pregnated matrices (especially silica or latex)282, color center-containing nanocrystals

(fluorescent nanodiamonds), up conversion nanophosphors103 and other core-shell par-

ticles (metal-core with fluorescent shell). Each of these are unique in terms of their size,

fluorescence quantum efficiency, fluorescence spectral response, surface chemistry etc.

Discussions on the origin of their fluorescence, other characteristics, and applications

will be limited to two of these particles – quantum dots and fluorescent nanodiamonds.

2.4 Quantum Dots (QDs)

QDs are nanometer-sized semiconductor crystals that generally contain several thou-

sand atoms210. They display outstanding optical properties, including high absorption

cross-section and fluorescence quantum yield. These exceptional properties arise from

their unique quantum structure, as discussed below.

2.4.1 QD Quantum Structure

In a bulk semiconductor, electronic energy levels are grouped into valence and con-

duction bands, separated by an energy gap, as presented in Figure 2.8 along with

their corresponding energy level densities (or the density of states†)16,135. At room

temperature, most of the electrons occupy the valence band, but gets transferred to

the conduction band by absorbing energy greater than that of the energy gap. This

leads to generation of a positively charged ‘hole’ in the valence band. When an excited

electron and a hole are in the vicinity, they may experience Coloumb attraction and

form an exciton pair210. The wave function of an exciton pair normally extends over

distances that correspond to multiple lattice spacings. In CdSe crystals, this distance

is ≈ 5 nm210. If the size of the semiconductor material approaches this dimension, the

density of states will undergo modifications leading to the unique optical properties of

†Density of states is defined as the number of accessible levels located per interval of energy, and
is usually presented as a function of the energy.
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Figure 2.8: Left panel shows the density of states in a bulk semiconductor, resulting in
the formation of the conduction and valence bands. The gap between the bands, where the
density is zero, is called an energy band gap.

the QD.

Upon etching a bulk semiconductor to make a sheet, several nanometers in thick-

ness, the excitons experience one-dimensional confinement233. This structure is referred

to as a “quantum well”, where the density of states in the two bands cease to be a

continuum and takes the form of a sum series of Heaviside step function†, as shown

in Figure 2.9. Etching the semiconductor again in a perpendicular direction would

confine the excitons in two-dimensions – a structure referred to as a “quantum wire”.

In this case the density of states can be expressed as a sum series of Heaviside functions

with quadratic divisors, as plotted in Figure 2.9. When the excitons are confined in all

three dimensions the system is referred to as a “quantum dot”. Here, the energy level

structure is treated in the framework of quantum mechanics using a model of “particle

in a box”, where the density of states is non-zero only at the quantized energy levels

expressed in Equation 2.1 (see Figure 2.9).

Enx,ny ,nz =
~2π2

2me

×
[(

n2
x

L2
x

)
+

(
n2
y

L2
y

)
+

(
n2
z

L2
z

)]
(2.1)

where, E is the energy of the state (nx, ny, nz); me is the mass of an electron, and

L is the length along the x, y or z axes. A similar equation can be also written for the

†Heaviside step function, H(x), is a discontinuous function, whose value is zero for x < 0 and unity
for x > 0
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Figure 2.9: The density of states is dependent on the spatial confinement of an exciton.
Increasing degrees of confinement causes density of states to depart from a continuous function
towards discrete energy levels233.

energy levels in the valence band.

One of the important consequences of Equation 2.1 is the dependence of the energy

levels on the dimension (Lx, Ly, Lz). Upon reducing the size of a QD, the energy levels

become more separated, which alters its optical properties (see Section 2.4.2).

2.4.1.1 Direct and Indirect Band Gap Semiconductors

Sometimes, the energy levels of a semiconductor are presented in the theoretical k †-

space or momentum (p = ~k) space, in order to classify them based on their optical

properties. In a plot of the energy vs. |k |, the extrema of the conduction and va-

lence bands of silicon and germanium appear horizontally misaligned, as shown in

Figure 2.10(a). Such semiconductors are classified as indirect band gap semiconduc-

tors135. This, essentially, implies that the momenta of the electrons and holes are

unequal. In semiconductors such as gallium arsenide or cadmium selenide (CdSe), the

extrema of the two bands are aligned [see Figure 2.10(b)], and are classified as direct

band gap semiconductors135. Most of the III-V or II-VI semiconductors‡ are charac-

terized as direct band gap semiconductors. The implications of this classification are

experienced in their optical properties and is discussed in the following sections.

†Bold font is used to denote a vector
‡III-V and II-VI semiconductors are formed by mixing elements from the respective groups of the

periodic table, at a particular ratio
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Figure 2.10: Schematic diagram of the energy bands in (a) indirect and (b) direct band
gap semiconductors, in the k-space.

2.4.2 Absorption and Fluorescence in QDs

The absorption spectra of a CdSe-based QD are shown in Figure 2.11. The spectral

position critically depends on the QD size, because of the size-dependent energy levels

according to Equation 2.1. As the QD size is reduced, the energy gap increases, causing

a shift in the spectrum to the higher energy (blue shift). QD spectra features a local

maxima at the longer wavelength, which represents the exciton absorption band, as it

corresponds to the energy required for the generation of an exciton pair. Absorption

at the shorter wavelengths is explained by transitions to the higher energy levels in the

conduction band. Despite the quantized energy levels in a QD, the spectral features are

broad mainly because of the two factors: firstly, the energy levels of QD particles in an

ensemble can vary significantly, due to the size distribution210; and secondly, because

of spectral diffusion, i. e., random dynamic shift in the position of, the otherwise, sharp

spectral lines. Spectral diffusion occurs because of the Stark effect caused by dynamic

trapping of charges or due to spin fluctuations217.

The energy absorbed by a QD to form an exciton pair is re-emitted by a radiative

pathway or dissipated by non-radiative relaxations. The radiative relaxation can be
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Figure 2.11: Absorption (solid) and fluorescence (dotted) spectra (normalized) of CdSe
QDs of difference sizes (2.9 nm to 4.9 nm). Spectra vertically shifted for clarity. Reproduced
from the book by Rogach 210 .

fluorescence or phosphorescence, depending on whether the transition is spin-allowed

or forbidden, respectively, as was discussed in Section 2.1. The fluorescence spectra

of CdSe QDs of a range of sizes are shown in Figure 2.11 (dashed line)210. It can

be seen that the fluorescence spectral peaks are shifted from the exciton absorption

band, towards the longer wavelength. This Stokes shift arises from the degeneracy of

the exciton energy levels, as reported by experiments and modeled theoretically72,180

(shown in Figure 2.12 for a CdSe QD). The absorption is most efficient to the second

and third degenerate levels in the excited state, from where the excitons relax non-

radiatively to the first degenerate level. This relaxation usually occurs via energy

transfer into the crystal lattice as vibrations – also referred to as phonons. The system
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Figure 2.12: Schematic representation of degenerate exciton energy states of CdSe QDs
involved in the absorption and emission processes. Adapted from the book by Rogach 210 .

returns to the ground state via the radiative relaxation (giving rise to fluorescence). The

efficiency of the radiative relaxation is dependent on whether the semiconductor band

gap is direct or indirect. Radiative relaxations in the indirect band gap semiconductors

are not favored because photons can only be emitted with the assistance of phonons, in

order to conserve the energy and momentum in the conduction and valence bands (see

Figure 2.10). As the momenta of the electrons and holes overlap in direct band gap

semiconductors, a photon with zero momentum can satisfy the energy conservation

criteria. This is one of the reasons why most QDs are composed of III-V or II-VI

semiconductors with a direct band gap, as opposed to group IV semiconductors, Si or

Ge, which have indirect band gaps.

QD fluorescence spectra are usually sharp (20 nm to 40 nm wide), and is mostly

limited by the size distribution and spectral diffusion59, as for the absorption peaks,

discussed before. The sharp and size-dependent fluorescence emission spectra enable

using QDs of varying sizes to label multiple targets in a sample for spectrally multi-

plexed imaging with little cross-talk. (see Section 2.2.0.1).
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2.4.3 Quantum Dot Synthesis and Considerations

One of the first demonstrations of synthesizing monodisperse CdX (X = Sulfur, Sele-

nium or Tellurium) QDs was reported by Murray et al. 175 , in 1993. They used a high

temperature procedure, where a super-saturated solution containing Cd- and X-ions

underwent rapid nucleations followed by controlled growth, forming uniformly sized

QDs. Currently, this is one of the most widely used methods of synthesizing colloidal

QDs suitable for biolabeling applications70,80,110,115,189. Micelle assisted synthesis275,

and γ-irradiation and microwave-based procedures68 are also used. Most QDs are

composed of direct band gap CdSe, with well understood energy level structure and

established synthesis techniques276.

The quantum yield of QDs reported by Murray et al. 175 was low (≈ 10% with

respect to rhodamine) due to the distorted energy levels at the surface, caused by

dangling surface bonds, stoichiometric variations and surface tension110. These lo-

calized surface energy levels act as electron-traps, preventing exciton formation and

recombination, yielding significantly longer fluorescence lifetimes and higher rates of

non-radiative relaxation. Most of the recent QDs feature a core/shell geometry that

passivates the core surface by reducing the density of surface states, resulting in im-

provements of the quantum yield (> 50%) and lowering of the lifetime59,110,192 [see

Figure 2.13]. While CdSe serve as the core, the shell is made from semiconductors

with a larger band gap (for example, ZnS or CdS; see Figure 2.14), and a matching

lattice structure. Further modifications of these core/shell QDs are necessary for their

use in biological applications because of their hydrophobic surface and instability in

polar solvents59,110.

2.4.4 Biocompatible QDs

Biological applications of QDs demand stability in aqueous solvents. This can be

achieved by attachment of polar groups to the surface of the core/shell QDs, and

was first demonstrated by Chan and Nie 48 and Bruchez et al. 39 , in 1998. Chan and

Nie 48 functionalized CdSe/ZnS QDs with carboxylic acid, using a stabilizing mercapto
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Figure 2.13: Schematic digram of a QD featuring a core/shell geometry.
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Figure 2.14: Electronic energy levels of selected III-V and II-VI semiconductors. Repro-
duced from the book by Rogach 210 .

acetic acid on the QD surface, via affinity interactions between the -SH (mercapto or

sulfhydryl group) and zinc (Zn) atom. The exposed carboxylic acid groups served as

anchor points to proteins, such as, antibodies and transferrin229. Bruchez et al. 39 relied

on capping the ZnS shell using a silica based polymer terminated with carboxyl groups

for attachment of proteins. Many other methods of rendering QDs water soluble and

biocompatible have been reported68,80,166,168,189,196. Currently, the technology of QD

synthesis is mature, and biocompatible QDs are widely commercially available, with a

large choice of surface chemical groups for attachment of targeting or sensing moieties.

Some of these methods will be discussed in further contextual detail in Chapter 8.
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2.4.5 Drawbacks of QDs

Despite the exceptionally high fluorescence efficiency, small size, commercial availability

and size-tunable fluorescence wavelengths of QDs, their applications in biology and

medicine present several challenges, with fluorescence intermittency180 and toxicity73

being the most important. Fluorescence intermittency (or blinking) of QDs is a well-

known phenomenon180, and is regarded detrimental for real-time tracking of QD-tagged

biomolecules for molecular trafficking studies55. Despite the progress towards QD

blinking suppression113, this remains a problem although some studies made use of

blinking to tell apart individual QDs from their aggregates in cellular environment58.

Biological toxicity of QDs originate from the dissolution of heavy metals (Cd) used

in their core63. Several methods to overcome toxicity have been put forward, including

using a stable shell, non-toxic core etc162,200. It has been reported that the QD internal-

ization by cells solely accounted for cytotoxicity, therefore toxicity can be diminished

by preventing their cellular uptake using an uptake-inhibiting polymer coating73. De-

spite these efforts, cytotoxicity of QDs is still a hotly debated issue. Taken together,

these drawbacks call for other biocompatible, photophysically and chemically robust

nanoparticles for scientific research, as well as related clinical applications.

2.5 Fluorescent Nanodiamonds

2.5.1 General Introduction

Nanodiamonds are nanocrystals (1 nm < diameter < 100 nm) of diamond – a an al-

lotrope† of carbon, where the atoms are held together by covalent bonds, formed by

sharing electrons in sp3 hybridized orbitals with four similar neighboring atoms. This

gives rise to a tetrahedrally symmetric crystal structure, as artistically depicted in Fig-

ure 2.15(a). It can be interpreted as two inter-penetrating face centered cubic lattices,

diagonally shifted from each other by a distance of
√

3a
2
, where a is the dimension of

the cube, whose value is 3.57 Å for diamond. Nanodiamonds are expected to inherit

†Allotropes are the different physical forms in which a material can exist. For example, graphite
and diamond are both allotropes of carbon.
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Figure 2.15: Artistic representations of a (a) perfect and (b) nitrogen-vacancy center-
containing diamond lattice. Each carbon atom (black/gray sphere) is linked to four neigh-
boring ones, via covalent bonds (rods). Nitrogen atom (N) is shown as blue sphere, whereas
a vacancy (V) is shown as a dotted circle. Bonds are shown only to the atoms within a cube
and the opacity is reduced for far away atoms, to aid visualization. Dotted bonds show the
original structure in a lattice with defect to aid visualization.

the inertness of the diamond host core, and their (cyto)toxicity has been demonstrated

to be low.

Nanodiamonds can be rendered fluorescent by implantation of point defects or

color centers in the host diamond crystal. In general, defects occur when the atomic

arrangement is distorted, and point defects are characterized by localization to one or

two atoms, without a long range order. Point defects are classified into three basic

types: a vacancy, substitution or an interstitial inclusion135. They may also occur

in combinations. In a diamond lattice, the substitutional or interstitial defects are

limited to small atoms, including hydrogen, nitrogen and silicon269. Sometimes, the

substitutional defects are also combined with a vacancy defect. For example, a nitrogen-

vacancy (N-V) center represents a substitutional nitrogen atom next to a vacancy, as

portrayed in Figure 2.15(b). N-V centers have been investigated quite extensively in

both bulk and nano-sized diamond crystals, due to their unique optical properties,

which will be discussed below.



2.5 Fluorescent Nanodiamonds 29

2.5.2 The Nitrogen-Vacancy (N-V) Center

Historically, diamonds were classified into several types, including Ia, Ib, IIa and IIb

(and other subclasses), based on their optical properties. The optical properties have

been identified as due to different impurities236. For example, Ib diamonds contain

significant concentrations of nitrogen impurity, mostly as substitutional defects. On

the other hand type Ia diamonds contain nitrogen in aggregates170. N-V center is one of

the most commonly investigated point defects in type Ib diamonds236. N-V centers are

rarely found in untreated diamonds, despite the nitrogen abundance. They are formed

by irradiation of type Ib diamonds with high-energy electrons or light ions, followed

by annealing at temperatures above 800 oC161,170. While irradiation creates a vacancy

and a substitutional carbon defect, annealing allows thermal diffusion of the vacancy,

which settles in the neighborhood of a substitutional nitrogen. Under low irradiation

conditions, only a portion of the substitutional nitrogen defects are converted to N-

V centers, allowing the remaining nitrogens to donate electrons, to create negatively

charged, N-V− centers170. At high irradiation doses, as all the substitutional nitrogens

are converted to N-V centers, they remain neutrally charged (i. e., N-V0). Fluorescence

nanodiamonds used in this project predominantly contained N-V− centers, referred to

as N-V.

Until recently, the optical properties of N-V centers and the associated energy levels

and transitions, were investigated on bulk diamonds92,97,127, which are also applicable

to N-V centers in nanodiamonds, except for very small particles (sized < 10 nm),

where the centers are nanometer-proximal to the surface34. A simplified Jablonski

diagram of the N-V− center is shown in Figure 2.16, where the electronic transitions

that give rise to absorption and fluorescence are shown by upward and downward ar-

rows, respectively66,211. Absorption of photons with energy = 1.945 eV (or wavelength,

λ = 637 nm) causes transition from the ground state, 3A2, to the excited triplet state,

3E, while the absorption of the higher energy photons takes them to one of the higher

vibrational states in 3E. The wavelength dependence of these transitions is shown, as

an absorption spectrum, in Figure 2.17. The sharp peak in the spectrum, at 637 nm

(638 nm in Figure), is called a zero-phonon line, which corresponds to a transition that
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Figure 2.16: A Jablonski diagram showing the energy levels of an N-V− center in a diamond
crystal. Zero phonon fluorescence lines are shown in bright red and brown arrows, whereas
relaxations to the higher vibrational states are shown by translucent arrows. Energy level
nomenclatures (E and A) are derived from molecular orbital symmetries and group theory.
The superscripts (1 and 3) denote whether the energy levels are singlet or triplet, respectively.
See Section 2.1 for details. Energy levels not shown to scale. Splitting of the triplet states
are not shown for simplicity. Adapted from the study by Doherty et al. 66 .

does not involve phonons. “Blue-shifted” broad peaks correspond to the transitions

to the higher vibrational states. Subsequently, the system reaches 3E via vibrational

relaxation (also called phonon-assisted relaxation).

An N-V center in the 3E state can return to the ground state via two paths. The first

path is via direct radiative relaxation from 3E to 3A2, or to one of its vibrational states,

giving rise to intense fluorescence at a wavelength of 637 nm (the zero-phonon line) or

longer (phonon assisted). These transitions are shown as red arrows in Figure 2.16. The

wavelength dependence of the emission is shown as a fluorescence emission spectrum in

Figure 2.18(a). Similar to the absorption spectrum, the fluorescence spectrum also con-

sists of a sharp peak at 637 nm that corresponds to the zero-phonon line. Relaxations

to one of the vibrational states give rise to the, broad, phonon assisted band, to the

right of the zero phonon line. In the second relaxation path, an N-V center undergoes

rapid intersystem crossing from 3E to 1A1
† 66,211, followed by relaxation to the lower

†Intersystem crossing is favored only under certain spin-allowed situations
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Figure 2.17: Optical absorption spectrum of a type Ib bulk diamond (nitrogen concen-
tration = 128 ppm or 2.25 × 1019 cm−3) irradiated with neutrons (7 × 1017 cm−2) and
annealed at 900 oC, acquired at 80 K. The lowest energy (or highest wavelength) peak is
at 638 nm, corresponding to the zero phonon line. A 1-nm shift (from the widely accepted
637-nm zero phonon line) is likely due to an error in the spectral calibration. Reprinted figure
with permission from Mita 170 . Copyright (1996) by the American Physical Society.

singlet state, 1E, via radiative (see Figure 2.16) or non-radiative processes (not shown

in Figure). The radiative relaxation has been shown to give rise to infrared fluorescence

at λ = 1046 nm211. However, this fluorescence is weak, due to the competition with

the non-radiative processes, and is ignored. The N-V center makes a transition to the

ground state, 3A2, via intersystem crossing. Taken together, these processes complete

a cycle of the excitation light absorption and fluorescence light emission.

2.5.3 Characteristics and Applications of Fluorescent Nanodi-

amonds

The N-V center emission properties hold in nanodiamonds. As an example, Fig-

ure 2.18(b) shows the fluorescence emission spectrum from an aqueous colloid of N-V

center containing fluorescent nanodiamonds. This closely resembles the spectra of that

in the bulk, except for a small peak at 575 nm, which originates from the neutral (N-

V0) center, formed due to the excess electron irradiation. Hereafter, the abbreviation

ND and FND will be used to denote pristine and N-V center-containing (fluorescent)

nanodiamonds, respectively. The N-V center fluorescence of FND is highly efficient

(η ≈ 80%284) and extremely photostable277.
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(a) Fluorescence emission spectrum of an N-V center in 100-µm
thick type Ib diamond crystal, under 514-nm laser excitation. From
Gruber et al. 92 . Reprinted with permission from AAAS.
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(b) Fluorescence emission spectrum of colloidal solution of N-V
center-containing 140-nm fluorescent nanodiamond particles, under
532 nm laser excitation.

Figure 2.18: Fluorescence emission spectrum of the N-V center in (a) bulk diamond and
(b) nanodiamond crystal matrix. 575-nm and 637-nm peaks correspond to the zero-phonon
lines originating from N-V centers at the charge-states of N-V0 and N-V−, respectively.
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In 2005, Yu et al. 277 proposed the use of FNDs as molecular probes for biological

imaging, in light of these unprecedented photo-physical properties, in addition to their

excellent biocompatibility and robustness226. They demonstrated fluorescence confocal

imaging of FNDs in human kidney cells, and also showed that FNDs were non-cytotoxic.

In the following years, numerous papers on the use of FNDs for biolabeling have been

reported77,172,177,221,239. Recently, the main research focus towards using FND for bio-

labeling application has been on establishing methods for attachment of targeting or

sensing groups on the FND surfaces, termed biofunctionalization, which represents and

important focus of this thesis. Detailed discussions on biofunctionalization of FNDs

are presented in Chapter 7.

FNDs also form a strong base for quantum computing and communication27, nanome-

ter scale magnetometry17, electric field sensing etc66. These applications are depen-

dent on the spin-orbital interactions in an N-V center, that give rise to preferential

transitions between the degenerate states100, which also depend on external magnetic

(Zeeman effect)178 and electric fields (Stark effect)251. This field dependence can also

be used to probe the orientation of nanodiamond particles for detecting rotational dy-

namics of biomolecules, as demonstrated by McGuinness et al. 165 . Detailed discussions

of these mechanisms fall beyond the scope of this chapter. A recent, comprehensive

review on the FND applications, by Aharonovich et al. 6 , is a recommended source of

information.

2.6 Summary and Goal

Fluorescent probes allow visualization of biomolecules with a high-sensitivity and res-

olution. Conventionally, the fluorophore part of these probes consisted of organic

compounds, which presented several shortcomings, including photobleaching, toxicity

and critical dependence of fluorescence on the environmental conditions. Fluorescent

nanoparticles, including quantum dots and fluorescent nanodiamonds offer solutions

to these shortcomings. Quantum dots are semiconductor nanoparticles, whose fluores-

cence originates from the quantum confinement effects. Their advantages include high
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quantum efficiency, wavelength tunability and commercial availability. Fluorescence

in nanodiamonds originate from nitrogen-vacancy color centers in the diamond crystal

host. Besides the color center-derived fluorescence, which offers advantages of high

quantum efficiency and immunity to environmental conditions, its diamond composi-

tion makes them biocompatible and non-toxic. Apart from the exceptional fluorescence

properties of these nanoparticles, their large surface-to-volume ratio can also serve as

a vehicle for the transport and delivery of cargo, including genetic material and drug.

The goal of this thesis is the development of a fluorescent nanoparticle-based probe

to enable visualization of biomolecules, with an important example being somatostatin.

Discussion of somatostatin, it properties and biological functions, will be provided in

the next chapter.



3
Related Biological Aspects

This introductory chapter encompasses the basics of biological processes, main concepts

and terminologies relevant to this thesis. The chapter begins with brief, educational

descriptions of cells and cellular mechanisms9,253, which narrows down to more spe-

cialized description of somatostatin before long. Biological and biomedical relevance

of somatostatin associated cellular processes are reviewed based on the seminal and

contemporary contributions.
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3.1 The Cell

All living systems are made of cells – the smallest living unit of life9. Figure 3.1

portrays the basic structure of a eukaryotic cell and its appearance under an optical

microscope. Essentially, the cell is a membrane-bound compartment with an aqueous

interior that hosts a large variety of molecules, the key ones† being DNA, proteins

and phospholipids. DNA is a chain formed by the four nucleotides – adenine (A),

cytosine (C), guanine (G) and thymine (T) – interconnected by phosphodiester bonds.

Normally, DNA is located within the nucleus of a cell. Segments of DNA, called genes,

carry information to encode proteins, which are chains of amino acids linked by amide

bonds. The names and chemical structures of the 20 canonical amino acids presently

known are shown in Table 3.1. The sequence of nucleotides in a gene determines

the sequence of amino acids in the protein that it encodes. Proteins serve several

functions, including structure (e. g., actin forms a cytoskeleton)224, catalyzing reactions

(e. g., phosphodiesterases break DNA)9, transporting molecules (haemoglobin carries

oxygen)253 and mediating intra/inter-cellular communication (insulin regulates glucose

metabolism)52. Phospholipids assemble to create a double layered membrane – the cell

membrane – that separates the cellular interior (intracellular) from its surrounding

(extracellular). Cell membranes provide means for controlled communication between

a cell and its environment, by the process of cell signaling.

†While there are several other molecules that are also necessary for the proper functioning of a
cell, the choice of these three has been made with the contents of this thesis in mind
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(a) Artistic representation of a generic eukaryotic cell, identifying the organelles. Re-
produced from a website2 with permission under the terms of Creative Commons license
(http://creativecommons.org/licenses/by-sa/3.0/).

(b) Optical micrograph of a cluster of four chinese
hamster ovary cells. The image is 110-µm wide.

Figure 3.1: Cell

http://creativecommons.org/licenses/by-sa/3.0/
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Table 3.1: Amino acids, with corresponding three- and one-alphabetic representations,
chemical formulae and structures. H atoms are not shown. The CO2-CH-NH2 group on the
left hand side is common among all the amino acids. Structures drawn using the software
Accelrys Draw 4.0 (academic license).
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3.2 Cell Signaling

In a multicellular organism, cells coordinate their actions by communicating with each

other and continuously adjusting their machinery, in order to bring each cell into a

concerted synchronous action, subordinated by the organism as a whole. This type

of coordination is achieved by means of secreting and recognizing signaling molecules,

which includes amino acids, peptides†, nucleotides, steroids, fatty acid derivatives and

dissolved gases such as nitric oxide and carbon monoxide9. Signaling molecules (or

ligands‡) secreted by one cell are recognized by their corresponding receptors located

on or inside another cell. Small hydrophobic ligands, including steroids and vitamin

D, can penetrate the cell membrane, and are able to bind to intracellular receptors

to directly influence gene transcription§. On the other hand, hydrophilic signaling

molecules, which include most peptides, proteins and amino acids, bind to transmem-

brane receptors¶.

Transmembrane receptors are of three kinds: (1) ion-channel linked receptors, (2)

enzyme linked receptors and (3) G-protein coupled receptors (GPCRs)9. Ion-channel

linked receptors respond to ligand binding by opening or closing transmembrane chan-

nels through which ions move in and out of the cell. Enzyme linked receptors have

their ligand-binding domain on the external cell-surface and an enzymatic domain in

the interior. Ligand-binding causes change in enzymatic activity. GPCRs act indi-

rectly by regulating its effectors or secondary messengers, ultimately changing gene

transcription. GPCRs are more relevant to this thesis and will be discussed in a little

more detail.

†A peptide is a chain of < 50 amino acids, in contrast to larger proteins.
‡Ligands are molecules that bind to a target protein.
§Transcription is the process of conversion of information from DNA to RNA – an intermediate

step in the synthesis of the corresponding protein.
¶Transmembrane receptors are large proteins that span across the cell membrane, and have intra-

cellular and extracellular domains.
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3.2.1 GPCRs

GPCRs are the largest family of transmembrane receptors. More than 850 genes encode

GPCRs that recognize a wide variety of ligands, including adrenalin, somatostatin,

enkephalins and glucagon and the receptors that mediate perception of vision, olfaction

and taste106,216,274. All the GPCRs share a basic structure with seven transmembrane

alpha helices†, shown in Figure 3.279. These receptors couple to a family of guanidine

nucleotide-binding proteins (or G-proteins) in order to transduce the signal of the

ligand-binding. The G-proteins are heterotrimeric, made of the subunits Gα, Gβ and

Gγ. The functioning of G-proteins is schematized in Figure 3.3. After the activation

of GPCRs by their respective ligands, the G-protein subunits dissociate to activate

secondary messengers, which changes downstream signaling proteins and ultimately

results in modulation of gene transcription. Several subtypes of Gα, Gβ and Gγ exist,

and each of them potentially couple to a different secondary messenger system. The

identity of Gα is used to define a whole G-protein trimeric complex, because the same

Gβ,γ-subunits can associate with different Gα-subtypes106. A rigorous discussion on the

G-protein subunits, secondary messenger systems and how it ultimately effects gene

transcription is out of the scope of this thesis, and is available in a large number of

reviews82,106,163,169,216. The rest of the thesis is focussed on one type of GPCR – the

somatostatin receptor.

3.3 Somatostatin - A Peptidic Signaling Molecule

Somatostatin represents a collection of two peptidic signaling molecules. The smaller

one was first isolated from the hypothalamus of a sheep, by Brazeau et al. 35 in 1973, at-

tempting to identify a mysterious biochemical that inhibited the release of the pituitary

gland-derived growth hormone, somatotropin. The isolated peptide extract was named

somatotropin release inhibiting factor or SRIF, currently known as somatostatin-14

(SST-14), based on the number of amino acids. The authors also identified the amino

†Alpha helix is a common secondary structure of a protein where every amino acid residue is
connected to its 4th neighbor on the either sides of the sequence via hydrogen bond, forming a spiral
structure.
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Figure 3.2: Schematic of a generic G-protein coupled receptor. The seven cylindrical struc-
tures represent the transmembrane alpha helices. Reprinted by permission from Macmillan
Publishers Ltd: Nature Reviews Drug Discovery79, copyright (2002).

Figure 3.3: The working cycle of a G-protein. Ligand binding to the GPCR causes replace-
ment of GDP to GTP. The GTP-bound Gα and the dissociated Gβ,γ activate their respective
secondary messenger systems (or effectors). Hydrolysis of GTP by the enzymatic action of
Gα serves as a time-regulator and reverts back to the GDP-bound state. Abbreviations: GDP
(guanidine diphosphate), GTP (guanidine triphosphate), GTPase (enzymatic domain of the
Gα that converts GTP to GDP). Reproduced from Milligan and Kostenis 169 with copyright
clearance under Creative Commons license.
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acid sequence and basic structure of the SST-14, shown in Figure 3.4. Pradayrol

et al. 198 in 1980 identified the larger variant based on its immunoreactivity similar to

that of SST-14, but with a different chromatographic behavior. It was found to be an

N-terminally extended form of SST-14 and was called somatostatin-28 (SST-28).

Initially, the SST-28 was considered to be a precursor in the cellular synthesis of

SST-14, but the study by Montminy et al. 173 revealed that both SST-14 and SST-

28 were biologically significant, and were derived from the same precursor protein

preprosomatostatin. In this era, both SST-14 and SST-28 were extensively investigated

and their major function was identified as the regulation of the release of secondary

hormones26,46,184,187,272, which will be discussed shortly. Among these functions, SST-

14 predominantly regulates the activity in pancreas, stomach and neural tissues, and

is virtually the only form found in retina and certain neurons187. In brain, the less

abundant SST-28 only accounts for 20 - 30% of the total activity187. Therefore, we

will mostly limit our discussions to the functions and applications of SST-14 and use

its shorter notation, SST, throughout this thesis.

Apart from the two natural somatostatin analogs, several other synthetic mimics of

somatostatin have been reported, in both peptidic and non-peptidic forms57,74. All the

peptidic forms, including the most popular, 8 amino acid-long octreotide, contain the

pharmacore of SST: the -PWKT- sequence – the part of the molecule that contributes

most to its biological activity22. Smaller peptidic-analogs of somatostatin that contain

only 6 amino acids have also been reported265,266. However, the pharmacores used

in these small analogues are slightly modified with the tryptophan residue in its d-

isomeric configuration, in order to improve their stability and functional potency12,99,266

(see Figure 3.5). Even the non-peptidic forms, such as the L-779,976, include some of

the pharmacore structures, and were designed based on computational modeling and

experimental iterations212.
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Figure 3.4: Schematic of a
somatostatin-14 (SST) molecule,
presented as a chain of amino acids in
the single letter code. Alanine residue
is at the N-terminal. The yellow line
represents a naturally existing disulfide
bond between the two cysteine residues.

Figure 3.5: A list of popular peptidic analogs of Somatostatin. SST-28, SST-14 and cortis-
tatin (CST) are the only naturally expressed forms. Cortistatin (CST) is natural peptide
closely related to SST156. Reprinted by permission from Macmillan Publishers Ltd: Fron-
tiers in Neuroendocrinology187, copyright (1999).
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Figure 3.6: Structure of the transmembrane somatostatin receptors (sst) exemplified by
that of the subtype, sst2A. Reprinted by permission from Macmillan Publishers Ltd: Nature
Reviews Drug Discovery272, copyright (2003).

3.3.1 Somatostatin Receptors and its Subtypes

In the years after the discovery of SST, its functions were rigorously researched. How-

ever, until late 1980s, the cellular mechanisms by which SST-sensing and signal trans-

duction occurred remained unknown. Several functional observations suggested the

existence of GPCRs of SST104,193,267. In the early 1990s, Yamada et al. 274 , Vanetti

et al. 263 and others identified the genes and cloned the six receptor subtypes that SST

binds and activates. These receptor subtypes were named sst1, sst2A, sst2B, sst3, sst4

and sst5, and will collectively be referred as sst. Note that capital ‘SST’ and small

‘sst’ represent the ligand and receptor, respectively throughout this thesis. The 6 sub-

types are encoded by 5 different genes, which allows differential expression levels in

tissues36,187. The sst2A and sst2B were found to be encoded by the same gene SSTR2†,

but spliced at different lengths at the C-terminal. The amino acid sequence and basic

structure of sst, exemplified by the sst2A, is presented in Figure 3.6272.

†SSTRX is the gene that encodes the receptor subtype sstX
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Unlike the native SST, most synthetic analogs are sst-subtype specific47,57,184. In

mid - late 1980s, prior to the identification of the five distinct subtypes, the somato-

statin receptors were subgrouped under SRIF1 or SRIF2, based on the affinity and

biological activity of the octreotide22,266. Later, it was discovered that the octreotide

had high affinity towards the subtypes sst2A, sst2B, sst3 and sst5, earlier classified under

the subgroup SRIF1116. Octreotide was unable to activate the subtypes sst1 and sst4,

classified under the subgroup SRIF2. All the subtypes within a subgroup demonstrate

high genetic similarity, which may explain their similar octreotide activity. In the re-

cent years, the subtype-based classification is used more prominently184. In addition

to the receptor agonists such as SST, octreotide and lanreotide, that bind and activate

ssts, there are molecules classified as antagonists that bind, but do not activate sst(s)47.

The antagonists merely occupy the binding site on the sst molecule, preventing further

agonist binding. They are also highly receptor subtype specific, and are commonly

used for verification of agonist specificities47.

3.4 Biological and Biomedical Relevance of SST

The SST and its analogues activate the sst(s) in unique ways, and modulate the func-

tion of a cell. Before the intricacies in these mechanisms are unfolded, it is considered

appropriate to understand why such an expedition is of interest. The following subsec-

tions will describe the relevance of SST in the human body and its function and how

this significance is currently exploited in the healthcare system.

3.4.1 Tissue Distribution of Somatostatin

Enormous amount of research on SST and sst has been motivated by their abundance

and significance in human tissues. Soon after the isolation of SST from hypothalamus,

where it regulates the growth hormone release, SST or sst were found in several other

locations including the central nervous system, pancreas, gut, kidney, lymphatic tis-

sues, thyroid, pituitary, adrenal glands etc.40,187. In brain, SST contributes towards
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Figure 3.7: Autoradiographic distribution of the binding sites of radioactive somatostatin
analog in a coronal section of an adult rat brain. False color image, where red and white
represent maximum and minimum binding, respectively. The brain section portrayed corre-
sponds to plate 34 of the 4th Edition of the book – The Rat Brain in Stereotaxic Coordinates,
by Paxinos and Watson 190 . Reprinted by permission from Macmillan Publishers Ltd: Nature
Reviews Drug Discovery272, copyright (2003).

neurotransmission, neuronal plasticity and memory, pain-sensation, hormonal secre-

tion, other autonomous functions, such as breathing and blood pressure, etc.30,36,41. A

map of a section of the brain, color-coded according to the density of sst is presented

in Figure 3.7272. In pancreas, SST regulates the levels of both glucagon and insulin,

thus playing an important role in the regulation of glucose45,247,248. SST regulates the

secretion of digestive juices in the gastric lining and absorption of nutrients from the

intestine139. sst(s) have also been observed to be over-expressed in cancerous cells,

especially in the neuroendocrine tumors207, with expression density varying between

individuals206. In most tissues, sst2 is the predominant subtype – possibly a biased

interpretation because many of these observations were made by using the octreotide-

binding assays207.

3.4.2 Biomedical Relevance of Somatostatin

The abundance of SST and sst in human tissues has been acknowledged by their diag-

nostic and therapeutic applications, especially in the areas pertaining to two medical

conditions: acromegaly and tumors222,244.
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Acromegaly is a rare, chronic and disabling disease that arises due to over-production

of the growth hormone and insulin-like growth factor-1, because of improper function-

ing of the pituitary gland112. Symptoms vary between patients, complicating initial

diagnosis. Figure 3.8 summarizes most of them159. The primary goals of therapy are

(1) removal of symptoms including reduction of growth, (2) prevention of re-growth

and (3) improvement of the long term outcome244. Reduction in the blood level of the

growth hormone to < 2.5 µg.L−1 has been documented to reduce the extra growth and

mortality rate244. Injection of blood-stabilized analogs of SST reduces the release of

the growth hormone184 and inhibit cell proliferation171. However, ≈ 3 injections per

day was required to maintain the growth hormone at the normal level. Development

of slow-releasing Sandostatinr LARr has resulted in a dramatic decrease in the num-

ber of injections required to one per four weeks, significantly improving ease of the

therapy86.

Even before all the sst(s) were identified and cloned, increased SST binding to

tumorous tissues and cells, both in vivo 75,222 and in vitro 104, was observed. There-

after, SST and its radiolabeled analogs were proposed for tumor-related clinical ap-

plications, including diagnosis by scintigraphy31,262, prognosis, radiotherapy37,234 and

therapy based on its anti-proliferative effects206,234. The latter strategy was, however,

argued upon, because the activity of SST was tissue dependent, likely to be due to

differential expression of sst-subtypes among tissues. Consolidated data on the the

expression levels of the different sst-subtypes in various kinds of tumor, based on the

quantity of mRNA, as determined using reverse transcription polymerase chain reaction

(RT-PCR), northern blotting and in situ hybridization methods, is readily available

in the paper by Hofland and Lamberts 112 . Currently, sst-based cancer imaging is an

established clinical method.

Another clinical application of SST analogs is the treatment of acute pancreati-

tis118,257, however, controversies still exist on its efficacy18. Several secondary appli-

cations based on this method, including the indirect verification of therapeutic gene

delivery systems, have been proposed283. Improvement of somatostatin-based diagnosis

and therapy of patients with acromegaly, neuroendocrine tumors or other conditions
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Figure 3.8: Signs and symptoms of acromegaly. Reproduced with permission from Ludlam
and Anthony 159

demand comprehensive understanding of the functioning of the sst(s) and its down-

stream signaling mechanisms. The following sections are devoted to discussions of these

mechanisms.

3.5 SST Signaling Pathways

sst(s) belong to the family of GPCRs, introduced earlier7,193,203. They couple to

one or more of the G-proteins subtypes – Gi/o, Gs, Gq, G12, G14 or G16 – to trans-

duce the sst:SST binding event into intracellular signals via secondary messengers154.
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These messengers include the adenylyl cyclase126,203, phospholipase A2
145, phospholi-

pase C7,254, calcium ions182,252, guanylyl cyclase46, nitric oxide46, ion (e. g., potassium)

channels193 and several others. Reviews on how the transduction occurs and their

consequences are available in the literature37,46,184,187, and will not be discussed in any

detail, except for the two more relevant downstream mechanisms – opening of the K+-

channels and calcium mobilization. The mechanism of K+-channel opening in cells

offers a signal transduction mechanism in which the primary effect is the efflux (or in-

flux) of K+ ions, resulting in a negative increase (or decrease) of the cellular membrane

potential (see Section 5.6.1 for detailed discussion). This, in turn, causes activation

of a variety of membrane potential-dependent cellular mechanisms, including modula-

tion of membrane associated hormones and ion-channels (e. g., Ca2+-channels). The

types of K+-channels that may be activated or inactivated after sst-activation are nu-

merous, including inwardly rectifying K+-channels, non-inactivating voltage-sensitive

K+-channels, transient outward K+-channels, Ca2+-activated K+-channels and ATP-

sensitive K+-channels. While some are activated directly by the G-protein subunits,

the others are activated by secondary effectors (for example, Ca+ or ATP). These varia-

tions are highly dependent on the cell and sst subtype under consideration. SST-based

sst-activation can also result in decrease or increase of cytoplasmic Ca2+ concentration.

Once again, the type of modulation is determined by the cell type and sst subtype.

More information on these processes is available in Sections 5.6.1 and 5.6.2. Another

aspect of the intracellular signaling pathway, which, in a way, forms the soul of this

thesis is discussed in the following section.

3.6 sst-Mediated Internalization

Soon after ligands bind to their respective receptors on the cell-surface, which is the

first step in the cell signaling mechanism, the process of the receptor-mediated inter-

nalization may be initiated. As a result, a receptor-bound ligand enters the cell via pits

on the membrane that eventually bud off to form intracellular vesicles83, as shown in

Figure 3.9. Several years before the identification of sst(s), Draznin et al. 69 observed
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Figure 3.9: Electron micrograph showing the internalization of Low density lipoprotein
(LDL)-ferritin (black dots) in a coated-pit on the cell-surface of the normal human fibroblast.
Several minutes later, such pits detached from the surface to form vesicles within which
LDL-ferritin were taken into the cell. Ferritin is a protein that stores and releases iron in a
controlled fashion. Reproduced with permission from Brown and Goldstein 38 .

that the rat anterior pituitary cells internalized SST molecules bound to gold nanopar-

ticles. This process is referred to as the sst-mediated internalization or sst-mediated

endocytosis.

In general, the internalized receptors and ligands are transported via a series of

intracellular organelles, including (1) endocytotic vesicles, (2) early endosomes, (3) late

endosomes and (4) lysosomes, where they are degraded, except if they are recycled back

to the surface124,140, as portrayed in Figure 3.10. In 1987, Viguerie et al. 267 investigated

time scales associated with the dynamics of the receptor binding, internalization and

degradation of SST in pancreatic acini†, using its radioactive iodine-bound analog 125I-

[Tyr11] SST. They reported that a maximum internalization of≈ 10% of the membrane-

bound radioligand reached within several minutes of SST addition. The radioligand

was also degraded and expelled to the extracellular space as smaller fragments, which

stabilized after ≈ 1 hr. They demonstrated separable dynamics of sst:125I-[Tyr11] SST

binding and internalization, by the modulation of temperature. Addition of 125I-[Tyr11]

SST to the cells at 5 oC resulted in the receptor binding, but internalization began only

after elevating temperature to 37 oC, showing that the sst-mediated internalization is

an active process that occurs only at physiological temperatures.

Contradictorily, Presky and Schonbrunn 201 reported that SST was unable to evoke

†Pancreatic acini is the exocrine region of the pancreas, and is responsible for the production of
digestive enzymes.
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Figure 3.10: A schematic representation of receptor-mediated internalization of bound
ligands. The internalized receptor:ligand complexes are directed to endosomes and eventually
sequestered into lysosomes for degradation or recycled to the cell surface. Phosphorylation
is a process where phosphate groups are added to the Ser or Thr residues in the receptor
to alter its ligand-binding affinity. De-phosphorylation usually occurs in the endosomes.
Adapted from Hofland and Lamberts 112 .

the sst-mediated internalization in the GH4C1 pituitary cell line. Instead, it resulted

in an increase of sst density on the cell surface. This was, in turn, in contradiction with

the report by Heisler and Srikant 104 , who observed a decrease in the response upon

pretreatment of SST in mouse anterior pituitary tumor (AtT-20) cells. The plausible

reason for these contradictions might be the differential expression of the sst-subtypes

across various cell types151, and their distinct downstream signaling mechanisms124. To

avoid contradictions arising due to the subtype dependency, more recent experiments

have been carried out on cells that expressed only one receptor subtype or used subtype-

specific SST-analogs.

Hipkin et al. 111 , used a clone of the pituitary tumor cells (GH-R2) modified to over-

express sst2A. In order to reduce the activation of any endogenously expressed subtypes,

they used the selective agonist – octreotide. They concluded that post-sst:SST binding

events, including (a) receptor-phosphorylation†, (b) receptor-desensitization‡ and (c)

†Phosphorylation the process where the state of a protein is modified by the addition of phosphate
groups to certain residues, by protein kinases.
‡Desensitization is a phenomena where pretreatment of cells with agonists causes reduction in

cellular response to further agonist addition. Desensitization is a major concept in pharmaceutical
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receptor:ligand-internalization were closely related, and occurred within a few minutes

of the octreotide addition. Later, Beaumont et al. 24 suggested the sst-internalization

to be a major contributor towards the desensitization or receptor down-regulation in

the neuroblastoma × glioma hybrid cell line – NG108-15. In other words, the internal-

ization resulted in a reduction of the receptor density on the cell-surface. Reassuringly,

an increased desensitization was also observed in the cells treated with monensin – an

inhibitor of the receptor recycling. It appeared as if the cells modulated the level of

desensitization by controlling the rate of the receptor recycling.

In 1997, Koenig et al. 136 carried out an extensive investigation on parameters

that influenced the sst-mediated internalization using a sst2-specific agonist, 125I-BIM-

23027, in the Neuro2A neuroblastoma cell line. They studied several characteristics of

the internalization, including the time scale, extracellular pH, temperature, specificity,

ATP dependence, mechanism of vesicle formation, recycling and intracellular/extracel-

lular degradation. Internalization, which saturated in ≈ 20 min after the radioligand

addition, did not vary significantly between pH 5 and 7.4. However, it was very much

dependent on the temperature and other external agents that either depleted ATP, pre-

vented normal functioning of G-proteins or precluded the clathrin pit formation (see

Section 6.3.2 for more details on clathrin pits). While the stable hexapeptide, 125I-BIM-

23027, underwent non-destructive recycling after internalization, the 125I-SST suffered

degradation by both extracellular and intracellular agents. However, they were able to

moderate the extracellular degradation using a specific protease inhibitor – bacitracin

(see Figure 3.11).

Again, in 1998, Koenig et al. 137 reported on similar experiments, using chinese

hamster ovary (CHO) cells that heterologously expressed sst2 receptor subtype. A

significantly reduced rate of 125I-SST-degradation was observed in both extracellular

media and intracellular extracts. They observed significant recycling of both 125I-

SST and 125I-BIM-23027, contradictory to their previous observations in 1997. The

different cell types used for these investigations might be the reason for this discrepancy.

Roosterman et al. 214 determined the cause of degradation to be endopeptidases (such as

research, where the drug potency may decrease as a result of long-term usage112.
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Figure 3.11: Degradation of extracellular (open bars) and intracellular (solid bars) 125I-
SST after 10-min incubation with the Neuro2A cells, represented as a percentage of bound
radioligand. Addition of native SST (denoted as SRIF) or protease inhibitors – bacitracin,
leupeptin, phosphoramidon + amastatin or soybean trypsin inhibitor – were expected to
counter the degradation. SST and bacitracin only reduced the extracellular degradation.
Reproduced with permission from Koenig et al. 136

the endothelin-converting enzyme-1) after the internalized ligands reached endosomes

in the HEK-293 cells.

So far, these reports indicate that the sst:SST binding and the resultant cellular

responses are complex, and are highly dependent on the ligand type, receptor subtypes

and cell types. More conclusive observations require determination of intracellular

localization of the receptor:ligand complex. However, radiolabeling techniques cannot

provide such resolution. The use of microscopic visualization techniques, similar to

the one reported by Draznin et al. 69 , in 1985, was able to overcome this shortcoming.

Most of the microscopic observations were made by using sst-labeling, rather than

SST41,47,85,149,156,209,256, as will be apparent from the following paragraphs.

One of the first reports on optical visualization of the internalization, by Nouel

et al. 181 , described the use of a fluorescently labeled SST-analog. The authors were

able to visually demonstrate the differences in spatial distribution of fluorescent SST
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internalized by the transfected COS-7 cells expressing sst1 or sst2, and their respec-

tive temperature dependencies. They found that the fluorescence from SST bound to

sst1 remained localized very close to the cell membrane, possibly in non-internalized

caveolaes (see Section 6.3.2 for a description of caveolae). On the other hand, in

agreement with most of the previous reports, the fluorescent SST was efficiently in-

ternalized, via sst2A within several minutes. In another study by the same group219

sst-immunolabeling techniques were employed on the AtT-20 cells that endogenously

expressed four receptor subtypes – sst1, sst2, sst4, and sst5. They also determined that

the sst-mediated internalization was a necessary step for the regulation of the growth

hormone expression.

Krisch et al. 140 reported on nanogold based labeling to locate sst2 or SST in glioma

cells, by using electron microscopy. Due to technical reasons, they were unable to

stain both, the ligand and the receptor, at the same time, which would have been

a direct demonstration of sst-mediated internalization of SST. Stroh et al. 246 showed

that only sst2 and sst5 activation caused the internalization in hippocampal neurons.

The internalization was also stopped by phenylarsine oxide – a known inhibitor of the

internalization.

Over the last decade, finer details of internalization, for example oligomerization

of the receptors and association with additional molecules before internalization has

been unfolded. High levels of the sst(s) expression has been shown to cause receptor

dimerization209 in the CHO-K1 cells. Even in the cells that expressed sst(s) at a lower

density, where they existed as monomers in the basal state, the SST-induced activation

caused dimerization, as shown in Figure 3.12(a). The dimerization was also sub-type

specific – sst5 only formed dimers with itself or heterodimers with sst1, but not with sst4.

Also, interestingly, formation of dimers with sst5 was essential for the sst1-mediated

internalization. In contradiction to these observations, Grant et al. 85 demonstrated

that sst2, heterologously expressed in CHO-K1 and human embryonic kidney (HEK-

293) cells, existed as oligomers in their basal state. They dissociated to form monomers

upon SST-addition, in a dose-dependent manner [see Figure 3.12(b)]. Very recently,

in 2010, Grant and Kumar 84 determined that Gi/o-proteins are responsible for the



3.6 Somatostatin Receptor-Mediated Internalization 55

(a) CHO-K1 cells expressing relatively low density
(Bmax = 160 ± 30 fmol.mg−1) of sst5.

(b) CHO-K1 cells expressing relatively higher density
(Bmax = 435 ± 33 fmol.mg−1) of sst2.

Figure 3.12: Change in the efficiency of fluorescence resonant energy transfer (FRET) in
accordance with SST-dose in CHO-K1 cells transfected with fluorescent versions of either of
the two sst-subtypes. FRET efficiency reported on the extent of sst-dimerization. Figures
reproduced with permissions from (a) Rocheville et al. 209 and (b) Grant et al. 85 .

maintenance and regulation of sst2 homodimers and sst2/sst5 heterodimers. These

observations again indicate how the consequences of the sst:SST binding depend on

the cell type and the receptor subtype.

Tulipano et al. 256 studied the participation of molecules such as β-arrestin in the

downstream mechanisms that occur after the SST-induced sst activation. β-arrestin

functions as a docking protein that link the receptors to the components of cellular

machinery essential for internalization. They found that the subtypes sst2A, sst3 and

sst5 quickly (< 1 min) associated with β-arrestin, shown in Figure 3.13. However,
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Figure 3.13: Co-trafficking of β-arrestin and sst2A into early endosomes in the HEK-293
cells exposed to SST (SS-14) for 0 min, 1 min or 30 min. Scalebar 10 µm. Figure reproduced
with permission from Tulipano et al. 256

this was not observed after activation of sst1 or sst4. They also found that sst2A un-

derwent rapid recycling, whereas sst3 was routed for lysosomal degradation, despite

the similar β-arrestin association pattern. Later, a study on the sst3-expressing rat

insulinoma cells, by Roosterman et al. 213 , revealed that sst3 degradation only occurred

under chronic stimulation with SST, whereas they were efficiently recycled under mild

conditions. In either case, the internalized SST was routed to lysosomes for degrada-

tion.

Similar to the observations previously made using radiolabeling techniques, Liu

et al. 156 found that cell signaling and internalization not only depended on the recep-

tor subtype, but also on the SST-analog. Internalization rates of different permutations

of the agonists and receptor subtypes was evaluated by Cescato et al. 47 , to compile

a dataset relevant to pre-clinical ligands-screening for tumor targeting. As an exam-

ple, dependence of the sst3-mediated internalization on the agonist type is shown in

Figure 3.14.

A very detailed study on the dynamics of sst2A-mediated internalization in live
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Figure 3.14: Difference in the level of sst3-mediated internalization induced by various
agonists in HEK cells (left). The agonists are unable to induce internalization in the presence
of the sst3-specific antagonist sst3-ODN-8 (right). The antagonist by itself does not activate
internalization. Reprinted by permission of the Society of Nuclear Medicine from: Cescato
R, Schulz S, Waser B, et al. Internalization of sst2, sst3, and sst5 Receptors: Effects of
Somatostatin Agonists and Antagonists. J Nucl Med. 2006; 47(3): 502-51147, Figure 3.

hippocampal neurons was presented by Lelouvier et al. 149 . They found that the sst2A-

mediated internalization of octreotide started with the association of β-arrestin, fol-

lowed by the formation of receptor clusters, which soon accumulated within pre-formed

clathrin-coated pits, and eventually got internalized. The whole process took only

< 10 min. Most studies on sst1 did not report on internalization after agonist ac-

tivation, except for a few, including the paper by Roosterman et al. 215 . From the

existing body of evidence, Jacobs and Schulz 124 created an sst-specific internalization

diagram, shown in Figure 3.15, a version of Figure 3.10. Later, it was found that the

receptor desensitization process, β-arrestin binding and internalization are controlled

by phosphorylation of different amino acid residues of the sst2A in transfected CHO-K1

cells225.
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Figure 3.15: Agonist addition causes activation, phosphorylation and desensitization of
receptors, followed by recruitment of β-arrestin. The process of receptor oligomerization
or de-oligomerization is not shown. The activated agonist:receptor:arrestin complexes are
internalized and trafficked via various intracellular compartments. The receptors may either
be recycled or sent to the lysosomes for degradation. Nearly the entire pool of internalized sst2
and sst5 is recycled, whereas the sst3 are routed to lysosomes and sustains a down-regulation.
GRK2 is a kinase which phosphorylates sst(s). Reprinted from Publication Molecular and
Cellular Endocrinology, 286(1-2), Jacobs and Schulz, Intracellular trafficking of somatostatin
receptors, 58-62, Copyright (2008), with permission from Elsevier124.

Such deep understanding on the functioning of the sst-expressing cells upon SST-

binding and activation has tremendously fostered the SST-based diagnostic and ther-

apeutic tools31,37,46,112,159,206,234,247,262,272. One of the breakthroughs in optical tumor

targeting was reported by Becker et al. 25 and Licha et al. 150 in 2001. They developed

a near-infrared fluorescent dye to label octreotide molecules, in order to target sub-

cutaneous tumor xenografts in mice, as shown in Figure 3.16. Two similar instances of

sst-based fluorescent tumor targeting have since been reported5,138. It should be noted

that a significant amount of labeled SST (or analog) also accumulated in other non-

targeted tissues including liver, kidney and pancreas, in these studies. Re-uptake of

the SST analogues by the proximal tubular cells (PTCs) in kidney by the sst-mediated
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Figure 3.16: Specific and long-lasting in vivo targeting of tumors. Top and bottom images
show RIN38/sst2 tumor-bearing nude mice before and 6 hr after intravenous injection of
active (A, C) or inactive (B, D) fluorescent-octreotide, respectively. Reprinted by permission
from Macmillan Publishers Ltd: Nature Biotechnology25, copyright (2001).

internalization has even been speculated to be the cause of nephrotoxicity during ra-

diolabeled octreotide-based cancer therapy21. Therefore, further improvement in our

understanding of the events accompanying the sst:SST binding is believed to contribute

towards betterment of tools used in clinical practices.

3.7 Conclusion and Goal

Somatostatin is an abundant peptide that serves a variety of significant functions across

the human body, including regulation of blood pressure, respiration, metabolism etc.

These functions can be harnessed for improvement of healthcare, which, in turn, de-

mands better understanding of the underlying mechanisms. The primary goal of this

thesis was the development of a tool to facilitate this understanding. A nanoparticle

attached to a somatostatin molecule was believed to serve as a fluorescent beacon fur-

nishing this goal, by providing the ability to monitor its localization within a cell or a

tissue. One of the other areas that benefits from such a tool is tumor targeting, based

on the over-expression of somatostatin receptors in tumors.
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Next chapter addresses the experimental aspects of the development, characteriza-

tion and optimization of novel nanoparticle-somatostatin complex.



4
Experimental Methodology

The protocols of experiments that were frequently performed in the project are de-

scribed in this chapter. Wherever required, a brief explanation of the basic principle is

also provided. Protocols that were only used in specialized situations are not included

in this chapter.
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4.1 Characterization of Fluorescent Labels

A diverse collection of labels were used in this project for highlighting biomolecules,

which included organic fluorophores and fluorescent nanoparticles. These contrast

agents were characterized in terms of their photo physical, physical and physiochemical

properties. The experiments carried out for these characterizations are detailed in this

section.

4.1.1 Absorption Spectrum

The absorption coefficient of a molecule/nanoparticle quantifies the efficiency with

which it absorbs light energy. The absorption coefficient is related to the transparency

of the material by Equation 4.178.

It(λ)

Io(λ)
= eα(λ)CL The Beer− Lambert′s law (4.1)

where, It(λ) and Io(λ) are the transmitted and incident light intensities at the

wavelength λ, α(λ) is the absorption coefficient–an intrinsic property of the sample–

at the wavelength λ, C is the concentration of molecule/nanoparticle and L is the

path-length of interaction between the sample and the light.

In the areas of chemistry, biochemistry and biophysics, absorption-related measure-

ments are used for quantitating the concentration of molecules with known values of

absorption cross section. An absorption spectrometer typically consists of a broad-band

light source, a monochromator, sample chamber and a set of detectors for measuring

the intensity of light before and after passing through the sample. The light from the

broad-band source is wavelength-filtered by the monochromator, passed through the

sample chamber and collected by the detector. A plot of the dependence of percentage-

absorption (or percentage transmission) on the wavelength of light is referred to as the

absorption spectrum of the sample.

A Cary 5000 UV-Vis-NIR Spectrometer (Varian Inc.) represented as an absorption

spectrometer for this thesis. Sample in the solution format was loaded in a quartz
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cuvette (NSG Precision Cells; path length = 4 mm) and placed in the sample chamber.

The spectrometer was programmed to acquire the % transmission values across the

desired wavelength region, typically from 200 nm to 800 nm. Wherever required,

a control spectrum was obtained using a reference sample. The data was exported

in ASCII format and analyzed. The unknown parameter of the sample (either the

absorption coefficient or the concentration) was calculated using Equation 4.1.

4.1.2 Fluorescence Spectrum

The efficiency with which a fluorescent label can convert its electronic energy at

the excited state to emit light is known as its fluorescence quantum efficiency. The

wavelength-dependency of the quantum efficiency gives rise to a fluorescence emission

spectrum, which is unique for each label. A similar wavelength dependence is also

observed during excitation, known as the excitation spectrum, and is closely related

to the absorption spectrum. These spectra are useful for quantitation of very low (sub

nano molar) concentrations. In this project, a Fluorolog Tau3 system (JY Horiba; Fig-

ure 4.1) represented as a fluorescence spectrometer, with which fluorescence excitation

and emission spectra were measured.

A typical fluorescence spectrometer consists of a broad band light source, excitation

monochromator, sample holder, collection lens, emission monochromator and a set of

detectors for measuring intensities of the incident and emitted light. The emission

detector is usually placed at a right angle with respect to the incident light path, in

order to eliminate direct light. At dilute concentrations, the fluorescence intensity is

linearly dependent on the concentration. However, generally, the fluorescence values

are often arbitrary, because it is dependent on various parameters such as, the sample

holder geometry and light beam shape.

For fluorescence measurements, samples were prepared in a solution form, trans-

ferred into a quartz cuvette and placed in the sample chamber. The Fluorolog was

programmed to acquire excitation/emission spectra within a particular wavelength

range. In order to obtain reproducible spectra, the emission and excitation spectra
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Figure 4.1: Fluorolog Tau3 system,
identifying components
1 - Broadband light source
2 - Excitation monochromator
3 - External light source switcher
4 - Sample chamber
5, 6 & 7 - Detection optics

were obtained at peak excitation and emission wavelengths, respectively, using a two-

step iteration process (see Section 5.5.2.1). The data was exported and the reference

baseline was subtracted.

4.1.3 Size

Size measurements described in this thesis were usually performed using the technique

of dynamic light scattering (DLS). DLS enabled the prediction of the distribution of

hydrodynamic diameters of an ensemble of nanoparticles suspended in a colloid, based

on the fluctuations in the intensity of the scattered light.

A typical DLS instrument consists of a laser source, a sample chamber and a very

fast detector (sub millisecond detection times), mounted at a specific angle from the

incident laser beam path. The light from the laser source is scattered by the particles

in the sample, and is collected by the detector. However, the scattered intensity is dy-

namic, because the particles in the solution undergo diffusion. The rate of this random

fluctuation is dependent on the diffusion coefficient, which is inversely proportional

to the hydrodynamic radius of the particle, given by Equation 4.2. Analysis on the

temporal fluctuations in the scattered intensity is used to calculate the hydrodynamic

diameter (or radius) of the particle. The method used to extract temporal information

from the scattered light is known as autocorrelation. A discussion on autocorrelation

is beyond the scope of this thesis.
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Figure 4.2: Zetasizer Nano-ZS; identi-
fying components
1 - Location of the nbuilt 633 nm laser
source
2 - Sample chamber, with temperature
control

D =
κT

6πηR
Stoke− Einstein Equation (4.2)

where, D is the diffusion coefficient of the particle, κ is the Boltzman’s constant, T

is the temperature, η is the viscosity of the solvent and R is the radius of the particle.

Zetasizer Nano-ZS (Malvern; shown in figure 4.2) was used as the DLS-based instru-

ment for measuring the size distribution of nanoparticle in a colloid. The nanoparticles

(quantum dots or nanodiamonds) were dispersed in an aqueous solvent at an appropri-

ate concentration, generally determined by trial and error. The solution was transferred

into a clear-zeta-cell (Malvern), without bubble formation, as per the instruction man-

ual. Physical properties of the solvent and the solute, for example refractive index and

viscosity, were fed into the computer and the Zetasizer was programmed to perform

the following tasks:

1. Equilibrate the sample temperature to 25 oC for 10 min. This ensured that there

were no convection currents inside the solution chamber, which might influence

the thermodynamic diffusion by introducing drift. This step was found to be

critical during winter, because of the higher temperature difference between the

sample and the sample-chamber.

2. Automatically identify the number of averages to be performed, depending on

sample quality.
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3. Perform a multi-modal curve fit to the autocorrelation data and calculate a size-

distribution.

The softwares’ inbuilt quality control algorithm performed tests on data from each

sample and reported whether the measurement was reliable. If not, the reasons and

troubleshooting suggestions were provided. Some of the common reasons for unreliable

data were too low or high particle concentration and particle aggregation. It was ob-

served that a sample concentrations, which yielded scattering count-rates of ≈ 300 kcps

(with an attenuator setting of 6 units) yielded most reliable data. In cases where ag-

gregation was observed, the sample was sonicated prior to measurement. The output

files were analyzed to measure the peak(s) of the size distributions.

4.1.4 Zeta-potential

Zeta-potential is a physical property that is related to the electrostatic charge associ-

ated with a solid/liquid interface. It is a useful parameter for the quantitation of the

surface charge of nanoparticles, whose absolute value is often difficult to measure. Zeta-

potential is defined as the electrostatic potential originated from the surface charge,

measured at the fluid slippage plane. Slippage plane is a virtual boundary that sepa-

rates the fluid, which moves along with the nanoparticle, from the fluid, which stays

with the stationary bulk solvent. The concept of zeta-potential arises from the math-

ematical expression of a directly measurable physical parameter - the electrophoretic

mobility (µe). They are related to each other by Equation 4.3.

µe =
2εζf(ka)

3η
(4.3)

where, ε is the dielctric constant, ζ is the zeta-potential, f(ka) is the Henry’s function

(whose value is 1.5 under certain conditions that satisfy the Smoluchowski approxima-

tion), η is the viscosity and µe is the electrophoretic mobility, which can be expressed

as:

µe =
v

E
(4.4)
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where, v is the velocity of the particle, under an applied electric field, E.

Zeta-potentials of nanoparticles used in this project were measured using a Zeta-

sizer, shown in Figure 4.2. The nanoparticle colloid was prepared in an aqueous solvent

and transferred into a clear zeta cell. The cuvette was placed into the Zetasizer sample

chamber and material parameters were entered into the Zetasizer software and was

programmed to perform the following steps:

1. Equilibrate the sample temperature to 25 oC for 10 min.

2. Automatically determine the number of averages to be performed, depending on

quality of the measurement data.

After performing automatic analysis on the acquired data, Zetasizer outputs a his-

togram of zeta-potentials of particles in an aqueous colloid. However, it fails to provide

a histogram if the sample conductivity exceeds 5 msiemens.cm−1, in which case only an

average zeta-potential value is computed. Inappropriate colloidal concentration, aggre-

gation or non-equilibrial temperature often resulted in poor data quality, as was notified

by the software. Altering the concentration or brief sonication usually improved the

data quality and reliability.

4.2 Cell Culture

Immortalized tumor cells were used in the thesis to perform in vitro experiments in

order to characterize the biological activity of proteins, nanoparticles and nanoparticle-

protein complexes. Four different types of cells were used, and they all expressed

somatostatin-receptors (either endogenous or transfected). They were the AR42J,

GH4C1, AtT-20 and CHO-K1 (gene modified) cells. This section details each of these

cell-lines, including the protocols for their regular maintenance, storage and restoration.
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4.2.1 AR42J Cells

The AR42J cells were obtained from the biological resource center, ATCC (American

Type culture collection) (ATCC No. CRL-1492TM). These are adherent (that can be

grown on a bottom surface of a vessel) epithelial cells, and originally obtained from

a tumorous pancreatic tissue of a brown rat (Rattus norvegicus, strain: Wistar). The

AR42J cells endogenously express somatostatin receptors.

4.2.1.1 Growth Condition

Generally, cell cultures are maintained in a liquid complete growth medium, which con-

tains a base media, supplemented with animal-derived serum and auxiliary antibiotics

to prevent contamination. F-12K was used as the base media to culture the AR42J

cells and was supplemented with 20 %fetal bovine serum (FBS). After preparation,

the complete growth media was filtered through a 0.22 µm filter, for sterilization and

stored at 4 oC.

Normally, the cells were grown in tissue culture flasks with complete growth media,

inside an incubator (Thermo Scientific) maintained at 37 oC and 5% CO2 under a humid

environment. 5% CO2 was used to maintain the physiological pH of the culture media,

which contained carbonates as buffering agents. The humidity minimized evaporation

of the media, which would otherwise alter the osmolarity, resulting in cell death. All

the cell culture related procedures and experiments were carried out inside a laminar

flow hood, and it was a general practice to wipe the bench and objects with 70%

ethanol solution for sterilization. All fluid transfers were carried out using disposable

serological pipettes, attached to a motorized pipette-man (BD Falcon). Liquid waste

were collected and treated with bleach solution before disposal into a sink. Solid wastes

were autoclaved and disposed appropriately.

4.2.1.2 Thawing

Cells were procured in frozen condition (in dry ice). To initiate their growth, the

frozen cell suspension was thawed and re-suspended into 10-mL of pre-warmed (to
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37 oC) complete growth media. The 10-mL cell suspension was centrifuged (@ 100 × g

for 5 min) and resuspended in fresh, pre-warmed complete growth media, in order

to remove cryo-protectants [usually dimethyl sulfoxide (DMSO)]. The suspension was

transferred to a culture flask (Blue vented-cap, tissue culture treated) (BD Falcon,

Australia) at a final density of approximately 11,000 - 15,000 cells.cm-2 and placed in

an incubator. The cells were grown overnight and the culture media was renewed on

the next day to remove traces of cryo-protectants. Later on the normal propagation

protocol was followed.

4.2.1.3 Propagation

The AR42J cells grew in clusters attached to the floor of the culture flask. Under normal

conditions the complete growth media was renewed every 2-3 days. In one week, the

cells formed large clusters, at which point they were seeded into a new culture flask

after 1:3 to 1:5 dilution, a procedure referred to as ‘passaging’. For passaging, the cells

were first washed with PBS (phosphate buffered saline) devoid of CaCl2 and MgCl2.

The washing procedure rendered the cells less adherent, as CaCl2 and MgCl2 facilitate

adhesion. The cells were treated with a solution containing 0.25% (w.v-1) trypsin and

0.53-mM ethylenediaminetetraacetic acid (EDTA) in PBS for ≈ 2 min at 37 oC or

until the cells appeared spherical under a transmission, phase-contrast microscope.

The enzyme, trypsin, promoted cell detachment as it cleaved the adhesive proteins on

the cell surface. EDTA promoted the process by scavenging Ca2+ and Mg2+-ions by

chelation. This procedure was carefully carried out, because of risk of over-exposure

to trypsin causing cell-death.

In order to break cell clusters, fresh, pre-warmed complete growth media was added

and the solution was triturated several times using a serological pipette. A portion of

this solution was added to a new culture flask containing appropriate quantity of pre-

warmed complete growth media. The complete passaging procedure was carried out,

approximately, once a week to sustain the AR42J cell culture. A maximum of 50

passages were carried out, after which a fresh culture was started.
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4.2.1.4 Storage

Generally, cells are kept frozen for three reasons: (1) long term storage (2) transporta-

tion and (3) for maintaining batches with low passage cycles. Several cell freezing

protocols exist, and most of them use one way or the other to minimize crystal forma-

tion during the freezing procedure. Crystal formation can rupture the cell membrane,

rendering the cells non-viable. 10% DMSO was added to the complete growth media

to prepare freezing medium.

The cells were grown normally until they reached confluence. At this point, they

were detached from the culture flask using Trypsin, as described above. The trypsinized

cell-suspension were re-suspended in pre-warmed complete growth media and cen-

trifuged (@ 100 ×g for 5 min) and resuspended in half of the freezing media maintained

at room temperature. The second half of the freezing media that was maintained at

4 oC was added drop-wise, allowing a gradual reduction of temperature. This cell-

suspension was transferred into 2 mL cryo-vials and placed inside a Mr. Frosty† and

transferred into a -80 oC freezer. The next day, the cryo-vials were transferred from

Mr. Frosty to a -137 oC freezer or a liquid nitrogen dewar.

4.2.2 GH4C1 Cells

The GH4C1 cells were obtained from ATCC (ATCC No. CCL-82.2TM). They are

loosely adherent epithelial cells, and originally obtained from tumorous pituitary tissue

of a brown rat (Rattus norvegicus, strain: Wistar-Furth). The GH4C1 cells endoge-

nously express somatostatin receptors201.

4.2.2.1 Growth, Thaw, Propagation and Storage

The complete growth medium to culture GH4C1 cells contained Ham’s F10 medium as

the based medium, to which 2.5% FBS and 15% horse serum (HS) were added. Except

the different growth medium, the procedures used to thaw, passage and store the cell

were similar to that used for culturing the AR42J cells.

†Mr. Frosty is a trademarked product, designed to regulate the rate of temperature drop to
1 oC.min-1, when placed inside a -80 oC freezer
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4.2.3 AtT-20 Cells

The AtT-20 cells are of adherent type, and originally obtained from tumorous pituitary

tissue of a mouse (Mus musculus, strain: LAF1). These cells were obtained from

collaborator Prof. Mark Connor. They endogenously express four of the five known

somatostatin receptor subtypes including the sst1, sst2, sst4 and sst5
188.

4.2.3.1 Growth, Thaw, Propagation and Storage

The complete growth medium to grow the AtT-20 cells contained Dulbecco’s Modified

Eagle Medium (DMEM), to which 10% FBS and 50/5-µg penicillin/streptomycin were

added. Cells were thawed and grown using procedures similar to that described above.

4.2.4 CHO-K1 Cells

The genetically modified chinese hamster ovary (CHO-K1) cells were obtained from

PerkinElmer, Australia (Catalogue No. ES-521-C). They expressed human somato-

statin 2A receptor (sst2A), up to a density of 10 pmol.mg-1 of membrane proteins.

4.2.4.1 Growth, Thaw, Propagation and Storage

The complete growth media for the CHO-K1 cells composed of Hams’s F12 (the base

media), 10% FBS and 400-µg.mL-1 geneticin (G418, Invitrogen). Geneticin was used

to select the cells that expressed sst2A. Similar to the AtT-20 cells, these cells also

grew in monolayers. The cell density was measured in terms of the number of cells per

square centimeter, using a home-made Matlab based program, detailed in Appendix A.

Under normal growth conditions, passages were done every second day. The procedures

used for thawing, passaging and freezing were similar to the other cell lines described

earlier.
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Figure 4.3: FlexStation 3, identifying
components
1 - Control panel
2 - Cell culture plate tray
3 - Compound plate tray
4 - Pipette tip box tray
5 - Computer for control

4.3 Cell Signaling Experiments

The biological activity of the somatostatin, nanoparticle, or somatostatin-nanoparticle

complexes were investigated using three types of cellular responses. These included

changes in membrane potential, changes in cytoplasmic concentration of Ca2+ and

receptor-mediated endocytosis.

4.3.1 Membrane Potential Assay

The membrane potential of cells were monitored quantitatively using a membrane

potential-sensitive fluorescent dye. The assay was carried out using The FlexStation 3

(Molecular devices, see Figure 4.3) - a micro plate reader, with robotic fluid-transfer

capabilities. The procedures used for cell preparation and carrying out the assay are

detailed below.

4.3.1.1 Cell Cultivation

The AtT-20 cells were cultivated in a black-wall, flat, clear-bottom, 96-well plate

(Costar) until reaching confluency. On the evening before the day of the assay, the

complete growth media in the wells was replaced with 100-µL.well−1 Lebovitz L-15

medium, supplemented with 1% FBS and placed inside a 37 oC incubator. Lebovitz

L-15 media was used for the assay because its pH is independent of CO2, and the

FlexStation 3 was not connected to a CO2 regulator.
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4.3.1.2 Experimental Procedure

A membrane potential sensitive fluorescent dye was purchased from Molecular Devices

(Blue dye, Cat# R8034), as a part of a FLIPR membrane potential assay kit. The blue-

colored dye, supplied in a powder format was dissolved in 100 mL of low-potassium

version of the recommended buffer, containing 143.7-mM NaCl, 18.35-mM HEPES,

0.34-mM Na2HPO4, 4.17-mM NaHCO3, 0.44-mM KH2PO4, 0.83-mM MgSO4, 1.05-

mM MgCl2, 1.26-mM CaCl2 and 5.5-mM D-Glucose. The prepared dye solution was

stored in a -80 oC freezer for later use.

In preparation for the assay, 100-µL pre-warmed dye-solution was added to each

well in the cell culture plate. The cell culture plate was placed inside the incubator

for 30 min. Meanwhile, drugs solutions (for example, somatostatin) of 5× or 10× final

concentrations were prepared in the low potassium modified buffer and distributed in a

clear-wall, v-bottom, 96-well compound plate. Normally, each column in the compound

plate was dedicated for a particular drug, with each row containing incrementally

increasing (logarithmic scale) drug concentrations. This facilitated the data analysis

to obtain a drug concentration-response curve. The cell culture plate, the source plate

and a box containing specialized black-pipette tips were loaded into the FlexStation, to

perform the assay. The dark pipette tips ensured minimal backscattering and pipette-

derived fluorescence. The FlexStation greatly reduced the complexity of the assay,

because all the fluid transfers and fluorescence read-outs were automated after the

plates were loaded. It also allowed monitoring the fluorescence changes (therefore the

cell-membrane potential) in real-time.

The FlexStation was programmed to perform the following tasks, using the software

Softmax Pro:

1. Acquire the fluorescence intensity with excitation and emission wavelengths fixed

at 530 nm and 565 nm, respectively, with emission cut-off filter at 550 nm (with

auto-mode enabled) once every few seconds for several minutes.

2. At a particular time point, add 50 µL of the 5× (or 22 µL of the 10×) concentrated

drug solution from a specific column in source plate to that in the cell culture



4.3 Cell Signaling Experiments 75

plate, which already contained 200 µL of solution.

3. Immediately after the addition, triturate the solution in the culture plate, in

order to reach a uniform drug concentration throughout each well.

4. After the fluorescence reading, export the data as a time sequence for each well.

All the assays were repeated at least three times independently, each in triplicates

or quadruplicates.

The fluorescence readings were calibrated using blank and negative controls. Blank

controls were obtained from a column of wells, which were devoid of cells, but was

otherwise treated similarly. The negative controls were obtained from wells in which

the added compound solutions were devoid of drugs. All the assays were repeated at

least three times independently, each in triplicates or quadruplicates.

4.3.1.3 Data Analysis

The time course of fluorescence fluctuations was exported from the Softmax Pro as a

time series in ASCII format. All the data analyses were performed using a self-built

Matlab based graphical user interface (GUI), detailed in Appendix B. Firstly, a mean

blank control time series was obtained by averaging all the blank control data, which

was subtracted from all the time series data. Next, the percentage drop in fluorescence

from each well after drug addition was obtained and offset using that from the negative

controls. The corrected percentage change in fluorescence was proportional to the

change in cellular membrane potentials.

Where appropriate, a concentration dose-response curve was generated from the

normalized and averaged data corresponding to each drug. For an example, see Fig-

ure 5.9. The potency of the drug was calculated in terms of pEC50 values, calculated

by performing a sigmoidal fit to the dose-response curves, using Equations 4.5 and 4.6.

Origin academic version 8.1 was used to perform plotting and curve-fitting.

R =
Rmin − Rmax

1 + ([D]/EC50)k
+ Rmax Logistic equation (4.5)
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pEC50 = − log EC50 (4.6)

where, R = Response (or the percentage change in fluorescence); the subscripts max

and min represent saturation and minimum responses, respectively

[D] = Concentration of the drug

EC50 = Concentration of drug resulting in 50% saturation response

k = Fitting parameter, which determined the steepness of the curve

4.3.2 Ca2+ Mobilization Assay

Activation of somatostatin receptors in certain cells triggers the release (or intake)

of Ca2+ into the cytoplasm. This response was used to evaluate the biological activ-

ity of biomolecules, nanoparticle and nanoparticle-biomolecule complexes in this the-

sis. Intracellular concentration of calcium ([Ca2+]) was measured using a fluorescent,

indicator-dye (Fura-2AM, Invitrogen), whose fluorescence excitation spectrum was de-

pendent on the concentration (see Figure 5.10). Typically, such indicators consist of

a Ca2+-chelator group (like EGTA or BAPTA) and a stilbene-like fluorophore94. The

chelators bind to free Ca2+-ions, thereby influencing the spectra of the fluorophore.

The Ca2+ mobilization assay was carried out using a FlexStation.

4.3.2.1 Experimental Procedure

The assay was performed in HEPES Buffered Saline (HBS), containing 140-mM NaCl,

2-mM KCl, 2.5-mM CaCl2, 1-mM MgCl2, 20-mM HEPES, 10-mM D-Glucose, 2.5-

mM Probenecid and 0.05% BSA (Bovine Serum Albumin), which was adjusted to

pH 7.4±0.1 and an osmolality of 330±40 mosmol.kg-1, unless otherwise specified.

Probenecid was used to enhance the entry of Fura-2AM into the cells. HBS+Ca was

the same as HBS except that it contained 20-mM CaCl2. In HBS-Ca buffer, CaCl2

was replaced with 10-mM ethylene glycol-bis[b-aminoethylether]-N,N,N’,N’-tetraacetic

acid (EGTA), which selectively chelates free Ca2+-ions.

The CHO-K1 cells were cultivated in a black walled, flat-clear-bottom, 96-well plate
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until reaching confluence. The cells were washed once with HBS to remove esterases†

in the cell growth media that can affect the cell-permeability of Fura-2AM. 200 µL of

2-µM Fura-2AM solution, prepared in HBS, was added to the wells in the culture plate

and incubated for 1 hr at 37 oC. This process allowed the weakly membrane permeant

Fura-2AM to enter the cell. One column of cells in the plate was not loaded with

Fura-2AM, instead 200 µL of HBS was added, which served as the blank control to

obtain the level of the background fluorescence.

The cells were washed 4× with HBS to remove extracellular Fura-2AM and placed

inside the incubator for another 30 min. This allowed the esterases in the cell to remove

hydrophobic groups in the Fura-2AM molecule (which provides membrane permeabil-

ity) restoring its sensitivity to Ca2+-ions. The cells were washed with HBS once again

and placed inside the FlexStation to carry out the assay. One column of wells were

dedicated for obtaining maximum and minimum control data. 200 µL of HBS+Ca and

HBS-Ca were added to four wells each.

The drugs to be analyzed were prepared in HBS at 5× or 10× the final concen-

tration and distributed in a compound plate. For maximum and minimum controls

solutions digitonin (a detergent that permeates cell membranes leading to equilibra-

tion of extracellular and intracellular solutions) was used instead of drugs. The culture

plate, compound plate and a pipette tip box were loaded into the FlexStation, and

programmed to perform the following procedure:

1. Acquire the intensity of fluorescence emission at 510 nm under two alternating

excitation wavelengths of 340 nm and 380 nm, every few seconds over a period

of several minutes.

2. Add 50 µL of the 5× concentrated drug or 22-µL digitonin solution from a specific

column in the source plate to that in the cell culture plate, at a particular time

point.

3. Triturate the solution three times after adding drug/digitonin.

†Esterases are enzymes that cleave ester bonds
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4. After completion, export the data as a time sequence for each well.

All the assays were repeated at least three times independently, each in triplicates

or quadruplicates.

4.3.2.2 Data Analysis

The time course of fluorescence fluctuations was exported from the Softmax Pro as

a time series in ASCII format. All the data analyses were performed using a self-

built Matlab based graphical user interface (GUI), detailed in Appendix C. Firstly,

the average background signal was calculated using the data obtained from the blank

control well, which was subtracted from all the time series data. The time-series of

fluorescence intensities at the two excitation wavelengths were converted to a time

dependent intracellular [Ca2+] using Equation 4.794.

[Ca2+] = Kd ×
R− (Sf340/Sf380)

(Sb340/Sb380)− R
× Sf380

Sb380

(4.7)

where, Kd = Effective dissociation constant of chelation of Ca2+-ions by Fura-2AM.

The value of Kd used was 224 nM as determined by Grynkiewicz et al. 94

R = Ratio of background subtracted fluorescence intensities at 340 nm and 380 nm

excitations, respectively

Sf340 = Background subtracted fluorescence at 340-nm excitation after digitonin addi-

tion to the cells in HBS-Ca buffer

Sf380 = Background subtracted fluorescence at 380-nm excitation after digitonin addi-

tion to the cells in HBS-Ca buffer

Sb340 = Background subtracted fluorescence at 340-nm excitation after digitonin addi-

tion to the cells in HBS+Ca buffer

Sb380 = Background subtracted fluorescence at 380-nm excitation after digitonin addi-

tion to the cells in HBS+Ca buffer

From the obtained [Ca2+] time series, the increase in intracellular [Ca2+] upon
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Table 4.1: Calibration of the cell culture microscope, equipped with a CCD camera

Objective 4× 10× 20× 40×

Image size 680 px 172 px 340 px 672 px

Actual size 1 mm 100 µm 100 µm 100 µm

addition of drugs was measured for each well. Where appropriate, a normalized

concentration-response curve was plotted. For example, see Figure 5.12. The pEC50

values of drugs were calculated using Equations 4.5 and 4.6.

4.4 Microscopy

Microscopy was one of the important elements in this thesis. Several microscopes,

equipped with unique contrast mechanisms were used, and will be discussed in the

following Subsections.

4.4.1 Cell Culture Microscope

A Zeiss inverted microscope equipped with bright field, transmission and phase con-

trast optics was used to determine the cell growth rate and passaging conditions. A

CCD-camera attached to the microscope allowed recording images and videos of cells.

It was also used for counting cell density, using a home-build Matlab-based program

(see Appendix A for details). The scale of the images obtained using this camera/mi-

croscope set up is presented in Table 4.1.

4.4.2 Leica TCS SP Confocal Microscope

All the fluorescence images presented in this thesis were acquired using one of the three

fluorescence confocal microscopes (Leica TCS SP, SP2 and SP5), of which one is shown

in Figure 4.4. All three microscopes were equipped with a variety of lasers for confocal

imaging, mercury/neon lamps for full field fluorescence imaging and halogen lamps
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for transmission bright-field imaging. The detection optics included photomultiplier

tubes and CCD cameras for confocal and full field modes, respectively. In the confocal

mode, an acousto-optic beam splitter (AOBS) provided versatile choice of selecting

the wavelength bands for detection. However, in the full-field mode, the fluorescence

excitation and emission wavelength bands were controlled using filter-dichroic cubes.

In the confocal mode, these microscopes allowed multidimensional data acquisition,

including fluorescence spectra corresponding to each pixel in the images, 3-D stacks

and temp-course imaging. The choice of the microscope was primarily determined by

the features and availability. For example, while the Leica TCS SP system offered the

phase contrast imaging capability in transillumination mode, the TCS SP2 system was

equipped with 405 nm laser allowing imaging of blue emitting dyes, such as Hoechst.

Further details on the specific capabilities of SP and SP2 systems are available in the

website: http://physics.mq.edu.au/∼goldys/MicroscopeBooking/index.php. The SP5

system located within the Australian School of Advanced Medicine was equipped with

a super-continuum laser and allowed visualization dyes (e. g., red fluorescent proteins

in Section 5.7.1) that were inefficiently excited with the other microscopes.

Most often, the images were acquired in a 512 px × 512 px format, and exported as

a TIFF file. These images were processed and analyzed using the free software Image J

or Matlab (university license).

4.5 Summary

In summary, this chapter describes the general instrumentation and methodologies that

were used for this thesis. More specific information on the settings and procedures used

for particular experiments are described as required.

http://physics.mq.edu.au/~goldys/MicroscopeBooking/index.php


4.5 Summary 81

Figure 4.4: Leica TCS SP confocal flu-
orescence microscope, identifying com-
ponents
1 - Mercury lamp
2 - Halogen lamp
3 - Confocal scanning head, AOBS &
detectors
4 - Objective turret
5 - Sample stage
6 - Full field imaging camera
7 - Binoculars
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5
Talking to the Cells

This chapter is based on the journal publication:

Varun K. A. Sreenivasan, Oleg A. Stremovskiy, Timothy A. Kelf, Marika Heblin-

ski, Ann K. Goodchild, Mark Connor, Sergey M. Deyev and Andrei V. Zvyagin, “Phar-

macological Characterization of a Recombinant, Fluorescent Somatostatin Receptor

Agonist”, Bioconjugate Chem., 2011240

The chapter begins with a summarized version of Chapter 3, focussing on the

cellular events related to somatostatin. The existing literature ushers towards the

development of a fluorescently labeled somatostatin probe, which was able to commu-

nicate specifically with cells. Response of the cells were used to characterize the newly

developed fluorescent somatostatin probe.
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5.1 Recap and Introduction

A cell is a complex system, where a multitude of biomolecules conspire in a concerted

effort to activate specific intracellular events. Due to the highly intertwined biomolec-

ular interactions, information regarding the contribution of one type of biomolecule

towards a particular event can rarely be identified by experiments performed in iso-

lation. However, it is possible to highlight or single-out a particular type of molecule

under investigation, in order to characterize its role. This can be realized by using

a molecular probe or label that can be visualized, while not affecting the rest of the

‘molecular soup’ – a process termed specific labeling.

Somatostatin receptors (ssts, introduced in Chapter 3) are set of biomolecules,

whose activation initiates a chain of intracellular events. It includes the six subtypes,

sst1, sst2A, sst2B, sst3, sst4 or sst5. All these subtypes belong to class of proteins called

the G-protein coupled receptors. They are all cell membrane-associated proteins, whose

3-D structure spans across the bilipid layer. This allows the receptors’ extracellular

domain to sense extracellular signals and transduce them into the intracellular space -

the beginning of a complex chain of intracellular signaling events106. In regards to sst,

the extracellular signal constitutes binding of a ligand, somatostatin-14 (SST). The

intracellular signaling events that occur after the sst:SST† binding include changes in

cellular membrane potential, concentration of ions7,182,193 and even long-term changes,

such as gene expression219. Often, these events are also accompanied by intake of the

bound sst:SST complex into the cell – a process called internalization (or endocytosis).

†‘:’symbol denotes a non-covalent binding between the SST and sst



86 Talking to the Cells

Figure 5.1: Schematic of a somatostatin-14 (SST) molecule, presented as a chain of amino
acids in single letter code. The yellow line represents the naturally existing disulfide bond
between the two cysteine residues. Reproduced from Figure 3.4

SST is a peptide (a small protein, presented as an amino acid chain in Figure 5.1),

which takes part in a variety of significant processes in the body by activating sst40. In

neurons located at specific regions in the brain, SST functions as a neurotransmitter

and modifies central control of blood pressure41 and respiration42. In the pituitary

gland and pancreas, SST is a hormone that controls the release of secondary hormones

which in turn inhibit growth205 and affect glucose metabolism247, respectively. Apart

from behaving differently in different organs, the intracellular effects upon SST-binding

can also vary between cell types. One of the reasons for the cell type-dependence is that

sst can take form of any of its six subtypes, which are expressed differentially in cell

types. An example of the differential behavior is the absence of SST-internalization

after the activation of the receptor subtypes – sst1 or sst4, in comparison with the

efficient internalization by sst2A
47.

A large portion of the current understanding about the intracellular events that

occur after SST:sst binding, including the activation and internalization, have been

elucidated by the following methods: (a) immunocytochemical labeling of sst47,84†, (b)

probing other molecules involved in the intracellular signaling chain225 or (c) a combi-

nation of these methods95,256. However, none of these methods allows one to answer

†It is important to note the immunocytochemical labeling only reveals the spatial localization of
the receptor (sst) and not of the ligand (SST)
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some of the significant questions pertaining to the fate of SST molecule, such as: (1)

what is the cellular/sub-cellular localization of SST molecule after being internalized?,

(2) how long does the SST molecule remain bound to the sst? etc69. These details

would be invaluable in devising a tool for sst-targeted drug delivery, conceivable for ap-

plications such as diagnosis and therapeutics of neuroendocrine tumors37. Addressing

these questions require SST-molecules that can be visualized, which can be realized by

means of specific molecular labeling. Additionally, development of conspicuous SST-

molecules will also enable localization of somatostatin receptors in biological tissues,

particularly useful for diagnosis of neuroendocrine tumors, where the somatostatin

receptors are over-expressed.

5.2 Labeled Somatostatin Molecules

Majority of studies that probe the molecular pathways of SST were carried out us-

ing radioactively (mostly iodine-125) labeled ligands95,137,205,219, except for a handful

that will be discussed shortly. Radioligands (i. e., radiolabeled SSTs) allow ensemble-

based and statistically accurate characterization of the interactions (such as the binding

affinity) of SST with the receptors and consequential intracellular events (such as in-

ternalization). However, a limitation of this approach is its inherently poor spatial

resolution, which precludes any level of detail on the intracellular localization of SST.

Radiolabeling methods also introduce workplace hazards, which demand cumbersome

experimental procedures and radiation-safety approvals. In addition, the short half-

life of certain radioactive isotopes causes decrease in sensitivity over time – dictating

shorter shelf-lives. In comparison, optical labeling of SST would enable safe, easy, ro-

bust and, most importantly, detailed visualization of SST-related intracellular events.

The development and application of a few optically labeled SST analogs have been

reported in the literature, all based on organic fluorophores. The first fluorescently la-

beled SST-analogs were reported by Nouel et al. 181 , Sarret et al. 219 and Stroh et al. 246

during the years 1997 to 2000. They had developed a Bodipy-conjugated [d-Trp8] SST-

analog to investigate the sst-mediated internalization in COS 7 cells, AtT-20 cells and
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neurons, respectively. Later, in 2001, Licha et al. 150 and Becker et al. 25 developed

a new, cyanine dye-conjugated SST-analog for in vivo tumor targeting. Kostenich

et al. 138 also reported on labeling tumors using several types of fluorescent analogs of

the SST pharmacore. Despite these advances, tagging of SST molecules with fluores-

cent dyes using chemical conjugation methods suffer from inherent disadvantages, for

example, poorly reproducible reactions yielding uncontrolled molecular labeling ratio,

ultimately leading to loss of potency138. To overcome problems with the chemical re-

actions, a genetic engineering approach was considered more appropriate to label SST

molecules with fluorescent probes, and is addressed in this chapter.

SST was genetically fused with a monomeric red fluorescent protein (mRFP), yield-

ing a chimeric protein, SST-mRFP. Its biochemical, optical and pharmacological prop-

erties were characterized and compared with the native components. Apart from the

development of a novel fluorescent version of somatostatin, another motive of the work

presented in this chapter was to explicitly address the ill effects of attaching other

external moieties to SST. This understanding was considered critical for the develop-

ment of a nanoparticle based fluorescent probe for SST, which would enable in vivo

applications like tumor targeting and drug delivery. We found that SST-mRFP held

much promise as a molecule for the investigation of the biomolecular events that occur

after sst:SST binding.

5.3 Production of Recombinant, SST-mRFP

A recombinant, fluorescent analog of SST was designed and constructed by Prof. Sergey

M. Deyev and co-workers at the Institute of Bioorganic Chemistry, Russian Academy of

Sciences, Moscow, Russia. Its construction relied on the fusion of the N-terminal of SST

and the C-terminal of mRFP, with a flexible intermediate linker (-Gly Gly Gly Gly-,

in three letter amino acid code), forming the chimeric protein complex SST-mRFP. An

additional Histidine tag in the complex facilitated the extraction and purification pro-

cess. Escherichia coli (BL21 strain) transfected with the in-house engineered plasmid

expressed the SST-mRFP protein complex. The amino acid sequence of this engineered
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complex is presented in Table 5.1.

Table 5.1: Amino acid sequence of the SST-mRFP complex, represented in the three letter
code. The horizontal line represents a disulphide bond between the two cysteine residues.

Met Arg Gly Ser His His His His His His Gly Ser Gly Ser Met
5 10 15

Asp Pro Met Ala Ser Ser Glu Asp Val Ile Lys Glu Phe Met Arg
20 25 30

Phe Lys Val Arg Met Glu Gly Ser Val Asn Gly His Glu Phe Glu
35 40 45

Ile Glu Gly Glu Gly Glu Gly Arg Pro Tyr Glu Gly Thr Gln Thr
50 55 60

Ala Lys Lue Lys Val Thr Lys Gly Gly Pro Lue Pro Phe Ala Trp
65 70 75

Asp Ile Lue Ser Pro Gln Phe Gln Tyr Gly Ser Lys Ala Tyr Val
80 85 90

Lys His Pro Ala Asp Ile Pro Asp Tyr Lue Lys Lue Ser Phe Pro
95 100 105

Glu Gly Phe Lys Trp Glu Arg Val Met Asn Phe Glu Asp Gly Gly
110 115 120

Val Val Thr Val Thr Gln Asp Ser Ser Lue Gln Asp Gly Glu Phe
125 130 135

Ile Tyr Lys Val Lys Lue Arg Gly Thr Asn Phe Pro Ser Asp Gly
140 145 150

Pro Val Met Gln Lys Lys Thr Met Gly Trp Glu Ala Ser Thr Glu
155 160 165

Arg Met Tyr Pro Glu Asp Gly Ala Lue Lys Gly Glu Ile Lys Met
170 175 180

Arg Lue Lys Lue Lys Asp Gly Gly His Tyr Asp Ala Glu Val Lys
185 190 195

Thr Thr Tyr Met Ala Lys Lys Pro Val Gln Lue Pro Gly Ala Tyr
200 205 210

Lys Thr Asp Ile Lys Lue Asp Ile Thr Ser His Asn Glu Asp Tyr
215 220 225

Thr Ile Val Glu Gln Tyr Glu Arg Ala Glu Gly Arg His Ser Thr
230 235 240

Gly Ala Pro Ser Thr Pro Pro Gly Gly Gly Gly Ser Ala Gly Cys
245 250 255

Lys Asn Phe Phe Trp Lys Thr Phe Thr Ser Cys
260 265

The protein was extracted by cell lysis and purified using SDS-PAGE electrophore-

sis. The concentration of the purified protein solution was estimated by optical ab-

sorption measurements at a wavelength of 280 nm and was stored at 4 oC.

The molecular mass of SST-mRFP was determined from the amino acid sequence
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to be 29.73 kDa. This recombinant protein was subject to extensive characteriza-

tion to evaluate its biochemical, optical and pharmacological properties, as detailed in

Sections 5.4, 5.5 and 5.6 respectively, followed by specific biomolecular event-labeling

applications.

5.4 Biochemical Characterization of SST-mRFP

Protein modifications, including the fusion of SST with mRFP reported here, demand

extensive follow-up biochemical characterizations. These include the verification of

the amino acid sequence and structural integrity. In the case of SST-mRFP, the re-

combinant technology used for production ensured correct amino acid sequence, and

was therefore not fully verified. However, two characteristics that required further

biochemical confirmation were:

1. Existence of the disulfide bond in the SST moiety of the recombinant SST-mRFP

complex.

2. The stability of SST-mRFP complex in a solution. For example, the existence of

oligomers in a solution.

These two biochemical properties were characterized using mass spectroscopy and gel

filtration based analyses, respectively.

5.4.1 Disulfide Bond Characterization

Native SST molecule contains a disulfide bond between the two cysteine residues (C3

and C14) (see Figure 5.1). Disulfide bonds (-S-S-) are formed by the oxidization of

two -SH (also referred to as sulfhydryl or mercapto) groups that belong to neighboring

cysteine residues. The disulfide bond in an SST molecule is critical for maintaining the

‘hairpin bend’ in its structure, which is necessary for its receptor binding/activation.

Its absence has been reported to hamper biological activity150.

In short peptides, the existence of a disulphide bond can be verified by mass mea-

surements, which would detect the mass contributed by the 2 H atoms. However, in



5.4 Biochemical Characterization 91

large proteins like SST-mRFP (MW 29.73 kDa), such a verification is difficult, because

the contribution of the 2 H atoms towards the total mass is infinitesimal. It is possible

to overcome this difficulty by cleaving SST-mRFP to obtain smaller sub-sequences.

One of these sub-sequences that contained the disulfide bond was analyzed by mass

spectroscopy. This analysis was performed by the Australian Protein Analysis Facility

(APAF), Macquarie University. The details and key ideas behind this analysis are

discussed below.

Trypsin is a digestive enzyme that cleaves proteins. The cleavage, however, occurs

only at specific locations in a protein’s amino acid chain, specifically, C-terminal sides

of the amino acids Lysine and Arginine, except if the ensuing residue is a Proline.

Therefore, sub-sequences that would be produced by the trypsin-based cleavage of a

protein can be determined a priori. The trypsin-cleavage locations in an SST-mRFP

molecule, significant for our disulfide bond analysis, were determined to be (demar-

cated by |) ... Glu235 Gly Arg | His Ser Thr240 Gly Ala Pro Ser Thr245 Pro Pro Gly Gly Gly250 Gly Ser Ala Gly

Cys255 Lys |Asn Phe Phe Trp260 Lys | Thr Phe Thr Ser265 Cys. As the disulfide bond under investi-

gation was between the underlined cysteine residues in 2nd and 4th sub-sequences, the

mass spectroscopy analysis of the disulfide bond became relatively straightforward. A

single mass peak at 2180.95 Da (corresponding to the peptide fragment His Ser The Gly

Ala Pro Ser Thr Pro Pro Gly Gly Gly Gly Ser Ala Gly Thr Phe Thr Ser Cys=Cys Lys
†) would report on the

presence of this disulfide bond, whereas two mass peaks at 1625.73 Da and 558.22 Da

(corresponding to the sub-sequences His Ser Thr Gly Ala Pro Ser The Pro Pro Gly Gly Gly Gly Ser

Ala Gly Cys Lys and Thr Phe Thr Ser Cys, respectively) would report otherwise. Figure 5.2

shows the mass spectrum of trypsin-digested SST-mRFP indicating the presence of a

disulfide bond, manifested as a mass-peak at 2180.93 Da.

In order to confirm the identity of the peak at 2180.93 Da the disulfide bond was

cleaved, which yielded mass peaks corresponding to the two smaller sub-sequences His

Ser Thr Gly Ala Pro Ser The Pro Pro Gly Gly Gly Gly Ser Ala Gly Cys Lys and Thr Phe Thr Ser Cys. This

†The representation Bbb...Bbb Bbb Xxx ...Xxx Xxx Cys=Cys Zzz Zzz...Zzz denotes the two sub-sequences
Xxx...Xxx Xxx Cys and Bbb...Bbb Bbb Cys Zzz Zzz...Zzz linked by a disulfide between the two underlined
Cysteine residues
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Figure 5.2: Mass spec-
trum of trypsin-digested
SST-mRFP. The peak at
2180.93 Da confirmed the
correct disulfide bond in
SST-mRFP.

Figure 5.3: Mass spectrum
of trypsin-digested, DTT-
reduced and IAA-alkylated
SST-mRFP. The peak at
1682.73 confirmed the iden-
tity of the subsequence ob-
served in Figure 5.2.

procedure was carried out by the treatment of trypsinated SST-mRFP with dithiothre-

itol (DTT) and Iodoacetamide (IAA). DTT is a reducing agent that breaks disulfide

bonds (-S-S-) to form two separate -SH groups. Subsequent alkylation using IAA

permanently modified the separated -SH groups, forming -SH-CH2-CO-NH2, thus pre-

venting spontaneous re-formation of the disulfide bond. It is important to note that

IAA-based modification of the -SH groups also increased the molecular mass of newly

formed sub-sequences by 57 Da each. Thus, if the 2180.93-Da peak observed in Fig-

ure 5.2 actually represented the sub-sequence His Ser Thr Gly Ala Pro Ser The Pro Pro Gly Gly Gly

Gly Ser Ala GlyThr Phe Thr Ser Cys=Cys Lys, then, subsequent DTT and IAA treatments would

generate two new peaks at 1682.75 Da and 615.24 Da, corresponding to the alkylated

sub-sequences His Ser Thr Gly Ala Pro Ser The Pro Pro Gly Gly Gly Gly Ser Ala Gly Cys Lys and Thr Phe Thr
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Ser Cys, respectively. A peak was detected at 1682.73 Da, as shown in Figure 5.3, how-

ever, the peak at 615.24 Da was undetected, most likely due to the lower sensitivity of

the instrument for short peptides. A diminished peak at 2180.93 Da was also observed

(see Figure 5.3), corresponding to the unreacted, original sub-sequence. Therefore, the

SST-moiety in the SST-mRFP complex did contain the disulfide bond that stabilizes

the hairpin bend in the molecule, which dictates biological activity.

5.4.2 Characterization of Oligomerization

Red fluorescent proteins (RFP) have tendency for oligomerization44. Several mu-

tated forms of RFP have been developed, whose resistance to oligomerization has been

progressively improving. One notable form is the monomeric-red fluorescent protein

(mRFP)44, which showed exceptional monomeric stability. Therefore, this became our

choice of fluorophore for SST-labeling. Despite the recent advances, it was important to

assess the aggregation propensity of the newly developed chimeric protein, SST-mRFP.

Aggregation of SST-mRFP was undesirable as this could result in a loss of biological

activity of the SST-moiety. Therefore, a size-based separation procedure was carried

out to report on the oligomerization state of SST-mRFP in a buffer solution†.

Superdex 200 10/300 GL Column (GE Healthcare) is a size-based protein separa-

tion device. It can be used to separate proteins based on the size-dependent mobility of

molecules through a gel-column. As an increase in the degree of oligomerization (dimer,

trimer, tetramer, etc.) would result in incremental size changes, this approach was con-

sidered appropriate for the identification of SST-mRFP oligomers. Figure 5.4(a) shows

the protein content versus eluted fractions obtained by passing SST-mRFP solution

through the size separation gel. Two peaks, labeled SST-mRFP (monomeric) and

SST-mRFP (dimeric), were identified using molecular mass benchmarks acquired us-

ing the Tricorn Superdex 200 protein standards. It is noteworthy that higher degrees

of oligomerization were not observed. Characterization of another batch of SST-mRFP

is shown in Figure 5.4(b), in which the dimer:monomer ratio was greater than that of

†This size-based characterization of oligomerization was carried out by the team lead by Prof.
Sergey M. Deyev
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batch # 1. This difference in extent of oligomerization may be due to the differences in

the buffers used during the protein extraction from E. coli, its purification and storage.

Therefore, a straight forward improvement of the monomeric stability of SST-mRFP

was presumed possible by optimizing the storage conditions.

(a) SST-mRFP batch#1. Number of repeats = 1.

(b) SST-mRFP batch#2. Number of repeats = 1.

Figure 5.4: The protein concentration as a function of the eluted volume, obtained from
the size-exclusion chromatography of two batches of SST-mRFP. The peaks were identified
to be monomeric and dimeric SST-mRFP molecules, using size calibration standards. The
proportions of monomeric and dimeric forms comprising the SST-mRFP solutions varied from
batch to batch.



5.5 Optical Characterization 95

Figure 5.5: Optical absorp-
tion spectrum of SST-mRFP
solution, prepared in PBS
(pH 7.2). Baseline correction
was performed. Number of
repeats = 1.

5.5 Optical Characterization of SST-mRFP

This section addresses the effect of modification on optical properties of mRFP. Optical

properties of a fluorophore, specifically, fluorescence spectra are highly dependent on

its environment and 3-D molecular structure4. Therefore, the SST-mRFP complex was

optically characterized.

5.5.1 Absorption Spectral Characterization

Absorption spectrum of 1-µM SST-mRFP solution, prepared in PBS (phosphate buffered

saline, pH 7.2), was acquired using Cary UV-Vis spectrometer (see Section 4.1.1 for

details). A baseline-corrected spectrum is presented in Figure 5.5, which resembled

that of the mRFP reported by Campbell et al. 44 . Using the Beer-Lambert’s law

(Equation 4.1), the molar absorption coefficient (equivalent to the molar extinction

coefficient in case of negligible scattering) was calculated to be 92,000 M−1cm−1.

5.5.2 Fluorescence Spectral Characterization

Fluorescence spectra of SST-mRFP and mRFP are presented in Figure 5.6. Both the

excitation and emission spectra of SST-mRFP were identical to that of mRFP. This, in

conjunction with the absorption spectral measurements, indicated that the structure

of the mRFP moiety in the SST-mRFP recombinant complex was unperturbed.
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Figure 5.6: Fluorescence spectra of mRFP and SST-mRFP. Excitation spectra of mRFP
(open circles) and SST-mRFP (dashed line). Emission spectra of mRFP (closed circles), SST-
mRFP (thick solid line) and SST-mRFP treated with paraformaldehyde for 20 min (thin solid
line). The presented spectra of untreated mRFP and SST-mRFP is a representative of at
least three repeats. The paraformaldehyde treatment was carried out once.

Biological application of SST-mRFP as an optical probe demanded photostability

in diverse chemical/biochemical environments i. e., the fluorescence yield for a given

excitation light intensity should be invariant. One important example of environmental

variations is the addition of paraformaldehyde, a biochemical reagent used for long-

term storage of a biological specimen. It cross-links proteins and introduces stability to

the morphological structure of biological specimen. The cross linking process was pre-

dicted to be detrimental to the fluorescence of SST-mRFP, which appealed for further

characterization of its stability. SST-mRFP was treated with 3.7 % paraformaldehyde

and a time lapse series of fluorescence spectra were acquired, and the peak intensity

values are plotted in Figure 5.7. It was observed that after an initial drop of ≈ 40%,

the fluorescence intensity reached a stable value. As cross-linking takes several hours

to days134, this drop is likely to be due to other effects including formation of polar

bonds, and was considered beyond the scope of this investigation. The fluorescence

emission spectra at the final time-point (20 min) is shown in Figure 5.6. Despite the

drop in intensity, the measured spectral profile was identical to that of the untreated

sample.
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Figure 5.7: Time course of
change in SST-mRFP fluo-
rescence after the addition
of 3.7% paraformaldehyde.
Number of repeats = 1.

5.5.2.1 Method

The spectral measurements were carried out using a fluorimeter, as described in Sec-

tion 4.1.2. Briefly, mRFP or SST-mRFP solutions were prepared in PBS and loaded

into a quartz cuvette (NSG Precision Cells, Inc., USA). The cuvette was placed inside

the fluorimeter and the excitation and emission spectra were acquired. As emission

and excitation spectra of fluorescent molecules in general are dependent on the wave-

lengths of excitation and emission, respectively, the procedure described below was

used to obtain the peak intensity spectra.

1. A fluorescence emission spectrum was obtained with the excitation wavelength

fixed at 580 nm, chosen based on the spectral details of mRFP available in liter-

ature44. The obtained spectrum revealed a peak emission-wavelength at 605 nm.

2. With the emission wavelength fixed at 605 nm, a fluorescence excitation spectrum

was acquired. The peak excitation-wavelength was identified to be 584 nm. Note,

this is different from the excitation wavelength initially used.

3. A final emission spectrum was acquired under excitation at a wavelength of

584 nm.

4. Baseline fluorescence excitation (with emission fixed at 605 nm) and emission
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(excitation fixed at 584 nm) spectra were obtained from PBS or water.

For the paraformaldehyde treatment, 100 mL of 37% paraformaldehyde was added

to 900-mL SST-mRFP solution, prepared in PBS. Fluorescence emission spectrum was

measured every few seconds after the addition under 584-nm optical excitation. To

obtain the fluorescence intensity at the 0 s time point, 100-mL water was used instead

of paraformaldehyde, in order to correct for the dilution.

The observations from the optical characterizations confirmed that the mRFP moi-

ety in the SST-mRFP complex was structurally and functionally identical to a pristine

mRFP molecule.

5.6 Biological Characterization of SST-mRFP

The biological function of SST-mRFP, in terms of its potency to bind and activate the

receptors (sst), was compared to that of SST, based on two measurable processes that

constituted the intracellular signaling chain. Immediately following the sst-activation,

some cell-types exhibited changes in membrane potential193, whereas others responded

by a transient increase in the level of Ca2+ in the cytoplasm182,254. These will be

discussed in the following subsections. A summary of all the biological characterization

and imaging experiments is compiled in Table 5.2.

5.6.1 Membrane Potential

5.6.1.1 Cell Signaling

Mammalian cells actively maintain unequal concentrations of charged-ions on either

sides of the cell membrane (i. e. the intracellular and extracellular ion-concentrations).

This is achieved as a result of the balance between the ion-gradient and resultant poten-

tial difference across the cell membrane - the so-called electrochemical equilibrium. In

a multi-ion system, the potential difference, called the membrane potential, is related
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to the intracellular and extracellular ion-concentrations according to the Goldman-

Hodgkin-Katz Equation109, given below.

Em =
RT

F
ln

∑N
i PM+

i
[M+

i ]out +
∑M

j PA−
j

[A−j ]in∑N
i PM+

i
[M+

i ]in +
∑M

j PA−
j

[A−j ]out
(5.1)

where, Em is membrane potential at the electrochemical equilibrium

R is the ideal gas constant

T is the temperature in kelvins

F is the Faraday’s constant, in coulombs per mole

PM+
i

is the membrane permeability of the ith cation

PA−
j

is the membrane permeability of the jth anion

[M+
i ] is the concentration of the ith cation and

[A−j ] is the concentration of the jth anion

suffixes ‘in’ and ‘out’ represent the parameter inside and outside of the cell respectively.

It is important to note that the membrane potential not only depends on concen-

tration differences, but also on the transmembrane permeabilities of each type of ion.

As K+, Na+ and Cl− dominate the ion-system in most eukaryotic cells, the above

Equation can be simplified as:

EK,Na,Cl =
RT

F
ln
PNa+ [Na+]out + PK+ [K+]out + PCl− [Cl−]in
PNa+ [Na+]in + PK+ [K+]in + PCl− [Cl−]out

(5.2)

When cells are in the basal state, the concentration of Cl− and Na+ are higher

outside than the inside of the cell, whereas K+ are concentrated in the interior. This

is maintained by a class of transmembrane proteins called ion pumps, which transport

ions across the cell membrane via an ATP-driven, energy-dependent process9. Also,

since the transmembrane permeability of K+ is greater than that of Na+, the membrane

potential of a cell in the basal state varies between -20 mV and -200 mV, depending

on cell type (the potential of the interior of the cell with respect to the extracellular

medium)9. However, after stimulation (e. g. binding and activation of sst by SST), a



5.6 Biological Characterization 101

transient increase in the permeability of a particular type of the ion-channel may occur

(some times also referred to as the opening of channels). This causes a flow of ions,

resulting in a change in the membrane potential.

Activation of sst causes opening of certain types of K+ channels193. The increase

of the net transmembrane permeability of K+ causes an efflux of these positive ions,

driven by the concentration gradient, resulting in a negative-increase (for example,

from -40 mV to -70 mV) of the membrane potential - a process referred to as ‘hyper-

polarization’. After this transient hyperpolarization, the cell gradually returns back to

the resting state, with the help of ATP-driven ion pumps. Thus, one can effectively

measure the ‘biological activity’ of SST (or SST-mRFP) by measuring the level of

hyperpolarization.

5.6.1.2 Monitoring the Membrane Potential

A conventional method of measuring changes in the membrane potential (in fact, the

consequential trans-membrane ion current), upon stimulation by SST is by using a

technique called cell-electrophysiology, also known as patch-clamping. In this tech-

nique, ion currents generated upon the receptor stimulation are measured in individual

cells by means of micro-electrodes clamped onto the cell membrane, with respect to

a reference electrode in the fluid surrounding the cell193. However, this is a complex

method. Membrane potential-sensitive dyes represent one of the recent developments

in this field, allowing an advantageous automated cell population assay, as opposed to

a single cell analysis. These electrically charged dyes, such as the negatively charged

R8034 (bulk FLIPR membrane potential assay kit, Molecular Devices), enter or leave

the cell depending on the membrane potential3. Outside the cell, the fluorescence

of the dye is inhibited by a membrane-impermeable quencher molecule. Therefore, a

drop in fluorescence corresponds to efflux of the dye due to cellular hyperpolarization,

whereas a rise indicates depolarization.

The biological function of our recombinant protein, SST-mRFP, was characterized

and compared to that of SST by using a fluorescence-based assay of the membrane
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potential of sst-expressing cells, using a FlexStation (FlexStation 3, Molecular De-

vices; see Section 4.3.1 for details). SST and SST-mRFP solutions were added to the

cells, while the membrane potential responses were recorded as changes in the level of

fluorescence.

5.6.1.3 Membrane Potential Assay Results

The wild type AtT-20 cells that expressed sst-receptors (subtypes sst1, sst2, sst4,

and sst5)
188 were used for this assay. Representative time courses of the membrane

potential-dependent fluorescence, before, during and after the addition of SST at three

(100 pM, 3 nM and 100 nM) concentrations to the AtT-20 cells, are presented in Fig-

ure 5.8. The fluorescence intensity was found to be stable in the cells in the basal

state. Addition of SST at concentrations greater than >100 pM (at a time = 100 s,

demarcated by arrow) resulted in hyperpolarization of the cells that manifested as a

sharp decrease in the fluorescence intensity. The drop in the fluorescence intensity (i.

e., the degree of hyperpolarization) was dependent on the concentration of the SST

added.

The temporal evolution of fluorescence following the addition of various concen-

trations of SST and SST-mRFP, ranging from 0.1 nM to 1 µM, were recorded. Hy-

perpolarization response corresponding to each addition was calculated by measuring

the maximum drop in fluorescence (demarcated by the dashed ‘{’ in Figure 5.8). A

graph of hyperpolarization response versus agonist concentration (also known as a dose-

response curve) is presented in Figure 5.9. The potencies of SST and SST-mRFP were

calculated in terms of the concentration that was required to stimulate a half maximal

hyperpolarization, the value known as EC50. Another quantity, which can be used to

represent potency, is the pEC50 value, defined as a negative log10 of EC50. These values

were obtained by fitting the dose-response curves to a logistic Equation (Equation 4.5).

The pEC50 values of SST and SST-mRFP were found to be 8.4 ± 0.3 and 6.1 ± 0.2,

respectively.
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Figure 5.8: Time course of fluorescence intensity in membrane potential assay performed
on the AtT-20 cells. Black arrow at 100 s marks the time point of somatostatin (SST)
addition. The drop in fluorescence indicated hyperpolarization of the cell membrane, and was
dependent on the SST concentration. The dashed ‘{’ is the maximum drop in fluorescence
upon stimulation by 100-nM SST. The step-drop in fluorescence upon addition of 0 SST
was because of dilution of the dye. The data presented is a representative of at least five
independent experiments, each performed in triplicate.

Figure 5.9: Agonist concentration dependent membrane hyperpolarization in AtT-20 cells.
The cells were treated with a range of concentrations of SST (black circles) or SST-mRFP
(red, open triangles). The data presented is a representative of at least four independent
experiments, each performed in triplicate. The error bars are standard error of mean from
the triplicates.
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Figure 5.10: Fluorescence
excitation spectra for 1 µM
Fura-2 at 20 oC in buffers
with free Ca2+ values rang-
ing from <1 nM to >10 µM.
Reproduced with permission
from Grynkiewicz et al. 94 .

5.6.2 Calcium Mobilization

5.6.2.1 Cell Signaling

Cytoplasm normally contains very low concentration of Ca2+, maintained by ion pumps,

which actively sequesters them inside the organelles including the endoplasmic reticu-

lum and mitochondria9. However, in the event of a Ca2+ dependent signaling pathway,

a transient increase in the cytoplasmic concentration occurs7,252. This increase may

also trigger several downstream signaling proteins9, which will not be discussed here.

Ca2+ dependent signaling pathway is engaged upon the stimulation of sst2A-expressing

CHO-K1 (chinese hamster ovarian) cells by SST182. Thus, the potency of SST-mRFP,

to activate heterologously expressed sst2A in CHO-K1 cells, was again evaluated.

5.6.2.2 Monitoring Calcium Concentration

One method to probe the intracellular/cytoplasmic [Ca2+] (the concentration of Ca2+)

is by using calcium-sensitive dyes. Fura-2AM is an organic dye whose fluorescence

excitation spectrum depends on whether it is bound to a Ca2+. The dependence of its

fluorescence under varying [Ca2+], measured by Grynkiewicz et al. 94 , is shown in Fig-

ure 5.10. Rather than a change in intensity, Fura-2AM exhibits a shift in the peak exci-

tation wavelength from 380 nm to 340 nm as the [Ca2+] is increased from 0 to 0.03 mM

or greater, respectively. Thus, the ratio of the fluorescence intensities at 340 nm and
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380 nm excitations reports on the absolute [Ca2+]. The ratiometric methodology also

ensures that the concentration calculations are independent of parameters such as the

concentration of the Fura-2AM, absolute intensity of the excitation source and number

of cells in the culture. This technique also allows non-destructive determination of

[Ca2+] in the cytoplasm of a live cell.

A Fura-2AM based [Ca2+] assay was used to measure the potency of SST-mRFP to

activate heterologously expressed sst2A in CHO-K1 cells. The experimental details and

the method of analysis were described in Section 4.3.2. In short, SST and SST-mRFP

solutions were added to the cells pre-treated with Fura-2AM, while the fluorescence

emission at 510 nm was being recorded, under temporally interleaved excitation wave-

lengths of 340 nm and 380 nm. The time course data were processed and analyzed

using the Equation 4.7 in order to obtain absolute values of intracellular [Ca2+].

5.6.2.3 Calcium Assay Results

Figures 5.11(a) and 5.11(b) are time courses of Fura-2AM-fluorescence emissions, de-

tected at a wavelength of 510 nm under optical excitation at wavelengths 340 nm and

380 nm, respectively. Upon the addition of SST, a transient increase of fluorescence

under 340 nm excitation, accompanied by a decrease in the fluorescence under 380 nm

excitation, was observed. According to Figure 5.10, this observation suggested an

increase in the cytoplasmic [Ca2+] upon SST-addition.

The time courses of [Ca2+], calculated using the method described in Section 4.3.2,

are presented in Figure 5.11(c). Upon SST treatment, the cytoplasmic [Ca2+] in CHO-

K1 cells increased for a short period of time (< 1 min). The increase of [Ca2+] was

most likely due to its release from the intracellular repositories182 or an influx from

the extracellular medium via the activated Ca2+ channels252. After a few minutes, the

cells returned to their basal state, by restoring the [Ca2+], presumably by active Ca2+

pumps.

The maximum increase in the [Ca2+] was observed to be dependent on the concen-

tration of the SST (see Figure 5.11(c)). Similar experiments were performed with the

recombinant analog, SST-mRFP. Plots of the maximum increase in the cytoplasmic
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(a) Detected at a wavelength of 510 nm under excita-
tion at 340 nm

(b) Detected at a wavelength of 510 nm under excita-
tion at 380 nm

(c) [Ca2+] calculated using the Equation 4.7, using
data from Figures (a) and (b)

Figure 5.11: (a, b) Time courses of fluorescence from Fura-2AM, in heterologously sst-
expressing CHO-K1 cells. (c) The course of cytoplasmic Ca2+ concentration was calculated
from the plots (a) and (b), and it transiently increased in response to SST addition (at
120 s, demarcated by an arrow). The data presented here is a representative of at least three
independent experiments, each performed in triplicate.
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Figure 5.12: Increase in intracellular [Ca2+] vs. concentration of SST (black circles) or
SST-mRFP (open, red triangles) added to sst2A expressing CHO-K1 cells. Addition of SST-
mRFP to cells pre-treated with pertussis toxin shows little increase in [Ca2+] (closed, red
triangles). Data presented is a representative of three independent experiments, each per-
formed in triplicate, except in the case of pertussis toxin treated cells, which was carried out
once. The error bars are standard error of mean from the triplicates.

[Ca2+] versus the concentration of SST or SST-mRFP are presented in Figure 5.12.

The potency of SST and SST-mRFP, calculated in terms of pEC50 values, were 7.8 ±

0.5 and 6.3 ± 0.3, respectively. These values were obtained by fitting the dose-response

data to a logistic equation (Equation 4.5).

G-proteins (specifically, the sub-units Gα i/o) are vital contributors to the intra-

cellular signaling chain that is initialized by the activation of sst upon agonist bind-

ing95. Pertussis toxin (PTX) is a chemical released by the bacterium Bordetella pertus-

sis, which alters the function of Gα i/o-subunits resulting in the blockage of signaling

chain9,203. In order to confirm that the observed increase in [Ca2+] upon SST-mRFP

addition was mediated through Gα i/o-proteins, the sst2A-expressing CHO-K1 cells were

pretreated overnight with 200-ng.mL−1 PTX. In these PTX-treated cells, SST-mRFP

addition caused little change in [Ca2+], thus confirming the participation of Gα i/o in

the signaling chain (see Figure 5.12).
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Both membrane potential and calcium assays yielded lower pEC50-values of SST-

mRFP in comparison with that of SST (p-values of 0.00004 and 0.004, respectively,

determined using a two sample t-test). This is likely due to the following reasons:

1. The dimerization of SST-mRFP, as discussed in Section 5.4.2, reduced the number

of monomeric SST-mRFP molecules, resulting in the reduction of the effective

agonist concentration. However, this argument assumes that the dimeric SST-

mRFP is impotent.

2. mRFP molecule, which is relatively large, caused hindrance to the sst:SST-mRFP

binding process.

5.7 Applications of SST-mRFP

In most sst-expressing cells the agonist (SST or analogs) causes activation and inter-

nalization of receptors, along with the agonist – one of the concluding events in the

complex intracellular signaling cascade. The chimeric protein, SST-mRFP, which we

designed and characterized, was used to image this process. In Sections 5.4 to 5.6, SST-

mRFP was shown to be a stable and relatively potent analog of SST that exhibited a

high optical contrast, thus serving as a fluorophore to probe the sst:SST binding and

associated events. As a next step, to image the scenery in which the SST binds to sst,

we used immunocytochemical labeling of sst(s). Together, the two high-contrast fluo-

rescent labels reported on the intracellular fate of the internalized sst:SST complexes -

a detail that no other approach could deliver.

5.7.1 SST-mRFP-assisted imaging

The mRFP-fluorescence was used to determine the intracellular localization of inter-

nalized SST-mRFP in the wild type AtT-20 cells (that endogenously expressed sst)

and CHO-K1 cells (that heterologously expressed sst2A). Images of these cells, treated

with 1 µM or 100 nM SST-mRFP for 20 min, obtained by using a fluorescence confo-

cal microscope, are shown in Figures 5.13 and 5.14. The SST-mRFP molecules were



5.7 Applications 109

(a) 1-µm SST-mRFP (b) Control. 1-µm mRFP

Figure 5.13: Fluorescence confocal images of the wild type AtT-20 cells that endogenously
expressed sst, incubated with SST-mRFP or mRFP for 20 min. The cells were co-labeled with
Hoechst 33342, fluorescent nuclear stain. mRFP- and Hoechst-fluorescence are color-coded
in red and blue, respectively. Images presented are a representative of three independent
experiments. Scale-bar 15 µm.

found to be translocated to perinuclear regions of the cells and observable as bright

spots. Generally, the internalized ligands are transported via a series of intracellular

organelles, including (1) endocytotic vesicles, (2) early endosomes, (3) late endosomes

and (4) lysosomes, where they are degraded124,140. The time taken for the internalized

molecules to reach each of these organelles is highly dependent on the physiochemical

conditions exterior to the cell and receptor- and cell-types. In light of the existing lit-

erature69,181,279 and the 20-min time duration, the internalized SST-mRFP molecules

were likely to be sequestered in early endosomes. Longer incubation time (30 min)

caused reduction in the SST-mRFP-fluorescence (data not shown), and was therefore

not repeated.

The specificity of SST-mRFP towards sst was confirmed by the negligible internal-

ization of the mRFP by the cells. The higher uptake of SST-mRFP by the CHO-K1 cells

in comparison with that by the AtT-20 cells was likely due to the higher sst-expression

density. The receptor densities in these cells were a priori known to be 10 pmol.mg−1†

and 1.2 pmol.mg−1 104, respectively. The ability to probe the internalization of SST-

mRFP in the wild type cells, that express sst endogenously demonstrated the value of

the newly developed chimeric fluorescent probe.

†The sst2A expression density in CHO-K1 cells was determined by the supplier
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(a) 100-nM SST-mRFP (b) Control, 100-nM mRFP

Figure 5.14: Fluorescence confocal images of heterologously sst2A-expressing CHO-K1
cells, incubated with (a) SST-mRFP or (b) mRFP for 20 min. mRFP-derived fluorescence is
coded in red. Images presented are a representative of at least three independent experiments.
Scale-bar 50 µm.

5.7.2 Immunocytochemical Labeling of sst2A

The SST-mRFP-fluorescence localized inside the cell and the negative control experi-

ments with mRFP alone demonstrated the specificity of sst:SST binding. However, it

did not provide an absolute confirmation on the internalization pathway - whether or

not it was sst-mediated? Answering this question demanded an immunocytochemical

labeling (explained shortly) procedure to highlight the sst. A spatial overlap of fluores-

cence from the immunocytochemically labeled sst and the optically active SST-mRFP

would be a strong evidence for sst-mediated internalization. Such double-labeling

would also provide information on how long the receptor:ligand (sst:SST-mRFP) com-

plex remains intact after internalization.

Immunocytochemistry (or immunocytochemical labeling, used interchangeably) is

an indirect labeling technique that is deployed in situations, where a direct labeling

of a biomolecule is not possible, for example, labeling of the sst2A expressed by cells†.

Immunocytochemical labeling relies on a class of proteins called antibodies that attain

†More arduous methods of direct labeling proteins expressed by cells include gene modification,
resulting in the expression of fluorescently labeled protein analogs
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affinity towards a predetermined antigen† during their production. Antibodies that are

pre-labeled with a fluorophore, target and bind to the antigen. This process renders the

antigen visible under a fluorescence microscope. It is also note-worthy that immunocy-

tochemistry is seldom performed on living cells/tissues for reasons to be clarified in the

following sections. An antibody directed against the sst2A, expressed by CHO-K1 cells,

was used for the immunocytochemical labeling. The wild type AtT-20 cells expressed

several sst-subtypes at low densities, which demanded distinct receptor-targeting an-

tibodies of high sensitivities. Therefore, immunocytochemical labeling of AtT-20 cells

was not performed.

In addition to being a tool to confirm the sst-mediated internalization of SST-

mRFP, the immunocytochemical labeling also provided a means to probe the receptors

alone, especially when non-fluorescent SST-analogs were used. Figure 5.15 illustrated

this capability, where the intracellular localization of sst2A was imaged before and af-

ter activating CHO-K1 cells with a native (non-fluorescent) ligand, SST. In a basal

state, the fluorescence from the immunocytochemically labeled sst2A appeared to out-

line the cell membranes [see Figure 5.15(a)]. This finding was in good agreement

with previous reports that the sst2A are normally expressed on the cell membranes156.

However, shortly (20 min) after activating the cells using 100-nM SST, the sst2A were

predominantly found to be internalized and localized mainly inside the cells. They

appeared as bright spots in the perinuclear regions [see Figure 5.15(b)], in excellent

agreement with previous reports156. The time scale of the SST-stimulated receptor

internalization observed here was similar to the internalization of the SST-mRFP seen

earlier137, providing further evidence of the sst-mediated internalization of SST-mRFP.

The details of the immunocytochemistry procedure for the CHO-K1 cells is discussed

in Section 5.7.3.1.

Confirmation on the sst2A-mediated internalization of ligands could only be made

by double labeling - i. e., using a fluorescent ligand, SST-mRFP, and immunocytochem-

ical labeling of the receptor, sst2A. To this aim, immunocytochemistry was performed

†‘Antigen’, a term used in conjunction with ‘antibody’, is a concept in immunocytochemical labeling
techniques. Antigen refers to a biomolecule or a part of that biomolecule, to which a given antibody
has affinity
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(a) In Basal State (b) After 20-min SST incubation

Figure 5.15: Immunocytochemically labeled sst2A in serum starved CHO-K1 cells before
and after SST-treatment. 1o and 2o dilution factors were 1:125 and 1:500, respectively. Images
are a representative of at least three independent experiments. Scale-bar 50 µm.

on the SST-mRFP (100 nM) treated, sst2A-expressing, CHO-K1 cells, and the fluores-

cence confocal microscopy images are presented in Figure 5.16. An overlay of images

corresponding to the mRFP-derived fluorescence of the ligand [Figure 5.16(a)] and im-

munocytochemical fluorescence of the receptor [Figure 5.16(b)] revealed a high degree

of spatial overlap, depicted by the co-localized occurrence of red and green spots, mix-

ing to form yellow [see Figure 5.16(c)]. These observations strongly suggested that (i)

the SST-mRFP internalization observed previously was indeed sst-mediated and (ii)

post internalization, the sst:SST-mRFP complex remained intact at least during the

investigated time-scales.

Further evidence regarding the sst:SST-mRFP binding specificity and sst2A-mediated

internalization was obtained using antagonist competition experiment. Antagonists are

receptor-binding ligands that, unlike agonists, do not activate the receptors or cause

internalization149. Antagonists occupy the binding domains of receptors and prevent

further agonist binding and activation47. For the somatostatin receptor, sst2A, SST and

SST-mRFP are agonists and BIM 23627 is an antagonist255. Incubation of the CHO-K1

cells with a mixture of 100-nM SST-mRFP and 10-µM BIM 23627 resulted in a compe-

tition for the sst-binding - therefore the name, antagonist competition. Consequently,

the fraction of sst that was occupied and activated by SST-mRFP was determined by

the relative concentrations and binding affinities of SST-mRFP and BIM 23627. Due
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(a) SST-mRFP fluorescence (b) sst2A immunofluorescence

(c) Combined fluorescence

Figure 5.16: Fluorescence confocal images of sst2A-expressing CHO-K1 cells, treated with
100-nM SST-mRFP and later immunocytochemically labeled to visualize sst2A, under dif-
ferent wavelengths. Images are a representative of at least three independent experiments.
Scale-bar 50 µm.

to the 100-fold higher concentration of the antagonist, only a negligible fraction of sst2A

was activated, thus resulting in little internalization of SST-mRFP [see Figure 5.17(a)].

Immunocytochemical labeling also revealed unactivated and membrane bound sst2A,

similar to what was observed in basal conditions [compare Figures 5.15(a) and 5.17(b)].

These experiments provide confirmations on the agonist activity of SST-moiety of

the SST-mRFP fusion protein and at the same time demonstrates its prospects for

basic research in elucidating SST-dependent activation of sst(s).
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(a) SST-mRFP fluorescence (b) sst2A immunofluorescence

(c) Combined fluorescence

Figure 5.17: Fluorescence confocal images of sst2A-expressing CHO-K1 cells, treated with
100-nM SST-mRFP, in the presence of 10-µm BIM 23627 (antagonist), and later im-
munocytochemically labeled to visualize sst2A, under different wavelengths. Images presented
are a representative of two independent experiments. Scale-bar 50 µm.

5.7.3 Detailed Cell Imaging Methodology

Endogenously sst-expressing AtT-20 cells and heterologously sst2A-expressing CHO-K1

cells (see Section 4.2 for details on normal cell culture procedure) were seeded on cul-

ture slides (BD Falcon, Australia). They were incubated with 100 nM - 1 µM of SST,

SST-mRFP or mRFP, prepared in PBS+CM (PBS with additional 0.1% BSA, 20-mM

D-Glucose, 0.9-mM CaCl2 and 0.5-mM MgCl2), for time periods ranging from 10 -

30 min at 37 oC. Note that if buffers devoid of CaCl2 and MgCl2 were used, cells were

found to detach from the glass substrate. The substrate-bound cells were washed with

PBSCM (PBS with additional 0.9 mM CaCl2 and 0.5 mM MgCl2) and fixed† with 3.7%

†Fixation is a procedure that permanently arrests all biological processes, while preserving the
morphology
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paraformaldehyde (Sigma Aldrich, Australia) solution. For immunocytochemical label-

ing of sst2A, expressed in CHO-K1 cells, additional steps were carried out (detailed in

the following Section 5.7.3.1). The slides were sealed with coverslips and imaged using

the Leica TCS SP5 fluorescence confocal microscope (see Section 4.4) to localize SST-

mRFP, using the mRFP-originated fluorescence, or sst2A, using immunocytochemical

fluorescence. A super-continuum laser, filtered to a laser excitation band centered at

584 nm, was used to excite the mRFP, an Argon laser emission at 488 nm was used

to excite the antibody-conjugated fluorescein isothiocyanate (FITC), and the emission

from a 405 nm laser diode was used to image the nuclear stain – hoechst.

5.7.3.1 Immunocytochemical Labeling of sst2A-Expressing CHO-K1 cells

An immunocytochemical procedure to label sst2A is schematically presented in Fig-

ure 5.18. This procedure relies on a class of proteins, called antibodies, that are pre-

programmed to target their antigens. In general, antigens are organic molecules that

includes short peptides and large proteins. In a large protein, however, the region of

where antibody binding occurs is called a binding epitope or, simply, an epitope.

Conventionally, in immunocytochemistry, the antigen containing sample is incu-

bated with a primary antibody, followed by a secondary antibody. The primary anti-

body targets and binds to the antigen, whereas the fluorescently-tagged secondary anti-

body binds to the a priory known epitope on the primary antibody. A primary antibody

targeting an intracellular epitope (Glu355 Thr Gln Arg Thr Leu360 Leu Asn Gly Asp Leu365 Gln Thr Ser

Ile) of the trans-membrane receptor, sst2A, was purchased from Biotrend Chemikalien,

Germany. This primary antibody also hosted a ‘donkey epitope’, by virtue of the fact

that this antibody was extracted from donkey’s serum. Therefore, a secondary anti-

body tagged with FITC and targeted against donkey epitopes was used for the final

labeling step. Although the key components in immunocytochemistry are the primary

and secondary antibodies, it required additional preparative cell-treatments to address

the two points noted below:

1. Antibodies require entry into the cell to bind to the intracellular epitopes. But,

these large proteins (≈ 150 kDa) are unable to diffuse across the cell membrane.
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Figure 5.18: A schematic of the immunocytochemical labeling procedure to label sst2A.
(a) Cell with intact cell membrane; (b) permeabilized cell membrane with perforations that
facilitates antibody entry, (c) binding of primary antibody to the intracellular epitope on the
sst2A and (d) binding of a dye-conjugated secondary antibody to an epitope on the primary
antibody, in turn rendering fluorescent contrast to sst2A

This demanded a procedure called ‘permeabilization’, where a detergent can be

used to perforate the cell-membrane, creating microscopic gateways for the anti-

body.

2. Antibodies being large proteins are notoriously efficient in non-specific binding,

which would result in poor labeling contrast. To ensure that the primary and

secondary antibodies did not bind non-specifically to cells, a procedure called

‘blocking’ was necessary.
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Several optimization experiments were necessary to obtain acceptable immunocyto-

chemical labeling contrast, because it was critically dependent on the type and concen-

tration of several biochemical components listed above. The following procedure was

determined to most suitable and was strictly followed to obtain the images described

in Section 5.7.2.

1. Cell preparation: The sst2A-expressing CHO-K1 cells were serum starved overnight

with 1% FBS in the culture media.

2. Biological experiment: The cells were treated with SST, SST-mRFP or mRFP so-

lutions prepared in PBS+CM. For antagonist competition experiments BIM 23627

was added to these solutions. This was followed by two wash steps using PBSCM.

3. Fixation: The cells were treated with 3.7 % paraformaldehyde solution prepared

in PBSCM for 20 min at room temperature. Fixation was followed by two wash

steps using PBSCM.

4. Permeabilization: The cells were treated with 0.2 % triton X-100 (Sigma Aldrich,

Australia) solution prepared in PBS for 15 min at room temperature. Permeabi-

lization was followed by two wash steps using PBS.

5. Blocking procedure: Blocking buffer constituted a solution of 1 % bovine serum

albumin (BSA) prepared in PBS. The cells were treated with the blocking buffer

for 1 hr at room temperature.

6. Primary antibody: Working solution of sst2A-antibody was prepared by diluting

the purchased stock-solution by a factor of 1:125† into the blocking buffer. This

working solution was prepared 2 hr prior to the 1-hr long cell incubation. Sub-

sequently, the cells were washed four times using the blocking buffer to remove

unbound primary antibody molecules.

†In general, antibodies are sold commercially in the form of concentrated solutions of unknown mo-
lar concentration. However, a range of empirically-determined dilution factors is usually recommended
by the vendor in order to obtain highest antibody labeling
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7. Secondary antibody: FITC-conjugated anti-donkey antibody was prepared by

1:500 dilution into the blocking buffer. The cells were treated for 1 hr at room

temperature.

8. The cells were washed twice with PBS and prepared for imaging, as previously

noted.

5.7.3.2 Immunocytochemical Optimization

The immunocytochemical labeling protocol listed above was finalized after a series of

experiments, wherein the following parameters were optimized. Some of these param-

eters required iterative optimizations as they were mutually dependent.

1. Fixation and permeabilization condition

2. Primary and secondary antibody concentration

3. Cell condition

4. Antibody preparation and blocking buffer

5. Confirmation of antibody specificity

Firstly, the influence of the fixation and permeabilization conditions on the immuno-

cytochemical labeling contrast was evaluated, and is illustrated in Figure 5.19. Here,

the sst2A-expressing CHO-K1 cells were fixed and permeabilized in different ways prior

to the antibody incubations (primary and secondary antibody dilutions factors were

1:250 and 1:250, respectively). Immunocytochemistry using an un-permeabilized batch

of cells resulted in a complete lack of labeling [see Figure 5.19(a)]. This observation

conformed with our knowledge that (i) the binding epitope of the primary antibody

on the sst2A was intracellular and (ii) unperforated cell membranes were impermeable
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(a) Paraformaldehyde-fixed and
un-permeabilized

(b) Paraformaldehyde-fixed and
Triton X-100-permeabilized

(c) Methanol-fixed and Methanol-
permeabilized

Figure 5.19: Effect of fixation and permeabilization on the immunocytochemical labeling
of sst2A in CHO-K1 cells. Scale-bar 50 µm.

to the antibodies. Permeabilization of the paraformaldehyde-fixed CHO-K1 cells using

Triton X-100 solution yielded the higher contrast than that using methanol-fixation &

-permeabilization. Therefore, 3.7% paraformaldehyde solution and 0.2% Triton X-100

represented the fixation and permeabilization agents of choice for all the subsequent

experiments.

Next, the dilution factors of sst2A-targeting primary and FITC-conjugated sec-

ondary antibodies were optimized (see Figure 5.20). 1:62 - 1:125 and 1:500 dilutions

of primary and secondary antibodies, respectively, provided the highest contrast (1%

BSA in PBS was used as the blocking buffer to prepare these solutions). These two

parameters were again optimized in the next step.
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(a) 1o 1:500; 2o 1:500 (b) 1o 1:500; 2o 1:250

(c) 1o 1:250; 2o 1:500 (d) 1o 1:250; 2o 1:250

(e) 1o 1:125; 2o 1:500 (f) 1o 1:125; 2o 1:250

Figure 5.20: continued...
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(g) 1o 1:62; 2o 1:500 (h) 1o 1:62; 2o 1:250

Figure 5.20: Optimization of primary (1o) and secondary (2o) antibody concentrations to
immunocytochemically label sst2A in CHO-K1 cells. Fixed, permeabilized cells were treated
with varying dilutions of 1o and 2o antibodies. Scale-bar 50 µm.

In addition to the type and concentration of biochemicals used, condition of the

cells used also influenced the labeling contrast. As mentioned in Section 4.2, the cells

were normally grown in a culture media that contained 10% animal-serum. The bio-

chemical composition of serum is generally undetermined and can result in unfavorable

experimental conditions. Moreover serum may also contain traces of somatostatin (or

analogs), which can undesirably activate the cells. In order to better control the ex-

perimental conditions, a procedure called serum starvation was carried out. To serum

starve, the cells were grown in a culture media that contained reduced concentrations

of serum (1%) overnight before the experiment. As serum starvation was expected

to alter the labeling conditions, the primary and secondary antibodies dilution fac-

tors were again optimized under these conditions. The fluorescence confocal images

obtained from this set of experiments are presented in Figure 5.21. Serum starvation

resulted in higher labeling contrast in general, and was found to be optimal at primary

and secondary antibody dilutions of 1:125 and 1:500, respectively. These parameters

were used for the subsequent experiments.

Further optimization was carried using antibody solutions prepared by two methods

that differed in the time point of addition of the blocking agent, BSA. To treat the first

batch of cells, 1% BSA was added to the primary antibody solution prepared at 1:125

dilution in PBS, 2 hrs prior to cell incubation. For the second batch, 1% BSA was
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(a) 1o 1:125; 2o 1:250 (b) 1o 1:250; 2o 1:250

(c) 1o 1:125; 2o 1:500 (d) 1o 1:250; 2o 1:500

(e) 1o 1:125; 2o 1:1000 (f) 1o 1:250; 2o 1:1000

Figure 5.21: continued...
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(g) 1o 1:125; 2o 1:2000 (h) 1o 1:250; 2o 1:2000

Figure 5.21: Optimization of primary (1o) and secondary (2o) antibody concentrations to
immunocytochemically label sst2A in serum starved CHO-K1 cells. Fixed, permeabilized cells
were treated with varying dilutions of 1o and 2o antibodies. Scale-bar 50 µm.

added into the primary antibody solution (1:125 in PBS) immediately before the cell

incubation. The labeling contrast was found to be higher in the first batch of cells (see

Figure 5.22). A similar experiment was carried out using 5% HS (horse serum) instead

of 1% BSA as the blocking agent. A comparison of Figure 5.23 with Figure 5.22,

revealed the superiority of BSA. These conditions were finalized for all the subsequent

immunocytochemical labeling performed on the CHO-K1 cells.

It was also necessary to confirm the specificity of the antibody binding. The speci-

ficity of the secondary antibody was confirmed by carrying out negative control exper-

iments without using primary antibodies. No labeling was present (data not shown).

To determine the level of non-specific binding of primary antibody, the method of

antigen pre-binding was used. The principle behind this was that primary antibodies

that are pre-bound to its antigen, i. e., sst2A, would be unable to bind to sst2A expressed

in the cell. Antigens are normally purchased from the same vendor as antibodies. In

our case, instead of the whole sst2A protein, a short peptide sequence that resembled

the antibody-binding epitope of the sst2A was purchased from Biotrend Chemikalien,

Germany. The primary antibody solution was mixed with 10-µg.mL−1 of the antigen,

2 hrs before the cell incubation. The images presented in Figure 5.24 reported the

specificity of the primary antibody, where antigen pre-binding resulted in a complete

loss of immunocytochemical labeling.
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(a) 1% BSA added to 1o 2 hrs be-
fore cell incubation

(b) 1% BSA added to 1o immedi-
ately before cell incubation

Figure 5.22: Effect of method of preparation of primary antibody (1o) on the immunocyto-
chemical labeling of sst2A in serum starved CHO-K1 cells. The blocking agent, 1% BSA, was
added to the primary antibody solution (a) 2 hrs or (b) immediately before cell-incubation.
1o and 2o dilution factors were 1:125 and 1:500, respectively. Scale-bar 50 µm.

(a) 5% HS added to 1o 2 hrs before
cell incubation

(b) 5% HS added to 1o immedi-
ately before cell incubation

Figure 5.23: Effect of method of preparation of primary antibody (1o) on the immunocy-
tochemical labeling of sst2A in serum starved CHO-K1 cells. The blocking agent, 5% HS, was
added to the primary antibody solution (a) 2 hrs or (b) immediately before cell-incubation.
1o and 2o dilution factors were 1:125 and 1:500, respectively. Scale-bar 50 µm.

5.8 Summary and Discussions

Somatostatin (SST) is a ubiquitous and physiologically significant peptide hormone

and neurotransmitter40,187. Its biological functions have been investigated for several

decades using labeled analogs, including some that used fluorescent labels25,181. These

fluorescent analogs were prepared based on chemical reactions to link SST with a flu-

orophore. We report, for the first time, on the development of a novel, genetically
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(a) 1o, pre-treated with
10-µg.mL−1 antigen for 2 hrs

(b) 1o, untreated

Figure 5.24: Evaluation of specificity of the immunocytochemical labeling of sst2A in serum
starved CHO-K1 cells, using the method of antigen-prebinding. Cells were incubated with
primary antibody (1o) solutions (a) with or (b) without excess antigen. 1o and 2o dilution
factors were 1:125 and 1:500, respectively. Scale-bar 50 µm.

engineered fluorescent analog of SST – aimed to eliminate the inherent variability as-

sociated with chemical reactions and to yield a reproducible and easy to synthesize

analog138. Monomeric red fluorescent protein (mRFP) represented as the fluorophore

in the genetically engineered complex SST-mRFP, in virtue of its superior biochemical

and optical properties44. The produced SST-mRFP protein complex was characterized

extensively in terms of its biochemical, optical and biological properties and function-

ality. This recombinant protein was used to investigate ligand-activated receptor (sst)

internalization in two sst-expressing cell types.

Biochemical properties: The correct primary molecular structure, i. e., the amino

acid sequence of the complex was ensured by the recombinant nature of SST-mRFP

production. Other biochemical characteristics, however, were verified using specialized

analytical techniques. Firstly, the disulfide bond bridge between the two Cys (3, 14)

residues in a native SST molecule has been shown to be important for its biological

activity150. Therefore, the presence of the correct disulfide bond in the SST-mRFP

complex was verified by carrying out a specialized mass spectroscopy based analysis.

At the same time, it is interesting to note that Harris 99 reported that the linear, reduced

form of SST was as active as the native one. Secondly, oligomerization – which has

been reported to be one of the inherent properties of red fluorescent proteins, despite
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the efforts to create more stable variants like, mRFP44 – was potentially detrimental

to the biological activity of the SST-moiety of the complex. Using a size-exclusion

chromatography based method, SST-mRFP was found to have a mild propensity for

dimerization. However, the observed dimerization was found to be dependent on the

purification and storage buffer conditions. Thus, it is envisaged that the sample mass-

fraction separation will yield monomeric proteins, suitable for applications.

Optical properties: Modification of an mRFP molecule, by fusing an SST moi-

ety, was suspected to affect its optical characteristics. Therefore, the absorption

and fluorescence spectral features of SST-mRFP were characterized and compared

to that of the unmodified mRFP. The absorption spectra of SST-mRFP (Figure 5.5)

matched to a large extent with that of mRFP44, with a molar absorption coefficient

of ≈ 92,000 M−1.cm−1. The fluorescent excitation and emission spectra of SST and

SST-mRFP were found to be identical (Figure 5.6), with the peak wavelength values

coinciding at 584 nm and 605 nm, respectively. The SST-mRFP was also found to be

resistant to the harsh biochemical cross-linker – paraformaldehyde (see Figures 5.6 and

5.7). A 40% decrease in the fluorescence intensity was observed upon the addition of

paraformaldehyde, however the emission spectral shape remained unaffected.

Biological properties: SST-mRFP was characterized in terms of its potency to

activate the intracellular signaling chain, and was benchmarked with that of SST.

The cell membrane hyperpolarization193 and transient increase in cytoplasmic in Ca2+

concentration7 were selected as measurable events in the intracellular signaling chain.

Therefore, assays of the membrane potential and Ca2+ mobilization were carried out.

The dose-response curves of membrane potential in wild type AtT-20 cells, shown in

Figure 5.9, suggested that the potency of SST-mRFP was about 100-fold lower than

that of SST (pEC50 values of 6.1 ± 0.2 and 8.43 ± 0.3, respectively). The lower potency

was also observed in the Ca2+ mobilization assay (refer to Figure 5.12; pEC50 values

of 6.3 ± 0.3 and 7.8 ± 0.5, respectively). The reduced potency of SST-mRFP was

either due to the dimerization of SST-mRFP or due to the stearic effects contributed

by the bulky mRFP molecule. The SST-mRFP was found to act via a pertussis toxin-

dependent pathway, similar to that of SST203.
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Applications: Activation of ssts by SST has been shown to result in rapid inter-

nalization of ssts, using immunocytochemistry136. Internalization of the ligand, SST,

along with receptor has also been observed using its labeled analogs69,214. Our study

also conformed with these reports, where the endogenously sst-expressing AtT-20 and

heterologously sst2A-expressing CHO-K1 cells, efficiently and specifically internalized

SST-mRFP molecules within the investigated time period of 20 min (see Figures 5.13

and 5.14). Several more investigations on the finer details of the sst-mediated SST in-

ternalization have been reported. For example, in the RIN38 cells that heterologously

expressed sst2, the sst2:SST complex has been observed to stay intact after internaliza-

tion for as long as 1 hr25. On the other hand, in HEK cells that expressed sst2A, the

internalized SST was degraded by enzymes in early endosomes and the remains were

recycled to the cellular exterior214. The fate of the SST was not only dependent on

the type of the cell, but also on the sst-subtype. For example, in heterologously sst3-

expressing RIN cells, degradation of the internalized SST occurred even before reaching

the endosomes, in endocytotic vesicles213. On the other hand, in RIN cells that het-

erologously expressed sst1, SST bypassed the degradative processes and was recycled

back to the extracellular space215. Such finer details on the ligand internalization was

unavailable in the case of CHO-K1 cells. Our observations using the SST-mRFP in

conjunction with the immunocytochemical labeling of the sst2A, showed that the recep-

tor:ligand complex remained intact during the investigated time scale of 20 min (see

Figure 5.16). They were found to be localized in the perinuclear regions. Longer incu-

bation time (30 min) resulted in decrease in SST-mRFP fluorescence intensity – likely

to be indicative of intracellular degradation. The sst-mediation in the internalization

of SST-mRFP was confirmed using an antagonist competition experiment, where no

internalization was observed (see Figure 5.17).

5.9 Conclusion and Perspective

A potent fluorescent analog of somatostatin – SST-mRFP – was designed, synthesized,

characterized and applied for in vitro imaging of sst-mediated internalization. The
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specificity and the brightness of SST-mRFP was valuable in providing insight to the

finer details of internalization. SST-mRFP holds promise for in vivo applications, for

example, to determine the fate of the ligand after it undergoes sst-mediated internal-

ization in the group of neurons that regulate blood pressure and respiration. Results

from the characterization assays suggested that the attachment of external moieties to

SST may cause reduction of its potency.

Besides the development of a fluorescent probe, the experiments reported here also

formed a biological basis required for the development of a nanoparticle-based fluo-

rescent somatostatin probe, described in Chapter 8. Next two chapters are aimed

at understanding how pristine nanoparticles interact with cells, and how they can be

interfaced with biomolecules.



6
Non-specific Nanoparticle Internalization

This chapter is based on the journal publication:

Timothy A. Kelf, Varun K. A. Sreenivasan, Jinjun Sun, Eun J Kim, Ewa M

Goldys and Andrei V. Zvyagin*, “Non-specific cellular uptake of surface-functionalized

quantum dots”, Nanotechnology, 2010132

This chapter describes investigations on non-specific internalization of commercially

available quantum dots by cells and the factors influencing them. The chapter starts

with a contextual definition of non-specific internalization, followed by a brief descrip-

tion of the types of quantum dots and cells used in this study. The level of non-specific

internalization was evaluated by using fluorescence confocal microscopy, with an at-

tempt to identify the reasons for differences in its variation, including the properties

of the quantum dots itself and other experimental conditions.
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6.1 Introduction

A cell interacts with its surroundings, via its membrane, and uptake material from the

extracellular medium in order to sustain its lifecycle. The mechanism of this uptake is

known as endocytosis or internalization, which can be broadly classified as specific or

non-specific. The specific internalization is more-or-less well understood and usually

occurs as a response to cellular activation by specific molecules. The receptor-mediated
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endocytosis is one of the best examples of specific internalization, and is observed in

most cell-types. This process is regulated by receptors, located on the cells, that are

only activated by receptor-specific ligands. The mechanisms of specific internalization

is routinely investigated in fundamental research to better understand cell-signaling.

These investigations rely on the use of probes or labels, which highlight the molecules

that take part in the internalization process. A fluorescent label based study on the

internalization of somatostatin receptors, which occurs soon after the activation by

somatostatin, was discussed in the previous chapter.

Non-specific internalization, on the other hand, is by-far less understood and is

classified as an extraneous cellular-process. Although the stimulus that is required

to trigger a non-specific internalization is not fully understood, it is thought to be

initiated by physiochemical interactions between molecules/particles in the medium

with the cell membrane. The amount of non-specific internalization that occurs is as-

sumed to be determined by the cell-type, type of the molecule/particle, experimental

conditions etc. Because of this, molecules or particles that are originally destined to

undergo specific internalization might be taken up by cells via the non-specific path-

way. In label-based investigations of the specific internalization, the non-specifically

internalized labels manifest as background signal. Therefore, it is critical to under-

stand the non-specific interactions of nanoparticles with the cells under consideration,

for more controlled somatostatin labeling reported in the later chapters of this thesis.

This chapter discusses on the non-specific internalization of a type of fluorescent probe

- the quantum dot (QD), which was discussed in Chapter 2.

Briefly, QD represents a nanometer-sized core made of a crystalline semiconductor,

whose photo-excitation is governed by the quantum confinement effect11, resulting in

fluorescence. This effect manifests as the nanocrystal core size-dependent wavelength

of fluorescence-emission, which facilitates spectrally multiplexed labeling strategies49.

The QD nano crystals are surface passivated with a semiconductor shell, in order to

improve the fluorescence and to protect the core from the environmental damage and

fluorescence quenching. In commercially available QDs, the resultant core/shell struc-

ture is capped with an auxiliary polymer layer to avoid potential cytotoxicity and
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improve photostability. The auxiliary polymer layer also enhances the hydrophilicity,

making the QDs suitable as fluorescent contrast agents for specific biolabeling. Im-

provements on the core-synthesis and polymer coating techniques in the recent years

has resulted in its performance surpassing that of the conventional fluorescent probes.

Conventional probes are organic dye molecules and are vulnerable to chemical attack

and long exposure to bright light277. QDs on the other hand are resistant to these

environmental conditions and are suitable for most specific biolabeling applications.

During the specific labeling procedure, some of the QDs will also undergo non-

specific internalization. This gives rise to a non-zero background in the signal acquisi-

tion procedure, for example, imaging. Characterization of non-specific internalization

can aid better design of QD-based probes for specific labeling with reduced background.

Several independent reports suggested that the non-specific uptake of nanoparticles

(NPs), such as QDs, were dependent on various parameters, including its concentra-

tion, size53,204, surface chemistry (charge and hydrophobicity)117, cell-type279 and other

experimental conditions, for example, temperature. The objective of this part of the

Ph.D. project was to perform a series of experiments to evaluate the effects of some of

these parameters in governing the rate of non-specific internalization of commercially

available QDs. The results of these experiments became invaluable for the design of a

QD-based specific fluorescent probe, which will be discussed in Chapter 8.

6.2 Systems Under Investigation

6.2.1 Commercial Quantum Dots

Commercially available QDs are being used in many labeling applications48,77,114 and

were considered an ideal replacement for the red fluorescent protein, which was used

to label somatostatin in the previous chapter. This motivated us to investigate the

non-specific internalization rates of a range of different commercially available QDs, in

an expectation to arrive at a few QD-types that show the lowest rate of non-specific

internalization.
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QDs were distributed mainly by two companies: Invitrogen and eBiosciences, under

the names of Qdotr and eFluorr, respectively. They will be represented as QDi and

QDe, respectively throughout this chapter. These QDs are usually encapsulated with a

layer of proprietary polymers, which render them stable in aqueous solutions and also

expose either of the two chemical functional groups: Carboxyl or Amine. Some of these

QDs may also contain an additional layer of macromolecules including Streptavidin†

(Sav)- and poly-ethylene glycol (PEG)-coating. Such chemical functional groups and

macromolecules causes modification of charge or hydrophobicity of the pristine QD,

thereby altering the rate of non-specific internalization.

The seven types of QDs that were used in this study are listed in Figure 6.1. All

these QDs had a narrow emission peak at 605 nm. Three of them were purchased

from Invitrogen, which contained either carboxyl-groups, amine-terminated PEGs or

streptavidin on the surface, represented by C-QDi, N-pQDi and Sav-QDi, respectively.

A fourth type was synthesized from C-QDi by carrying out a chemical reaction with

ethylene diamine (NH2-CH2-CH2-NH2), which resulted in the conversion of surface

carboxyl groups to amino groups, thus forming N-CC-QDi. Two other types of QDs

were purchased from eBiosciences. These contained a layer of PEG, which was termi-

nated either by carboxyl or by amine groups, and represented by C-pQDe and N-pQDe,

respectively. The C-pQDe was also modified with ethylene diamine, in order to inves-

tigate on the effect of charge on QD-uptake, to produce N-CC-pQDe.

6.2.1.1 Quantum Dot Characterization

The size and surface charge of the purchased (and modified) QDs were measured using

a Zetasizer (see Sections 4.1.3 and 4.1.4 for details) and presented in Table 6.1. The size

of the purchased QDs, represented by their hydrodynamic diameters‡, were measured

to be ≈20 nm. The zeta-potential, which is a measure of the surface charge, was

†Streptavidin is a commonly used protein for interfacing applications because of its highly affine
binding to Biotin
‡hydrodynamic diameter is the diameter of an effective spherical particle, which experiences same

diffusion. It is often an overestimate the geometric average diameter by roughly 10%
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Figure 6.1: The schematics and names of the QDs used in this chapter. Except the last
two QD-types, all the others were commercially available.

observed to be negative, irrespective of the type of the surface group (carboxyl, amino or

streptavidin). However, the zeta-potential was found to be dependent on the presence

of surface PEG- or Sav-coating.

The optical properties of the QDs were characterized in terms of their absorption

and fluorescence spectra, in order to calculate their quantum efficiencies. As purchased,

the quantum efficiency of C-QDi was found to be 2.5 times greater than that of C-

QDe. The bright orange color of the C-QDi and C-pQDe solutions faded to pale

brown during the modification reaction to synthesize N-CC-QDi and N-CC-pQDe,

respectively. This was particularly apparent in the reaction of C-QDe to produce

N-CC-QDe. A comparison of the quantum efficiencies†, before and after reactions,

revealed that the C-QDi and C-pQDe suffered a 2.5- and 10-fold drop in their quantum

efficiencies during the reaction, respectively. The drop in their quantum efficiency was

the reason for the discoloration. The different fluorescence stabilities of these QDs is

an indication of the variation in the chemical stability of the surface-polymer coating.

Disintegration of the polymer coating, which provided colloidal stability to the QDs,

also resulted in formation of aggregates of ≈ 100 nm soon after the reaction (see

†Quantum efficiency is a parameter which is used to represent fluorescence efficiency. It is the ratio
of the number of emitted to the absorbed photons. It is normally represented as a percentage
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Table 6.1: Characteristics and internalization rates of seven QD-types, arranged in the
decreasing order of internalization by the AtT-20 cells. The diameter and zeta-potentials of
the QDs were measured in PBS.

QD-type Diameter (nm) Zeta-potential (mV)
Normalized internalization

AR42J GH4C1 AtT-20

N-CC-QDi 100 -32 0.225 0.419 1.000
C-QDi 28 -31 0.120 - 0.082
N-pQDe 23 -2 0.030 0.027 0.078
N-CC-pQDe 24 -12 0.024 0.035 0.078
C-pQDe 22 -12 0.029 0.002 0.018
SA-QDi 20 -15 0.039 0.043 0.012
N-pQDi 21 -2 0.005 0.008 0.002

Table 6.1).

6.2.1.2 Method of Chemical Modification

For converting the carboxyl groups on the surface of C-QDi and C-pQDe into amine

groups, 400 fmole (1 molar equivalent) of these QDs were diluted in 400-µL MES† buffer

containing 2-mM EDTA‡ (pH = 6). Freshly prepared and room temperature equili-

brated aqueous solutions containing 10-mg.mL−1 1-ethyl-3-(3-dimethylaminopropyl)

carbodiimide (EDC) and 20-mg.mL−1 sulfo-N-hydroxysuccinimide (sulfo-NHS) was

added to each of the QD solutions to activate the surface carboxyl groups. The reaction

solution was incubated at room temperature with gentle shaking for 15 min. Subse-

quently, an excess of ethylene diamine was added along with 50 µL of 5× sodium borate

buffer (pH = 8.4). After 1 hr of room temperature incubation with gentle shaking, free

EDC, sulfo-NHS and ethylene-diamine were removed by using a desalting column (Pre-

packed Sephadex G-25 medium column, GE Healthcare), equilibrated with phosphate

buffer saline (PBS; pH = 7.2). The eluted solution contained the modified quantum

dots N-CC-QDi and N-CC-pQDe, respectively.

†MES is 2-(N-morpholino)ethanesulfonic acid
‡EDTA is ethylenediamine tetra acetic acid
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6.2.2 Cell Types

In consideration of the future goal of using QD-based probes for imaging the spe-

cific internalization of somatostatin molecules, three cell-types that expressed somato-

statin receptors were chosen for this study. These were the AR42J (rat pancreatic

tumor-derived), GH4C1 (rat pituitary tumor-derived) and the AtT-20 (mouse pitu-

itary tumor-derived) cell lines. Details of the cell lines including the growth conditions

are described in Chapter 4. The cells were incubated with the seven QD-types to

evaluate the rate of non-specific internalization.

6.2.2.1 Method

On the day before experiments, cells were transferred into eight chambered culture

slides (BD Falcon) and incubated overnight in their respective culture media. The

cells were incubated with a QD solution of required concentration, prepared in 300-

µL PBS with additional CaCl2 (0.9 mM), MgCl2 (0.5 mM), bovine serum albumin

(BSA; 0.1%) and D-glucose (20 mM) at 37 oC and 5% CO2 for the required time

period. In some cases, the cells were treated with 0.5-M sucrose solution before the

QD-incubation. After the QD-incubation, cells were washed twice with PBS and fixed

using 3.7% (w.v−1) paraformaldehyde solution for 20 min followed by a PBS wash. In

some cases, cell nuclei were stained using 10-µM Hoechst 33342 solution, prepared in

PBS, for 10 min at room temperature, followed by two wash steps with PBS. The slides

were sealed and imaged with a fluorescence confocal microscope.

6.3 Characteristics of Internalization

Prior to a detailed investigation on the variations in internalization-rates of the different

QD-types in the three cell-lines, some of its basic properties, including the effects of

temperature and time duration, were characterized. These experiments were performed

on the AR42J cells and C-QDi particles, which were chosen as the preliminary models

based on our previous observations on their efficient internalization.
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(a) Internalization at 37 oC (b) Internalization at 4 oC

Figure 6.2: The difference in the rate of internalization of 20-nM C-QDi by the AR42J
cells, maintained at different temperatures. Red and blue represents the fluorescence signal
from the QD and stained nuclei, respectively. Scalebar 10 µm.

6.3.1 Effect of Temperature

Most cellular processes are suspended upon reduction of temperature. This is because

the cells require energy to perform these active processes, for which they depend on

molecules of adenosine triphosphate (ATP)9. Under cold conditions, the generation

and distribution of ATP molecules becomes greatly reduced and causes cessation of

the active cellular processes. Passive processes on the other hand do not rely on ATP,

and can continue even under such conditions. Therefore, by measuring the effect of

temperature, it was possible to determine whether the QD-internalization was active

or passive. Figure 6.2 represents the difference in internalization of AR42J incubated

with C-QDi at 37 oC or 4 oC. At 4 oC, the QDs did not enter the cells, instead were

membrane-bound. This suggested that the internalization of C-QDi was an active

process, which occur only at physiological temperatures. This also inferred that prior

to the internalization, the C-QDi particles attach themselves onto the cell-membrane,

although the forces that enable this attachment is yet to be identified.
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6.3.2 Mechanisms of Internalization

The process of internalization is initiated by the formation of inward invaginations

in the cell membrane. The extracellular particles or molecules to be internalized are

captured in such invaginations, which subsequently gets encapsulated as they form cy-

toplasmic vesicles. Various mechanisms of internalizations exists, and are distinguished

based on the molecules that support the formation and closure of the invaginations.

Two main mechanisms that are engaged to uptake nanometer-size particles occur via

caveolae14 and clathrin-coated invaginations108 and will be discussed later in this chap-

ter. The micrographs of clathrin-coated invaginations are presented in Figure 6.3.

The type of internalization by which the C-QDi uptake occurred was identified

by using a specialized blocker that inhibited one of these mechanisms. The study by

Heuser and Anderson 108 reported that pre-treatment of cells with high concentrations

of sucrose resulted in inability of cells to initiate clathrin-mediated internalization. This

happened because sucrose prevented the formation of the large cage-like supramolecu-

lar structure of clathrin. Figure 6.4 presents fluorescence confocal images of the AR42J

cells incubated with 20-nM C-QDi, with or without sucrose (0.5 M) pre-treatment. The

sucrose pre-treated cells failed to internalize the QDs and indicated that the internal-

ization observed in the untreated cell occurred via clathrin-coated pits.

6.3.3 Time-scale of Internalization

The model AR42J cells were treated with 2-nM C-QDi for a range of time periods.

Figure 6.5 presents the fluorescence intensity of the internalized C-QDi
†, as a function

of incubation-time. The rapid increase of intracellular QD signal in the 5 to 10 min

period followed by saturation suggested that the C-QDi internalization occurred via a

specific mechanism, likely after receptor activation; as internalization via non-specific

mechanisms do not saturate. The time taken for the initialization of internalization

†The internalization was quantified by means of the fluorescence from the QDs associated with the
cells, excluding the membrane bound signal
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Figure 6.3: Survey views of clathrin lattices on the inner surface of a normal chick fibroblast
(a), compared with lattices on a fibroblast pre-treated with 0.45-M sucrose for 30 min at 37 oC
(b). In normal cells, various stages of clathrin lattice assembly and curvature were seen. In
hypertonic cells, membrane-attached lattices were reduced to flat remnants (such as the one
at the ∗) and were replaced by numerous clathrin microcages (one of which is indicated by
the arrow). Scalebar 0.1 µm. Reproduced with permission from Heuser and Anderson 108

and the amount of maximum internalization were dictated by the temporal activity

and the abundance of the receptors, respectively.

These results suggested that the C-QDi (carboxylated quantum dots) undergo ef-

ficient internalization by the AR42J cells via a specific, probably, receptor-mediated,
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(a) Normal cells (b) Sucrose pre-treated cells

Figure 6.4: The cessation of internalization of the C-QDi by pre-treating the AR42J cells
with hypertonic (0.5-mM) sucrose solution. Red and blue represents the fluorescence sig-
nal from the QD and hoechst-stained nuclei, respectively. 488-nm argon laser and 405-nm
diode laser emissions were used to excite the QD and hoechst, respectively. The fluorescence
emission from the QD was collected between 585 nm and 605 nm. Scalebar 10 µm.

Figure 6.5: The increase in the number of C-QDi internalized by the AR42J cells on
increasing incubation time.
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process. A similar conclusion was also reached in the study by Zhang and Monteiro-

Riviere 279 who observed that two types of carboxyl-functionalized QDs with different

fluorescence wavelengths mutually inhibited each others internalization, probably be-

cause they both required the same set of receptors. Despite the observed specificity,

in this thesis we will classify the QD-internalization as a non-specific process, because

the receptor-types that are required to initiate the internalization could be numerous

and remain unidentified.

6.4 Internalization of Quantum Dots by Cell-types

All the seven QD-types were incubated with the three cell types at identical conditions,

to compare the rate of internalization between the 21 possible combinations. A QD

incubation time of 60 min was chosen based on the data presented in Figure 6.5, where

the internalization saturated within ≈ 10 min of incubation. Figure 6.6 shows some

of the images of these cells treated with the QDs. From the raw images, the net

internalization was quantitated in terms of the intensity of QD-derived fluorescence.

This was obtained by integrating the value of pixels enclosed by the cell membrane,

while carefully excluding the pixels corresponding to the membrane-bound QDs. The

calculated intensity values were scaled using the relative quantum yields of each of the

QD-type, in order to obtain a number based quantitation. The scaled intensities were

normalized to obtain the values tabulated in Table 6.1 and graphically presented in

Figure 6.7.

The overall trend in the internalization between different QD-types was roughly sim-

ilar across all the three cell-lines. This suggested that it was the QD surface properties

that mostly determined the rate of internalization. The dependence of internaliza-

tion on the macromolecular moieties and chemical functional groups are individually

addressed in the following subsections.
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Figure 6.6: Representative images of the three types of cells incubated with some of the
QD-types. Red, which represents the QD-derived fluorescence, is overlaid with the bright
field transmission image. Each image panel size is 37.5 µm × 37.5 µm.

6.4.1 The Effect of PEG Coating

It is apparent from the data that the presence of macromolecules, like PEG, on the

QD surface results in a steep reduction of internalization, for example, from 0.225 to

0.005 by the AR42J cells for the N-CC-QDi and N-pQDi, respectively. While precise

reasons behind the significantly reduced internalization of PEG-derivatized NPs are

still debated, a number of consistent observations have been presented in the litera-

ture64,117,268,279. From Figure 6.8, which attempts to correlate the internalization rates

and zeta-potentials of the different QD-types, these PEG- derivatized QDs were also

observed to have zeta-potentials closer to zero than their pristine counterparts. This

is because, the PEG molecules neutralizes the charge associated with the surface of

pristine QDs.

The charge neutralization occurs, because the PEG molecules impose restrictions on



6.4 Internalization of Quantum Dots by Cell-types 143

(a) Normalized to that of N-CC-QDi quantum dots in AtT-20 cells

(b) Normalized across each cell type data to that of N-CC-QDi

Figure 6.7: Variations in the rate of internalization among the different QD and cell types.
The raw data was corrected for the QD-quantum efficiencies and normalized by two methods,
presented in (a) and (b).

the liquid flow near the QD and shifts the fluid slippage plane farther from the particle

surface. This shift manifests as a reduction in the magnitude of the zeta-potential,

which is defined as the surface charge-generated electrostatic potential at the fluid
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Figure 6.8: A plot that reveals the dependency of internalization on the zeta-potentials of
the different QD-types.

slippage plane158,174. Besides shifting the slippage plane, the PEG layer also contributes

towards charge screening. As per previous reports, the extent of neutralization by

both these phenomena was determined by the length of the PEG and the density of

its coating on the NP-surface. To verify this effect, PEG molecules of different lengths

(measured in terms of their molecular weights of 3400 Da and 5000 Da) were conjugated

to C-QDi at different surface densities using a reaction similar to that described in

Section 6.2.1.2.

Our theoretical calculations based on geometric packing (ratio of surface are of QDs

to the size of PEG molecules) suggested that a QD-particle can accommodate up to

400 molecules of PEG. For the experiments, the number of PEG molecules conjugated

on a QD was empirically controlled by adjusting the amount of PEG added during

the reaction. At the maximum PEG surface density the measured zeta potential was

close to zero, showing an almost complete screening of the QD surface charge (see
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Figure 6.9: QD-surface charge neutralization upon PEG coating. As the number of PEG
molecules attached to the QD-surface is increased, the charge on the native QD-surface is
screened, resulting in a reduction of the zeta-potential.

Figure 6.9). Under this condition, the Zetasizer-based size measurements indicated

that the PEG layer was 2-nm thick. As the surface density was reduced, the absolute

value of the surface charge increased, approaching that of the uncoated C-QDi. The

change in zeta-potentials that was observed after the conjugation of both PEG types

were identical.

Previous literature suggested that a balance between the PEG length and surface

density was important for optimal design of the surface of an NP174. When densely

packed, PEG covers the majority of QD-surface, and these long molecules align per-

pendicular to the surface, giving rise to a ‘brush-like’ architecture. At a lower density

the flexible PEG-chains are bent and conforms to a mushroom type state, giving rise

to a different set of surface properties. The small, but noticeable differences in in-

ternalization between the different types of PEG-coated QDs used here is probably

due to the differences in the coating density and the length of PEGs used by the two

manufacturers.
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6.4.2 The Effect of Streptavidin Coating

The Sav-coated QD (Sav-QDi) showed a reduced zeta-potential and non-zero internal-

ization (see Table 6.1). According to previous literature, Sav-coated NPs underwent

increased non-specific internalization, which was expected because of their biologically

active nature. Sav is a protein, which has a high binding affinity to biotin, also known

as Vitamin H. Since biotin is present in the culture medium and can be adsorbed onto

the cell membrane, it can act as an anchor for the initial binding of Sav-QDi, thereby

promoting internalization114. According to another report, the internalization of Sav-

QDi can be facilitated by the amino acid sequence -RYD- in a Sav molecule, whose

structure sufficiently resembles that of the sequence, -RGD-, recognized by many cell

adhesion-related molecules13. Thirdly, there can be non-specific internalization through

pinocytosis, which is a common pathway for internalization of a broad class of extrane-

ous materials, including QDs. We tested the first pathway by pre-binding biotin to the

streptavidin-coated QDs, and found no discernible change in the level of internaliza-

tion. This ruled out the possibility of internalization via the biotin-mediated pathway.

The second pathway was more difficult to test, however the total observed internal-

ization levels of the streptavidin-coated QDs were broadly comparable to the lowest

levels of internalization of the other (PEG-containing) QDs, that were limited to the

pinocytosis pathway. This suggested that pinocytosis was the dominant mechanism

that contributed towards the internalization of Sav-QDi.

6.4.3 Other Effects Reported in the Literature

Out of the large number of NP-related parameters that can influence the rate of non-

specific internalization, our hands-on investigations were limited to a few that were de-

scribed earlier, because we used commercially available QDs. Some of the parameters

unaccessible due to this reason included the QD-shape, QD-size and other potentially

significant macromolecular surface functional groups, which can alter physiochemical

properties. All the QDs used for this investigation had an ellipsoidal geometry, as can
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Figure 6.10: A transmission electron micrograph of C-QDi. Scalebar 50 nm.

Figure 6.11: The size of the NPs determined the rate of non-specific internalization. This
plot was obtained by combining a large amount of data scattered across the literature.

be observed in the micrograph presented in Figure 6.10, obtained by using a transmis-

sion electron microscope. It can also be seen from Table 6.1 that the hydrodynamic size

of all the procured QDs were ≈ 20 nm†. In order to acknowledge the size-dependency of

the rate of non-specific NP-internalization, we consolidated the information scattered

among several reports53,54,87,204,280 to generate a plot which showed this dependency,

and is presented in Figure 6.11. A brief outlook on the cellular mechanisms that assist

internalization of particles belonging to different size ranges was considered necessary

to appreciate this data, and is therefore discussed in the following paragraphs.

Three classes of internalization mechanism span the broad particle size, ranging

†This value is different from that measured using the electron microscope, because these QDs
contained a polymer layer that did not provide electron-contrast
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from a few nanometers to micrometers, and they occur via clathrin-mediated vesicles,

caveolae or macro-pinocytosis. Clathrin-mediated pathways are predominant for in-

ternalization of NPs smaller than 200 nm. The non-specific internalization of NPs in

this size range is hypothesized to be initiated by adsorption of random proteins from

the culture medium onto the particles surface, followed by their internalization via

receptor-mediated pathways. Therefore, the rate of internalization is dependent on the

available receptors on the cell surface and the number of receptors that a single NP

is able to trigger when it adheres to the membrane. 50-nm sized particles have been

shown to be most efficiently internalized by this mechanism, both experimentally53

and theoretically280. For NPs <50 nm, several closely spaced particles are required to

trigger the formation of a clathrin-coated vesicle204. As a result, the rate of internaliza-

tion per particle is reduced, which is manifested as the descending slope at sizes below

50 nm in Figure 6.11. A theoretical model based on the balance between free energy

required to drive NPs into the cell and diffusion kinetics of the recruitment of receptors

to the binding site also arrived at similar conclusions280. Particle sizes larger than

50 nm engage many more receptors than the threshold required to initialize internal-

ization, soon leaving the cell membrane deprived of receptors. Further internalization

occurs only after the receptors are recycled back to the cell membrane, which takes

time and lowers the rate of uptake.

The clathrin-mediated internalization mechanism cannot transport NPs larger than

≈ 200 nm, because of the fixed size of their spherical crystalline structure (see Fig-

ure 6.3). Cells recruit alternative internalization pathways for these particles. Particles

falling in the size range of 200 nm to 1 µm are mostly transported in caveolaes. They are

lipid-rich structures, which form Ω-shaped pits in the cell membrane (see Figure ??),

within which these particles are enclosed and endocytosed. This process is less efficient

than that of the clathrin-mediated internalization. For particles larger than a micron

(up to 5 µm in diameter), the effect of macro- pinocytosis becomes important. This

requires ruffling of the cell membrane to form large troughs, which can subsequently

bud in the form of large vesicles into the cell. This is a genuinely non-specific process,
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and highly dependent on the cell type and experimental conditions. The internaliza-

tion rate drops dramatically above around 1 µm due to the difficulty in forming these

large vesicles.

Particle shape has also been shown to play a role in the internalization87, which

furthers the complexity. The shapes are important because they also govern the area

by which the cell perceives their presence. In some way, the arguments made above

are also applicable here.

Another parameter which was attempted to be elucidated was the NP surface

charge. QDs with negatively (-COOH) and positively (-NH2) charged functional groups

were procured, and expected to have negative and positive zeta-potentials, respectively.

However, we observed that their zeta-potentials were always negative and the values

presented in Table 6.1 suggested that the zeta-potential is primarily determined by

the surface charge of the pristine QDs, rather than the functional groups. This pre-

vented us from arriving at accurate conclusions, but previous reports174,183,268 suggested

that both positively and negatively charged molecules can be efficiently internalized

into cell, by utilizing interactions with various charged proteins located on the cell

membrane76,164,228. Near neutral QDs with hydroxyl (OH) surface functionalization,

exhibited greatly reduced non-specific internalization130, in contrast with the carboxyl

or amino functional groups. These arguments indicated that charge is an important

parameter to understand non-specific internalization characteristics. For all the QDs

used in this thesis, the charge-, size- and shape-dependencies of internalization can

be overlooked, because these parameters were found to be consistent among all of the

commercial QDs that we tested.

6.5 Summary

NPs are popular as probes for biolabeling. But, their non-specific internalization man-

ifest as noise during the biolabeling procedure. Several types of QDs, which served

as our model NPs, and cells were screened and compared for the rate of non-specific

internalization. The parameters that govern the non-specific internalization process
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were also identified.

Preliminary characterization of non-specific internalization: Initial experiments

with the quantum dots that contained carboxyl functional groups suggested that these

particles were internalized by the AR42J cells by a rather specific process. Three ob-

servations supported this conclusion: (i) The QD internalization was ceased by main-

taining the cells at a low temperature (see Figure 6.2). Low temperatures are known to

reduce the rate of energy production, which is required for most specific internalization

processes. (ii) The cells pre-treated with hypertonic solutions of sucrose were unable

to internalize the QDs (see Figure 6.4). High concentrations of sucrose reportedly

prevented formation of the clathrin-coated pits, which take part in many receptor-

mediated internalization processes108. (iii) The observed QD-internalization saturated

over time (see Figure 6.5). The saturation indicated that the internalization required

activation of a set of receptors, which were saturated by adding the QDs. Despite

the specificity, internalization of the commercially available QDs were classified under

non-specific processes, because the receptors that initiate the internalization remain

undetermined and may vary between cell-types, experimental conditions etc.

Characterization of the QD-types: Five types of QDs were purchased from two ma-

jor vendors. Two of them were further modified chemically in order to understand the

effect of surface charge on the rate of non-specific internalization. Figure 6.1 tabulates

all these QD-types. The QDs were characterized in terms of their size, shape, surface

charge and fluorescence efficiencies (see Table 6.1). Despite the different surface func-

tional groups, all the QDs had hydrodynamic diameters of ≈ 20 nm, except for the

reacted QDs, where ≈ 100nm aggregates were observed. Electron microscopy revealed

that the QDs had an ellipsoid geometry, contrary to general expectation of these semi-

conductor nano crystals to have a spherical geometry. The charge of all the QD-types

were mainly dictated by the nature of the surface of pristine QDs. The surface chem-

ical groups (carboxyl and amine) had little influence on the zeta-potential. However,

presence of large macromolecules, such as PEG or Sav, caused charge neutralization,

resulting in the lowering of zeta-potential towards zero. The fluorescence quantum

efficiencies of the QDs supplied by the two vendors were different by a factor of 4.
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Chemical reactions further affected their quantum efficiencies, which was evident to

the naked eye by the color change from orange to pale brown. This reduction was pos-

sible because of the disintegration of the stabilizing polymer coating under the highly

reactive conditions. Disintegration of the polymer-coating also resulted in aggregation

of QDs, when suspended in physiological buffers.

Comparison of non-specific internalization of the QDs by cells: Three types of

cells were used to investigate the rates of internalization of the different QD-types.

The overall trend in the variation of internalization rates between the seven QD-types

were comparable across the different cell lines (see Figure 6.7). This suggested that

the different QD-surface properties determined the rate of internalization, and their

interaction with different cells occur in more-or-less the same way. The non-specific

internalization of QDs was most affected by the presence of macromolecular groups:

PEG and Sav. The reduction in the internalization was also accompanied by neutral-

ization of the surface charge. This suggested that a neutral zeta-potential may result in

reduction of non-specific internalization. Several papers reported that internalization

of the Sav-coated QDs was promoted via alternate mechanisms, including one which

was supported by biotin present in the culture media. However, our experiments did

not provide any indication on such processes.

Several independent reports suggested that non-specific internalization of NPs were

highly affected by their size and shape. As the QDs that were commercially available

did not demonstrate much variability in these parameters, we were unable to arrive

at such conclusions. However, a plot relating the rate of non-specific internalization

versus the size of NPs was put together by gathering the data scattered across different

reports in the literature (see Figure 6.11). The non-specific internalization was found

to be most efficient in particles with an average diameter of ≈ 50 nm.

6.6 Conclusions

The non-specific internalization of nanoparticles can cause background-noise in many

labeling applications designed to probe specific cellular processes132. Identifying the
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properties of nanoparticles that dictate the efficiency of such non-specific processes

can aid better design of nanoparticles to reduce the noise. Several types of fluorescent

quantum dots served as model nanoparticles in our experiments to identify such param-

eters. We found that the surface coating, zeta-potential, size and other experimental

conditions regulated the rate of QD internalization. A preliminary investigation on

the internalization mechanisms revealed that it had some sort of specificity and may

have been mediated by receptor(s). However, the type of these receptors remained

unidentified. The conclusions from these observations became invaluable for designing

a QD-based labeling tool to image the specific internalization pathways of a neuro-

transmitter in cells, which will be discussed in Chapter 8.
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Andrei V. Zvyagin* and Sergey M. Deyev, “Barstar:barnase a versatile platform for

colloidal diamond bioconjugation”, J. Mater. Chem., 2011239

This chapter is focused on the development of an easy and versatile, yet robust plat-

form for functionalizing nanoparticles with biomolecules – the core element required

to develop a fluorescently labeled somatostatin. The chapter begins with a brief intro-

duction of labeling, and why the fluorescent nanodiamonds are suitable as probes for

molecular labeling. This is followed by a brief literature review on the existing methods
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of functionalization and their drawbacks, ushering the need for a versatile biofunction-

alization strategy, using which several nanodiamond based complexes were synthesized.

The recombinant proteins, reported in this chapter, were generously provided by our

collaborator, Prof. Sergey M. Deyev.
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Figure 7.1: The temporal reduction in the fluorescence of the red fluorescent protein upon
addition of paraformaldehyde at 0 min. See Chapter 5 for more description.

7.1 Introduction

Visualization of biomolecules using a fluorescence microscope rely on labeling them us-

ing extrinsic fluorophores (or fluorescent probes). Some of the conventional fluorescent

probes used for labeling include small organic molecules, such as alexa fluor and fluores-

cein, and large macromolecules, such as green- and red-fluorescent proteins. However,

such molecular probes are non-ideal, because of their susceptibility to chemical per-

turbations (see Figure 7.1) and photobleaching277. Nanoparticles demonstrate high

chemical and optical stability and are well suited for live biological imaging, where

they are subject to such harsh conditions. Several types of nanoparticles that are

suitable as fluorescent probes were introduced in Chapter 2, of which the fluorescent

nanodiamonds (FNDs) was the nanoparticle of choice in this chapter.

FNDs satisfy many of the stringent conditions to qualify as an ideal fluorescent

probe, including the qualities of being (1) non-toxic, (2) stable, (3) small and (4)

amenable to biofunctionalization. Non-toxicity and physical/chemical stability are

two intrinsic properties that are inherited from bulk diamonds277. Nanodiamonds are

available in a several sizes ranging from a few nanometers to hundreds of micron, suiting

a variety of needs. Biofunctionalization or bioconjugation is the process of labeling (or

attaching) a biomolecule with a fluorescent probe, which, in turn, renders the whole
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complex biologically active. For example, in the previous chapter (Chapter 5), a Red

Fluorescent Protein (mRFP) was biofunctionalized with somatostatin in order to label

somatostatin receptors in cells. Biofunctionalization of FNDs can be performed using

chemical or physiochemical approaches that are facilitated by reactive chemical groups

present on the FND-surfaces. The objective of this chapter was to develop a relatively

simple and stable, yet versatile method for biofunctionalizing FNDs. Various stages

of biofunctionalization including, the design, chemistry, purification, characterization

and application of the FND-based complexes are discussed hereafter.

7.2 Existing Methods for FND-Biofunctionalization

The existing methods of FND-biofunctionalization can be broadly classified as (1)

adsorption, (2) polymer or micelle encapsulation and (3) covalent biofunctionalization,

and are shown in Figure 7.2 and detailed in following subsections.

7.2.1 Adsorption

Adsorption is based on the adhesion of atoms, ions and biomolecules to a surface. It

is facilitated by two classes of interactions between the surface and the molecules -

physisorption and chemisorption. Here, we only consider physisorption as adsorption,

which is governed primarily by van der Waal’s forces, hydrophilic or electrostatic forces.

Adsorption is a straight-forward method for attaching biomolecules to FNDs as these

interactions are spontaneous, that is, they do not require specialized conditions and

chemical-catalysts. For example, in solutions at neutral pH values, FNDs that possess

a negative surface charge (due to abundance of acidic surface groups) can electrostati-

cally attract positively charged (amine group-rich) proteins, resulting in rather strong

binding. This approach of biofunctionalization was initially reported by Huang and

Chang 120 , where poly-Lysine molecules were adsorbed onto the nanodiamond† surface.

†Note that Huang and Chang 120 and others used non-fluorescent nanodiamonds to demonstrate
adsorption-based biofunctionalization
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(a) Adsorption (b) Polymer or micelle capping

(c) Covalent biofunctionalization

Figure 7.2: Classification of (fluorescent) nanodiamond biofunctionalization strategies.
Green shape represents a biomolecule, the black linkers represent covalent bonds in (c).

However, at a later stage, the adsorbed poly-Lysine molecular-coat was used as a plat-

form for the chemisorption of dye molecules. The schematic diagram of this method is

shown in Figure 7.3.

Perevedentseva et al. 194 and Chao et al. 50 studied the interactions of the enzyme

lysozyme with Escherichia coli (E. coli) using nanodiamonds as fluorescent probes.

This was carried out using lysozyme molecules adsorbed on the nanodiamonds. Instead

of using color-center fluorescence, they used the intrinsic Raman scattering property

of diamonds as the source of optical contrast to highlight these molecules.

Liu et al. 155 used FND as a fluorescent probe to evaluate the interaction of α-

bungarotoxin with acetylcholine receptors. Huang et al. 119 used nanodiamonds ad-

sorbed with doxorubicin hydrochloride, an anti-cancer drug used in chemotherapy,

to study cell-apoptosis and its use as a chemotherapeutic delivery tool. They also
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Figure 7.3: Physisorption
of poly-Lysine on nanodi-
amond surface, followed
by chemisorption of dye
or Yeast cytochrome C
molecules. Reprinted with
permission from Huang and
Chang. Adsorption and im-
mobilization of cytochrome
c on nanodiamonds. Lang-
muir, 20(14):58795884, 2004.
Copyright (2004) American
Chemical Society120.

demonstrated that the efficiency of adsorption was enhanced by increasing the salin-

ity of the nanodiamond-protein solution. The pH-dependence of adsorption of insulin

molecules was carried by Shimkunas et al. 232 , for the demonstration of nanodiamond-

based molecular delivery vehicles. In an different application, the adsorption prop-

erty of the NDs was utilized for high-efficiency purification of the proteins - luciferase

and apobelin - after being extracted from bacteria32. Despite these efforts, nanodia-

mond/FND biofunctionalization via adsorption is mostly unreliable due to the possi-

bility of dissociation of adsorbed molecules under physiological conditions, where the

solvent properties like pH and temperature may vary, resulting in changes to physisorp-

tion.

7.2.2 Polymer/Micelle Encapsulation

A critical criterion for choosing a method of biofunctionalization is the colloidal sta-

bility in buffer solutions. We observed that while the pristine FNDs remained stable

in water, they formed agglomerates upon addition of, as low as, 10 mM of salt - a

basic constituent of physiological solutions (see table 7.1). An FND aqueous-colloid is

stabilized by the electrostatic repulsion between individual FND-particles due to their

surface charge81,281. However, in the presence of salt, the surface charges are screened

by the salt-ions, resulting in reduced repulsion, causing aggregation.

A preventive measure to reduce aggregation under salt-containing physiological
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Figure 7.4: Modification of
N-V center-containing FNDs
by reduction, silanization,
and lipid encapsulation reac-
tions. Reproduced with per-
mission from Hui et al. 122 .

conditions is to increase the surface hydrophilicity and introduce spatial hindrance142.

These surface characteristics can be achieved by capping the FND using amphiphilic

molecules or polymers. Smith et al. 235 demonstrated the transfection and optical imag-

ing of nanodiamonds inside cells, where highly scattering particles exhibited good con-

trast. They used lipofectamine and lipid-rich solutions to encapsulate nanodiamonds

in order to achieve colloidal stability in physiological solutions. A similar approach

was utilized by Hui et al. 122 , where the diffusion dynamics of the lipid-encapsulated,

N-V center containing FNDs were studied using two-photon fluorescence correlation

spectroscopy (see Figure 7.4). They demonstrated that the lipid encapsulation had

little effect on the fluorescence properties of FNDs, and also enhanced the mobility of

the particles in the cytoplasm of HeLa cells.

The amphiphillic coatings that improve colloidal stability of FNDs can be utilized

as platforms for further biofunctionalization. However, these methods introduce ad-

ditional steps making the biofunctionalization protocol increasingly complex, and also

lead to larger particle sizes. Besides, other molecules in physiological solutions can
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Figure 7.5: The chemical groups available on the surface of an acid-cleaned FND surface.

replace the FND-bound amphiphilic polymers, because this method relies on spon-

taneous hydrophobic interactions. Therefore, these complexes are generally unstable,

unless additional steps are carried out to permanently affix the amphiphillic molecules

on the surface using stable chemical bonds.

7.2.3 Covalent Biofunctionalization

Covalent biofunctionalization is based on the attachment of biomolecules to FND sur-

face, by the formation of stable covalent bond(s) between a chemical group on the

FND-surface and a biomolecule-terminal. Covalent bonds are formed by atomic pair-

ing wherein one or more electrons are shared among the participating atoms. These

bonds are usually very stable and facilitate the formation of a robust nanodiamond-

biomolecular complex, unlike those formed by adsorption or amphiphillic molecular

encapsulation. Some of the reactive chemical groups available on acid-cleaned FND

surfaces that are suitable for covalent biofunctionalization include carboxyl, ketone,

aldehyde and anhydride groups, and are presented in Figure 7.515.

One of the initial work that promoted research on the covalent functionalization of

biomolecules on diamond surfaces was carried out by Ushizawa et al. 259 , who immo-

bilized DNA on the bulk diamond surface. Their approach was to introduce chloro-

carbonyl groups on the diamond surface by acid cleaning followed by treatment with
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Figure 7.6: Attachment of
thymidine on bulk diamond
surface using chlorocarbonyl
groups, generated by treat-
ment with acid and thionyl
chloride. The thymidine nu-
cleotide acted as a surface
anchor for further attach-
ment of DNA. Reproduced
from Ushizawa et al. 259 with
permission from Elsevier.

Figure 7.7: Fluorination
of nanodiamonds followed
by attachment of alkyl
or amino acid group.
Nanodiamonds are abbre-
viated as ND. Reprinted
with permission from Liu
et al., Functionalization of
nanoscale diamond powder:
Fluoro-, alkyl-, amino-, and
amino acid-nanodiamond
derivatives, Chemistry of
Materials, 16(20):39243930,
2004 Liu et al. 157 . Copyright
(2004) American Chemical
Society.

thionyl chloride. Afterwards, an anchor point made of thymidine nucleotide was co-

valently attached to the chlorocarbonyl group, which facilitated further attachment of

DNA. These steps are shown in Figure 7.6.

Another method of anchoring biomolecules on nanodiamond surface was demon-

strated by Liu et al. 157 . Instead of generating chlorocarbonyl groups, the nanodiamond-

surface was subject to fluorination using a highly acidic reagent, HF. The fluorinated

surface was reacted in a second step to form nanodiamonds functionalized with alkyl

groups (methyl or butyl) or amino acids. A schematic of the chemical reaction is

presented in Figure 7.7.

Kruger et al. 141 , in 2006, prepared amino acid functionalized nanodiamonds using a
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very different approach. They questioned the homogeneity of surface chemical groups

on the nanodiamonds cleaned using oxidizing acids, because oxidization procedure

did not affect hydroxyl groups. Therefore, they used a reduction reaction to convert

carbonyl groups to hydroxy groups, in an attempt to achieve a homogenized surface.

Later, silanization was carried out to facilitate the attachment of numerous types of

biomolecules, although the yield of this reaction was not very well characterized, after

all.

Hens et al. 105 carried out a combination of several methods to produce amine group

(-NH2) terminated nanodiamonds. Nanodiamonds were first processed to re-dress the

surface with hydroxyl groups141. Using three further steps that involved treating the

nanodiamonds with tosyl chloride, potassium cyanide and lithium aluminum hydride,

aminated nanodiamonds were prepared. These particles were cleaned with sodium

hydroxide and linked to reactive biomolecules and dyes.

Dahoumane et al. 60 reported on the functionalization by a different approach us-

ing electroless grafting of +N2-C6H4-CH(CH3)-Br (bromoethyl benzene diazonium salt)

onto the FND surface, by mere sonication of the two components for a certain period

of time. Later, carboxyl groups were introduced in the grafted bromoethyl benzene

diazonium molecules by a few chemical reactions. Using the carboxyl group, a protein,

bovine serum albumin (BSA), was anchored onto the FND via a EDC/NHS [1-ethyl-

3(3-dimethylaminopropyl) carbodiimide/N-hydroxysuccinimide]-assisted chemical re-

action.

Purtov et al. 202 compared the performances of adsorption and covalent methods

of FND-biofunctionalization. The covalent biofunctionalization with BSA and im-

munoglobulin was carried out using benzoquinone molecules as the linker, as shown

in Figure 7.8. The complexes prepared by the covalent biofunctionalization method

demonstrated sustainability and high colloidal stability in blood-serum.

Several more demonstrations of covalent biofunctionalization of biomolecules to

nanodiamonds has since been reported in the literature. Most of them use one of

the above mentioned techniques or variants. For example, Takimoto et al. 250 used

a combination of covalent functionalization and amphiphilic molecules to attach dye
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Figure 7.8: Immobilization
of of protein on benzo-
quinone activated nanodi-
amond. Proteins could be
immunoglobulin or BSA.
Reproduced from Purtov
et al. 202 with permission
under Creative Commons
license agreement.

molecules on the surface of nanodiamonds. The reaction schematic and the illustration

of this stable, encapsulated nanodiamond is shown in Figures 7.9(a) and 7.9(b).

Despite the progress in the field of nanodiamond biofunctionalization, many of these

reported techniques are specialized for a particular type of molecule to be grafted.

Moreover, they are seldom easy, versatile and stable at the same time. We addressed

this issue by designing a simple, yet, robust and versatile method. This method of

FND-functionalization was based on a pair of affinity molecules. Although the bio-

functionalization of quantum dots and magnetic nanoparticles179,278 have been demon-

strated using this method, FND-biofunctionalization presented several challenges that

will be discussed below.

7.3 Biofunctionalization Strategy

7.3.1 Barstar:Barnase - the Molecular Lego Pair

Barstar (Bs) and barnase (Bn) are eminent examples of proteins that constitute an

affinity molecular pair. In the nature, Bn is a ribonuclease† found in Bacillus amy-

loliquefaciens 101, whose intracellular activity is suppressed by Bs, by forming a tight

complex. This complex, abbreviated as Bs:Bn‡, has a dissociation constant (KD) of

10 fM65. The highly affine and specific pairing can be visualized as a magnetic lego

system. The 3D molecular structure and a lego representation of the Bs:Bn complex

†Nucleases are enzymes that degrade nucleic acids. Specifically, a ribonuclease degrades ribonucleic
acids (RNA)
‡‘:’ in Bs:Bn denotes the complex formed by the natural intermolecular binding affinity between

barstar and barnase, primarily based on hydrogen bonding and electrostatic interaction
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(a) Reaction scheme for producing buffer nanodiamond-dye com-
plexes

(b) Illustration of ‘capped’ nanodiamond (ND) functionalized with
dyes

Figure 7.9: The reaction and structure of a dye-capped nanodiamond - a combined
biofunctionalization strategy using micelle encapsulation and covalent biofunctionalization.
Reprinted with permission from Takimoto et al., Preparation of Fluorescent Diamond
Nanoparticles Stably Dispersed under a Physiological Environment through Multistep Or-
ganic Transformations. Chemistry of Materials, 22(11):34623471, 2010250. Copyright (2010)
American Chemical Society.

are presented in Figure 7.10.

Bs and Bn are relatively small (10.2 and 12.4 kDa, respectively) proteins that are

water-soluble and stable in both paired and unpaired forms65. One of the peculiarities

of these proteins is that their tertiary structures are stabilized only by hydrogen bonds,

whereas most other proteins rely on specific disulfide bonds. The implications of the

absence of disulphide bonds manifests as their tolerance to harsh temperature (up to

50 oC) and pH (2 - 12) conditions133. Deployment of a mutant form of Bs (C40A,

C82A) also facilitates the recombinant design of multivalent fusion proteins65, where

uncontrollable disulfide bonds can often be inconvenient. These qualities enable the
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Figure 7.10: The 3D molecular structures (top) and the respective block models (bottom)
of the barstar (Bs) and barnase (Bn) approaching each other to form a complex. Bs and Bn
are colored green and brown, respectively. The 3D molecular structures were rendered using
the Swiss PDB viewer using the X-ray diffraction-based data published by Urakubo et al. 258 .
Courtesy RSC Protein data bank.

use of Bs:Bn lego pair in applications, where it constitutes as a strong, modular base for

design of molecular and nanoparticular complexes of exquisite variety and complexity,

as will be addressed in the following sections.

7.3.2 Design and Strategy

Using the versatile Bs:Bn lego pair, it is conceivable to functionalize FNDs with numer-

ous types of proteins. For example, to produce FNDs functionalized with Enhanced

Green Fluorescent Protein (EGFP), two lego counterparts FND-Bs† and Bn-EGFP

can be synthesized separately. Later, mixing these two counterparts would produce

the complex FND-Bs:Bn-EGFP. This idea is graphically portrayed in Figure 7.11. The

†‘-’symbol denotes covalent bonds between the groups
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covalent links in the FND-Bs and Bn-EGFP along with the high affinity Bs:Bn link

ensures that the final complex is stable. FND-Bs, can be prepared by a covalent

functionalization of -COOH groups on the FND-surface and -NH2 terminals of a Bs

molecule. The counter sub-unit module, Bn-EGFP, can be produced by recombinant

methods, which is a robust and reproducible. Replacement of the EGFP with other

proteins (e. g. mRFP or antibody) or nanoparticles (e. g. gold nanoparticles) can

yield a variety of complexes that are conceptualized in Figure 7.12. These complexes

demonstrate the versatility of Bs:Bn-based biofunctionalization platform.

The steps required for FND-biofunctionalization, using the Bs:Bn lego pairing, are

enlisted below:

1. Characterization of the FND

2. Synthesis and characterization of FND-Bs

3. Verification of the covalent bonding in FND-Bs

4. Biofunctionalization of FND-Bs with Bn-containing counterparts, and

5. Characterization of the final complexes.

7.3.3 Characterization of FNDs

An aqueous colloid containing 0.1% w.v−1 of 140-nm, N-V center-containing FNDs

was purchased from Academia Sinica, Taiwan. The acid-treated FND-surfaces har-

bored -COOH groups enabling easy biofunctionalization. The size, colloidal stability,

concentration, zeta-potential and fluorescence properties of the FND were characterized

as described in the following subsections.

7.3.3.1 FND Size and Colloidal Stability

The hydrodynamic diameter of the FND, suspended in water, was assumed to be a

representative of the true size of the FND. The size distribution measured by using a
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(a) FND-Bs (b) Bn-EGFP

(c) FND-Bs:Bn-EGFP

Figure 7.11: Biofunctionalization of FND with EGFP (enhanced green fluorescent protein)
using the Bs:Bn linker. The multifaceted crystal, brown cones, green hemispheres and green
barrel structure represents FND, Bn, Bs and EGFP, respectively.
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(a) FND-Bs:Bn-mRFP (b) FND-Bs:Bn-antibody (c) FND-Bs:Bn-nanogold

Figure 7.12: Design of the other possible complexes of FND based on the barstar and
barnase modular approach.

dynamic light scattering method (see Section 4.1.3 for detailed methodology) is pre-

sented in Figure 7.13. The measured size was found to be smaller (≈100 nm) than

that provided in the supplier data sheet.

In order to investigate the colloidal stability in salt-containing solutions, FND was

centrifuged and re-suspended in three model buffers of varying pH and salinity: PBS

(pH 7.2), MES buffer† (pH 6.0) and PB20‡ (pH 7.2). The FND size-distributions,

presented in Figure 7.13, revealed the increase in the hydrodynamic diameter (200 nm -

1 µm), which was interpreted as agglomeration. Therefore, we concluded that the FND

was not colloidally stable in salt-containing solutions. The observed agglomeration was

likely due to the salt-induced charge screening, resulting in reduced coloumb repulsion

between the individual particles.

7.3.3.2 FND Concentration

It was necessary to determine the molar concentration of FNDs in the colloid to design

the biofunctionalization procedure. Using the known values of size and mass/volume

concentration (0.1% w.v−1), the molar concentration of the 140-nm FND in the as-

received colloidal sample was calculated as follows:

†MES buffer contains 50 mM 2-(N-morpholino)ethanesulfonic acid and 2 mM EDTA (ethylene
diamine tetraacetic acid)
‡Phosphate buffer containing 20 mM NaCl, in contrast to PBS which contains 155 mM NaCl
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Figure 7.13: Size distribu-
tion of 140 nm fluorescent
nanodiamonds in four dif-
ferent solvents, as measured
with zetasizer. FNDs aggre-
gate in the presence of salt.

Volume of one 140-nm FND =
4π

3
r3

=
4π

3

(140× 10−9)3

8
m3

= 1.43× 10−21 m3

Thus, mass of one 140-nm FND = Volume× 3.53× 106 g.m−3

= 5.07× 10−15 g

thus, 0.1%w.v−1 FND in water is equivalent to =
1

5.07× 10−15 × NA

M

= 32.7× 10−11 M (7.1)

where, NA is the Avogadro’s constant.

7.3.3.3 FND Surface Charge and Fluorescence

The chemical groups present on FND surface contributed to the net surface charge.

Generally, static charges associated with surfaces are characterized in terms of zeta-

potentials (see section 4.1.4 for details). The zeta-potential of 140-nm FNDs, suspended

in PB20 (pH 7.2), was measured to be ≈ -47 mV, using a Zetasizer. The negative

surface charge at the neutral pH value (pH 7) was an indication of the carboxyl groups
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Figure 7.14: The fluores-
cence emission spectra of N-
V center-containing, 140-nm
FND colloid suspended in
water, under 532-nm laser
excitation.

present on the FND surface.

The optical properties of the N-V center-containing FNDs were characterized by

acquiring their fluorescence spectra. Figure 7.14 shows the fluorescence emission spec-

tra of the FND, measured by using a fluorimeter with a laser excitation at 532 nm (see

Section 4.1.2 for detailed methodology).

7.4 Synthesis of FND-Bs

Using the Bs:Bn molecular lego pair, two variants of the FND-based molecular com-

plexes were possible: FND-Bs:Bn-X and FND-Bn:Bs-X, where X is the functional

biomolecule of interest. However, the latter complex, which required the synthesis of

FND-Bn lego counterpart, was not preferred since the electrostatic adsorption between

the positively charged Bn (pI = 8.9) and the negatively charged FND (zeta-potential≈ -

47 mV), competing with covalent bonds was anticipated to yield unstable complexes.

The FND-Bs, on the other hand, was expected to be stabilized only by covalent bonds,

because of the negative charges of both Bs (pI = 4.6) and FND inhibiting the ph-

ysisorption pathway.

Considering the manufacturer-specified prevalence of -COOH surface groups on the

as-received FND sample, a covalent reaction that links the -COOH group to the -NH2

group in the Bs molecule was designed229, yielding a stable FND-Bs complex. This
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covalent reaction required pre-activation of the -COOH group, which was performed

using the EDC† and sulfo-NHS‡-based reaction. Addition of the activated -COOH

group-containing FND to the -NH2 group-containing Bs resulted in the spontaneous

formation of FND-Bs.

The large surface area of FND-particles ensured several Bs-molecules to be accom-

modated on a single FND-surface. Geometric calculations revealed that one 140-nm

FND could accommodate approximately 6000 molecules of Bs in a square packing ge-

ometry. Therefore, to ensure the complete functionalization of 300 µL stock solution

containing 0.1% w.v−1 of 140-nm FND, 200 µL of solution containing 2.5-mg.mL−1 Bs

was determined to be sufficient. Concentration-based calculations revealed that in or-

der to activate 300 µL of 0.1% w.v−1FND stock solution, 2.3 µL of 10 mg.mL−1 EDC

and 50 µL of 10 mg.mL−1 sulfo-NHS was required. Based on these parameters, the

following functionalization procedure was formulated and carried out:

1. Centrifuge 300µL of the purchased FND colloid at 4300 ×g for 3 min

2. Re-suspend the FND-pellet in water, adjusted to a pH of 4.5 (by addition of

HCl)

Low pH values reportedly increased the efficiency of the activation of -COOH

groups229

3. Under sustained bath-sonication, add 2.3 µL of 10-mg.mL−1 EDC and 50 µL of

10-mg.mL−1 sulfo-NHS

Sonication was necessary to avoid FND aggregation during the activation proce-

dure. Increasing the concentrations of EDC and sulfo-NHS by 10-fold resulted in

the formation of visible aggregates in the solution

4. Continue the reaction under sonication for 15 min

5. Centrifuge the activated FND at 4300 ×g for 3 min, re-suspend in 300 µL water

and place in a bath sonicator

†1-Ethyl-3-[3-dimethylaminopropyl]carbodiimide hydrochloride
‡N-hydroxysulfosuccinimide
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6. Prepare 200 µL of 2.5 mg.mL−1 Bs solution in PB20 and place in a bath sonicator

7. Add the activated FND solution into the Bs solution in 10 µL drops

Slow addition prevented FND agglomeration caused by increase in salt concen-

tration. It also ensured that FNDs were immediately coated with Bs-molecules,

preventing agglomeration

8. Continue the covalent binding reaction for 2 hr

9. Centrifuge the product ‘FND-Bs’ at 4300 ×g for 3 min and re-suspend the pellet

in 500µL of PB20

7.4.1 Characterization of FND-Bs

The covalent biofunctionalization reaction between FND and Bs was carried out accord-

ing to the procedure detailed above. The resultant FND-Bs solution was characterized

and compared with the pristine FNDs in terms of size, colloidal stability and zeta-

potential, aiming to confirm the binding. These results are summarized in Table 7.1.

Colloidal stability in the salt-containing PB20 was an immediate observation fol-

lowed by the biofunctionalization. FND-Bs remained stable when suspended at a con-

centration as high as 0.1% w.v−1. In contrast, the pristine FND formed aggregates in

PB20 at concentrations >0.001% w.v−1. The surface-bound Bs molecules most likely

increased the FND-surface hydrophilicity and spatial stability. In addition to the im-

provement in the colloidal stability, a notable positive increase in the zeta-potential was

also observed. The zeta-potential of FND-Bs was found to be -32 mV, in comparison

to that of -47 mV of the pristine FND. That is, the surface-bound Bs-molecular layer

resulted in screening of the FND-surface charge. These results provided confirmation

on the existence of the Bs-molecular layer on the FND-surface. However, the nature

of the binding between FND and Bs required further verification.
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7.4.2 Proof of the Covalent Biofunctionalization

One of the straightforward methods to test the covalent nature of the bonding in FND-

Bs was to carry out a similar reaction without the catalysts that activated the -COOH

groups. Therefore, a dummy reaction was performed, where the FND and Bs were

treated as before, but in the absence of EDC and sulfo-NHS. This reaction resulted

in the production of FND+Bs complexes, where Bs molecules were expected to be

merely physisorbed on the FND-surface. Comparisons of physiochemical properties of

FND-Bs and FND+Bs was expected to reveal the nature of the bonding between the

FND and Bs in these two complexes.

To our surprise, it was observed that FND+Bs was also stable in PB20 at colloidal

concentration of 0.1% w.v−1 (see table 7.1). This suggested that the adsorption of

Bs-molecules rendered FNDs stable in, salty solutions, which would otherwise undergo

aggregation. Therefore, the property of colloidal stability was unable to reveal differ-

ences between the nature of bonding in FND-Bs and FND+Bs. It should be noted that

both FND-Bs and FND+Bs suffered from aggregation at saline conditions (data not

shown). At the same time, zeta-potential measurements provided a definite distinc-

tion between the FND-Bs and FND+Bs complexes. The zeta-potential of FND+Bs

remained at -43 mV, close to -47 mV of the pristine FND, in comparison to that of the

covalently bound FND-Bs (-32 mV).

Further confirmation of the covalent nature of the bonding of the FND-Bs com-

plex was provided by means of the X-ray photoelectron spectroscopy (XPS). XPS is a

quantitative technique used to empirically determine the elemental composition of ma-

terials, with the probing depth limited to 10 nm from the sample-surface. A sample is

irradiated with X-rays of a fixed energy, which is dissipated along two main pathways:

for electrons to escape the inner atomic orbitals, and as the kinetic energy of released

(scattered) electrons. Therefore, the energy of the inner atomic orbitals is calculated

by detecting the kinetic energy of the scattered electrons. The stochiometric chemical

composition of the sample can be derived from the energy spectrum, as an elemental

signature. The nitrogen signature can be used to determine the presence of Bs, bound
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to FND, which otherwise contain negligible quantities of nitrogen. However, in cor-

roboration with the observation of identical colloidal stabilities, it was observed that

both the FND+Bs and FND-Bs contained nitrogen-signature, indicating the presence

of a Bs-molecular coat. Therefore, additional treatments were required to unveil the

differences in the nature of bonding between FND and Bs.

Adsorption of molecules onto the surface has been shown to be dependent on pH232.

This is because the net electrostatic charge of particles/biomolecules is dependent on

the pH. When the pH is fixed at the isoelectric point (pI)† of a biomolecule or a

nanoparticle, either one of them becomes electrically neutral. Therefore, adjusting

the pH to the pI value of Bs (4.6)239 was expected to minimize the adsorption of

the Bs-molecules on the FND surfaces. The FND-Bs and FND+Bs complexes were

rigorously washed using acidic and basic solvents several times to remove the adsorbed

Bs-molecules, prior to XPS analysis. The following steps were carried out to prepare

the washed FND-Bs and FND+Bs samples before the XPS analysis:

1. FND-Bs and FND+Bs solutions in PB20 were centrifuged at 4300 × g for 3 min

and re-suspended in PB20 pH 4‡

This procedure made both FND and Bs electrically neutral

2. The resulting solutions were centrifuged at 4300 ×g for 3 min and re-suspended

in PB20 pH 7.2

3. The solutions were centrifuged and re-suspended in PB20 pH 10§

This step caused an increase of the negative charges of FND and Bs, resulting in

a stronger electrostatic repulsion

4. The solutions were centrifuged and re-suspended in PB20 pH 7 (twice).

The XPS spectra obtained from these two samples are shown in Figure 7.15. The

spectra of FND-Bs contained a nitrogen peak, indicating the presence of the barstar

molecules on the surface. In case of the FND+Bs, the rigorous wash removed the

†Isoelectric point is the pH at which the molecule/particle is neutrally charged
‡PB20 of pH 4 was prepared by adding dilute HCl to PB20
§PB20 of pH 10 was prepared by adding dilute NaOH to PB20
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Figure 7.15: Comparison of the XPS
signals from nitrogen traces (present in
the protein attached to the FND) in
FND-Bs (a) and FND+Bs (b). Dashed
lines are to aid the visual comparison.

adsorbed Bs-molecules from the surface, resulting in the lack of a nitrogen signal.

These observations confirmed that the FND-Bs complex was of covalent nature and

was able to withstand multiple washing steps.

Thus, the first stage of the FND-biofunctionalization was proven to be successful,

yielding colloidally stable FND-Bs complexes that were resistant to multiple washing

steps. Linking Bn-containing counterparts to the FND-Bs, using the Bs:Bn lego-pairing

interaction is discussed in the following sections.

7.5 Bs:Bn-based FND complexes

In order to demonstrate the simplicity, robustness and versatility of the molecular lego-

based FND-biofunctionalization strategy, two complexes were designed. Two Bn-based

counterparts were synthesized for binding to FND-Bs:

1. Complex of Bn and EGFP, hereafter represented as Bn-EGFP, was produced by

expressing the corresponding recombinant plasmid in bacteria239
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2. Complex of Bn and nanogold, hereafter represented as Bn-nanogold, was pro-

duced by using a heterobifunctional poly-ethyleneglycol linker. One end of this

linker contained a gold-binding, -SH, group and the other end was coupled to a

Bn-molecule239

7.5.1 FND-Bs:Bn-EGFP

The complex – FND-Bs:Bn-EGFP – was synthesized using the counterparts FND-

Bs and Bn-EGFP. Solutions containing the FND-Bs and Bn-EGFP were mixed and

incubated for 30 min at room temperature. Excess of the unreacted Bn-EGFP was

removed by centrifugation (14,000 × g) based cleaning, three times. Each time the

FND-Bs:Bn-EGFP pellet was resuspended in fresh PB20. The three corresponding

supernatants that presumably contained the un-reacted Bn-EGFP were collected and

consecutively labeled as SN1, SN2 and SN3.

The final FND-Bs:Bn-EGFP suspension was thoroughly characterized by measuring

its hydrodynamic size, colloidal stability, zeta-potential, fluorescence and biocompati-

bility. The first three characteristics are collated in Table 7.1. Similar to FND-Bs, the

FND-Bs:Bn-EGFP was also found to be stable in PB20 at relatively high concentra-

tions (≈ 0.1% w.v−1). The zeta-potential of the FND-Bs:Bn-EGFP was more positive

than FND-Bs, FND+Bs or FND, confirming a stable link between the FND and EGFP

moieties.

A direct confirmation of the biofunctionalization of FND and EGFP was obtained

by measuring the fluorescence spectra of the FND-Bs:Bn-EGFP solution and the su-

pernatants collected at the completion of the three cleaning steps. Two fluorescence

emission spectra, acquired at wavelengths corresponding to those of the EGFP [Fig-

ure 7.16(a)] and FND [Figure 7.16(b)], provided confirmations on their presence in the

solution. The observation of little EGFP signal in the supernatant solutions SN2 and

SN3 suggested that the EGFP was bound to FND.

In order to obtain further confirmation of the bound nature of FND and EGFP, the

synthesized FND-Bs:Bn-EGFP containing solution was deposited on a glass substrate

followed by imaging using a fluorescence confocal microscope (see Section 4.4 for details
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(a) Fluorescence emission spectrum under 480-nm excitation

(b) Fluorescence emission spectrum under 532-nm excitation

Figure 7.16: The fluorescence emission spectra of FND-Bs:Bn-EGFP and the supernatants
SN2 and SN3 obtained during the washing procedure, using two excitation bands at wave-
lengths of 480 nm and 532 nm - falling into the optical absorption bands of EGFP and FND,
respectively.

on microscopy techniques). A 488-nm laser was used to excite both EGFP and FND

and a set of 30 images were acquired with fluorescence emission wavelengths scanning

from ≈ 500 nm to 800 nm. The fluorescence from the EGFP and FND were the

brightest in the images corresponding to the wavelengths of 513 nm and 674 nm,

respectively. In Figure 7.17, they appeared as bright diffraction limited spots and

their spatial overlap was a direct confirmation of their bound state. The spectra were
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(a) FND-Bs:Bn-EGFP;
513 nm emission

(b) FND-Bs:Bn-EGFP;
674 nm emission

(c) FND-Bs:Bn-EGFP;
513 nm & 674 nm com-
bined

Figure 7.17: Representative fluorescence confocal images of FND-Bs:Bn-EGFP under 488-
nm laser excitation in a fluorescence confocal microscope. The EGFP and FND fluorescence
are visible at 513 nm and 674 nm, respectively. An overlay of these two images revealed their
co-localized behavior suggesting they existed as a single unit. Scale-bar 3 µm.

obtained by plotting the average pixel intensity from the brightest region in the images

at each wavelength, and is presented in Figure 7.18. Comparison of these spectra with

that of the pristine FND confirmed the contribution of EGFP to the net fluorescence

signal and their colocalization.

7.5.1.1 Quantification of the Functionalization Ratio

A simplistic geometry-based calculation presented in Section 7.4 suggested that a 140-

nm FND particle can accommodate ≈ 6000 molecules of EGFP, on its surface. To

verify this calculation, the concentrations of FND and EGFP moieties in the FND-

Bs:Bn-EGFP solution were measured using the fluorescence intensity-based analysis.

The fluorescence intensities from the FND-Bs:Bn-EGFP solution were measured and

compared to a set of intensity calibration curves (shown in Figure 7.19), generated from

the tabulated concentrations of FND and EGFP. Note that the EGFP calibration curve

was obtained using fluorescein (exhibiting similar fluorescence spectrum to EGFP),

accounting for their relative fluorescence throughputs, due to the large uncertainty in

the EGFP stock concentration.

The concentrations of FND and EGFP were estimated to be 0.000189% (w.v−1) and

0.826 nM, respectively. Using density-based calculations, the molar concentration of
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Figure 7.18: Fluorescence emission spectra of FND and FND-Bs:Bn-EGFP under 488 nm
excitation. The spectra of FND-Bs:Bn-EGFP was obtained from the bright spot in Fig-
ure 7.17. The reduction in the fluorescence intensity at 625 nm is due to the wavelength
dependent response of the detection system confocal microscope, which has a dip in the sen-
sitivity at 625 nm to 650 nm. Correction of the spectra gave rise to artefacts, likely to be
due to non-reproducibility of the spectral acquisition system in-built in the microscope.

FND was found to be 620 fM. These values suggested that, in average, ≈1300 EGFP

molecules were bound to each 140-nm FND, which is considered to be close to the

estimate of 6000:1, obtained using the geometric modeling.

7.5.1.2 Cell labeling with FND-Bs:Bn-EGFP

The usefulness of the FND as a probe for labeling applications demanded stability

of the biofunctionalized FND-particles at physiological conditions. In order to verify

the required stability, the FND-Bs:Bn-EGFP particles were incubated with cells and

examined by using the fluorescence confocal imaging. The chinese hamster ovarian

(CHO-K1) cells (see Section 4.2), grown on a 4-well imaging slide, were incubated with

an FND-Bs:Bn-EGFP solution, prepared in PBS+CM†, for 1 hr at 37 oC. Subsequently,

the cells were fixed with a 3.7 % paraformaldehyde solution and the slide was sealed for

imaging. Figure 7.20(a) presents a micrograph of a representative CHO-K1 cell, where

the fluorescence image was overlaid over the corresponding phase contrast image. The

†PBS with additional 0.1% BSA, 20 mM D-Glucose, 0.9 mM CaCl2 and 0.5 mM MgCl2



7.5 Bs:Bn-based Fluorescent Nanodiamond Complexes 181

(a) FND fluorescence calibration; FND-Bs:Bn-EGFP emission in-
tensity under 532 nm excitation

(b) EGFP fluorescence calibration; FND-Bs:Bn-EGFP emission
intensity under 482 nm excitation

Figure 7.19: Fluorescence intensity based concentration calibration charts for FND and
EGFP, along with the fluorescence intensity measured from the unknown concentration of
FND-Bs:Bn-EGFP solution.

fluorescence emission spectra, presented in Figure 7.20(b), was acquired from the bright

spot demarcated by a yellow arrow in the micrograph. This indicated that EGFP and

FND were colocalized and that the endocytosed FND-Bs:Bn-EGFP particles remained

as intact complexes, thus, confirming their stability.
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(a) Fluorescence confocal image of
CHO-K1; Scalebar 20 µm

(b) Fluorescence spectrum from the spot demarcated by the arrow
in (a), under 488-nm laser excitation

Figure 7.20: (a) An overlay of phase-contrast and fluorescence images of a CHO-K1 cell,
treated with FND-Bs:Bn-EGFP solution. The fluorescence image was obtained under a 488-
nm laser excitation. (b) Fluorescence emission spectra of the bright spot, marked by a yellow
arrow, in subfigure (a). The green and red sections of the spectra represent the contributions
of the EGFP and FND to the net fluorescence, thus, confirming the integrity of the FND-
Bs:Bn-EGFP complex.

7.5.2 FND-Bs:Bn-nanogold

The complex FND-Bs:Bn-nanogold was synthesized using the pre-fabricated lego coun-

terparts FND-Bs and Bn-nanogold, by Ms. Ekaterina A. Ivukina. Solutions containing

the two counterparts were mixed and reacted for 60 min at room temperature. The

mixture was centrifuged at 6000×g and the pellet, presumably, containing the complex
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FND-Bs:Bn-nanogold, was re-suspended in PB20 to remove unbound Bn-nanogold.

The complex’s diameter was measured by using dynamic light scattering and trans-

mission electron microscopy to yield ≈ 200 nm, with additional peaks of larger sizes,

probably represented by the aggregates. The zeta-potential was found to have two

peaks at ≈-21 and -40 mV, as shown in Figure 7.21(a). These two peaks were likely

to be associated with FND-Bs-Bn-nanogold (-21 mV) and un-reacted Bn-nanogold (-

40 mV). The electron microscopy images presented in Figure 7.21(b)) confirmed the

binding of several gold nanoparticles to an FND crystal, as expected.

7.6 Summary

Fluorescent nanodiamond (FND) is an emerging nanomaterial, suitable for biolabel-

ing applications as a fluorescent probe. The challenges of making FNDs biologi-

cally compatible and functional have been addressed by using a molecular lego pair

barstar:barnase (Bs:Bn). The ease, versatility and stability of FND-biofunctionalization

using the Bs:Bn strategy is demonstrated by the design, preparation and applications

of two supra-nanoparticular structures.

Properties of pristine FNDs: 140 nm acid-treated FNDs that contained N-V color

centers were characterized for their size, colloidal stability, surface charge and fluo-

rescence. The hydrodynamic diameter of FNDs was found to be ≈ 110 nm and were

stable in a aqueous colloidal form. However, the FNDs agglomerated upon the addition

of salt, forming clusters with diameters ranging from 200 nm to 1 µm. The surface

charge of FND, in terms of the zeta-potential, was found to be ≈ -47 mV, due to the

negatively charged surface carboxyl groups. The FND fluorescence spectrum exhibited

a broad emission, peaked at 670 nm.

Biofunctionalization of FNDs: The existing literature reports on wide variety of

FND biofunctionalization methods. Some methods are easy and unstable, while the

others are extremely stable, but demands complex chemical reactions. A new FND-

biofunctionalization strategy based on a molecular lego pair represents an appealing
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(a) Zetapotential of FND-Bs-Bn-nanogold, as measured by
Malvern’s Zetasizer

(b) TEM image of 140 nm FND functionalized with nanogold par-
ticles via the Bs:Bn linker. The diamond nanocrystal is the semi-
transparent crystal, whereas the black dots are the nanogold parti-
cles. Scale-bar 100 nm.

Figure 7.21: Characterization of the FND-Bs:Bn-nanogold complex using zeta-potential
and electron microscopy measurements.

trade-off between the complexity and stability, and is easy, versatile and robust.

Lego-based FND complexes: Barstar and barnase (Bs:Bn) molecular lego pair were

chosen in virtue of their high pairing affinity and stability. FNDs were covalently

biofunctionalized to Bs molecules, forming FND-Bs complexes. The covalent nature

of the bonding between FND and Bs moieties was confirmed by the X-ray photo-

electron spectroscopy and a number of control experiments. The covalent Bs-coating
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also increased the colloidal stability of FND in salt-containing buffer solutions. Bn-

EGFP and Bn-nanogold represented as the counterparts of the lego, which when added

to FND-Bs formed the supra-nanoparticular complexes FND-Bs:Bn-EGFP and FND-

Bs:Bn-nanogold. These complexes were characterized in terms of their size and zeta-

potentials. The FND-Bs:Bn-EGFP was demonstrated to be stable in biological condi-

tions, such as after being translocated into the cell cytoplasm following the endocytosis

by the CHO-K1 cells.

7.7 Conclusion

Fluorescent nanodiamonds (FNDs) are suitable for biolabeling applications as a fluo-

rescent probe. One of the important hurdles towards achieving this goal is to develop

a suitable method of biofunctionalization to anchor molecules on the FND-surface.

Barstar and barnase, an eminent molecular lego pair, were used to biofunctional-

ize FNDs with green fluorescent protein and gold nanoparticles. These two supra-

nanoparticular complexes were used to demonstrate the versatility and robustness of

this molecular lego strategy. This novel strategy is believed to be promising for the

biofunctionalization of a variety of nanoparticles, surfaces and biomolecules. Despite

the robust complex obtained after this biofunctionalization, the FND-based complexes

were not colloidally stable under saline, physiological conditions. This precluded their

use as probes for visualizing the endocytosis of somatostatin, as discussed in next

chapter.
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Tagging Cell-Signaling Molecules with

Fluorescent Nanoparticles

This chapter is based on the journal publication:

Varun K. A. Sreenivasan, Eun J. Kim, Ann K. Goodchild, Mark Connor and

Andrei V. Zyvagin, “Targeting somatostatin receptors using in situ-bioconjugated lu-

minescent nanoparticles”, Nanomedicine, available online, 2012241

This PhD research project culminates in this chapter by demonstrating targeted de-

livery of nanoparticles to the cells, or more specifically, somatostatin receptor-mediated

endocytosis of QDs in the cells. This experimental demonstration represents fulfillment

of the main objective of the PhD project. Convergence of the previously developed

techniques into this experimental demonstration requires a recap of the key concepts

187
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that will take place in the beginning. The existing methods of biofunctionalizing quan-

tum dots with biomolecules are reviewed, together with the design and development

of somatostatin biofunctionalization approaches. Visualization of the somatostatin

receptor-mediated endocytosis using quantum dots, by means of optical imaging, is

described.
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8.1 Recap and Introduction

In the context of biomedical applications, nanoparticles (NPs) can be thought of as

agile, conspicuous and targetable transport vehicles. In this project, NPs are used as

probes for biolabeling, relying on their properties of detectability by various imaging

techniques and targeting capability, i. e., specific affinity to cell/tissue sites of interest.

The detectability is an intrinsic property of all the NPs reported in this thesis, imple-

mented using high-sensitivity fluorescent nanoparticles. The NP targeting capability

is realized by attachment of specific targeting molecules on the NP-surface that binds

to certain address in cell/tissue – a process called biofunctionalization. For example,

a fluorescent NP can be biofunctionalized in such a way that it is accumulated in

cancerous tissue. This results in the fluorescent labeling of the cancer, enabling the

differential visualization of cancerous versus normal tissue. Organic dyes have been

used for many years for biolabeling in research and, more recently, in clinical scenar-

ios1 . NPs have potential to outperform these dyes in virtue of their physical/chemical

stability, non-cytotoxicity, photostability and, more uniquely, their ability to transport

many and different molecular species.

The targeting molecule design often relies on its pre-programmed affinity towards a

specific acceptor/receptor molecule. One such targeting molecule, called somatostatin

(SST), was introduced in Chapters 3 and 5. SST is a small signaling molecule charac-

terized with high binding affinity to its specific, cell membrane-bound receptor (sst).

sst(s) are expressed in several cell types, where they serve specialized and significant

functions. For example, their activity in neurons in the rostral ventrolateral medulla

(RVLM) region of the brain controls blood pressure41; sst-activation in the pituitary

gland by SST-binding results in the inhibition of growth35. In most cells, sst(s) are lo-

cated at the cell-membrane, where the SST-binding region remains exposed towards the

extracellular space274. Therefore, NPs that are biofunctionalized with SST molecules

can be used to target these cells. Reubi et al. 207 proposed the use of SST-based tar-

geting strategy for labeling neuroendocrine tumors, as the tumorous cells host a large

number of sst(s) on their surface. A combination this molecular targeting strategy
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and the transport capability of NPs could be used for delivering therapeutic drugs into

tumors25. At the same time, SST-biofunctionalized NPs can be used to elucidate the

SST-activated cellular machinery as well as the sst-mediated intracellular signaling.

A plethora of cell signaling events associated with sst starts with SST-binding and

activation (detailed in Chapters 3 and 5). One of these events, called internalization

(also known as sst-mediated internalization, or more completely, endocytosis), is man-

ifested by cellular engulfment of the activated sst together with the bound SST, in the

form of an sst:SST complex†. The sst-mediated internalization is one of the methods in

which the number of ready-to-bind sst(s) at the cell-surface is externally modulated by

SST246. An addition of excess of SST results in the removal of sst(s) by internalization,

causing desensitization24,104,136. NP-based biolabeling of SST, can provide information

on the efficiency and time scales of the internalization. Quantum dots (QDs), were

our NPs of choice due to their merits, which were discussed in Chapters 2 and 6, and

briefed in the following paragraph.

A QD represents a semiconductor nanocrystal core, whose photo-excitation is gov-

erned by the quantum confinement effects11, resulting in exceptionally bright fluo-

rescence. This effect manifests as the nanocrystal core size-dependent wavelength of

fluorescence emission49. The QD nanocrystals are surface passivated with a semicon-

ductor shell, in order to protect the core from environmental damage and fluorescence

quenching. Moreover, the resultant core/shell structure is capped with an auxiliary

polymer layer to avoid potential cytotoxicity and improve photostability. The exten-

sive research and commercialization of QDs has resulted in improved physical, chemical

and fluorescence properties of commercially available QDs. These bright, photostable

and surface-functionalized QDs were eminently suitable as fluorescent probes for inves-

tigating the sst:SST internalization in cells.

In this chapter, the biofunctionalization of QDs with SST is described in detail

from the stages of conceptualization, design, methodology and characterization to the

in vitro biolabeling applications.

†The “:” represents the affinity binding between the two molecules
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8.2 Biofunctionalization of Quantum Dots

Biofunctionalization of QDs to a vast variety of molecules, including antibodies273,278,

agonists153, other proteins48, drugs220 and DNA160,220, has been reported previously.

Most methods of biofunctionalization were painstakingly chosen to suit each type of

molecule. Instead of an extensive literature survey on these methods, which can be

found in numerous reviews68,166, a summary of the these methods is listed below.

1. Adsorption160

This is the simplest method and includes attachment of molecules onto QD-

surface using hydrophobic, electrostatic or metal-affinity interactions. Solutions

containing QD and molecule(s) of interest are mixed under experimentally opti-

mized conditions, resulting in QD-surface ‘wrapped’ with chosen molecules. The

ease of this functionalization procedure, however, is countered by pitfalls of yield-

ing an unstable and irreproducible QD-bioconjugate.

2. Amphiphilic encapsulation, followed by chemical functionalization144,273

The semiconductor shells of QDs are generally hydrophobic in nature. This

prevents their direct application in biomedicine, where aqueous compatibility is

a prerequisite. Therefore, QD surfaces are treated with additional molecules.

Amphiphillic molecules are suitable, because they contain both hydrophilic and

hydrophobic terminals. They encapsulate the hydrophobic QDs, using hydropho-

bic interactions with the QD-surface to expose the hydrophilic domains towards

the aqueous exterior. Later, the hydrophilic regions of this molecular layer can be

used for biofunctionalization with targeting molecules, to render the QDs bioac-

tive. However, the amphiphillic coat on the QD may be sheared off, returning the

QDs to their original, hydrophobic, conditions. This shedding process may also

get enhanced in the presence of other molecules in the biological media, resulting

in the loss of the biofunctionalized addressing molecules.

3. Polymer coating, followed by direct covalent functionalization186

The issue of shedding of the amphiphilic molecular coat could be resolved by
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cross-linking amphiphillic polymers, stabilizing the coating. Besides providing

aqueous stability and protection, the increasingly popular polymer coatings may

also be designed to expose chemically reactive functional groups, for example,

carboxyl (-COOH) or amino (-NH2) groups. Biomolecules such as proteins can

then be functionalized to the QDs by a covalent reaction† between the chemical

group on the polymer coating and that in the biomolecule. Covalent functional-

ization yields extremely stable QD-biomolecular conjugates that are reproducible

4. Polymer coating, followed by indirect functionalization using affinity molecular

pairs227

The covalent functionalization of molecules to QDs demand chemical reactions

to be designed exclusively for (a) each type of molecule to be anchored and (b)

each type of functional group on the polymer coating. Indirect biofunctional-

ization methods using molecular pairs (to be discussed in the next section) can

enable creating QD-biomolecular complexes that are as stable as direct cova-

lent functionalization, in addition to being versatile. This method was used for

the biofunctionalization of QDs with SST and will be discussed in detail in the

following sections.

8.2.1 Molecular Lego Pairs

A class of naturally abundant molecules, referred to as affinity molecules or molecu-

lar lego‡ pairs, contribute themselves as key building blocks of living systems. Some ex-

amples of molecular legos include antibody:antigen§, complementary DNA/RNA pairs

and biotin:streptavidin, each one being instrumental to furnish important biological

processes56. They have also been utilized for various applications including NP bio-

functionalization, pathogen-detection assays and other immunological procedures, in

†A covalent reaction results in the formation of a covalent bond - a form of chemical bonding that
is characterized by the sharing of pairs of electrons between atoms
‡This term was coined by our group
§‘:’ represents a stable, non-covalent bond, normally stabilized by hydrogen bonding or Van der

Walls’ forces; ‘-’ represents a covalent bond
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virtue of their highly specific pairing interaction56. Among these high-affinity molec-

ular legos, the biotin:streptavidin (B:Sav) and barstar:barnase (Bs:Bn) pairs are of

particular interest here.

8.2.1.1 Biotin:Streptavidin

Streptavidin (Sav) is a protein isolated from Streptomyces avidini 23. Soon after its

discovery, it was found to posses unprecedentedly high affinity (KD = 1 fM) towards

the vitamin, Biotin (B)23. Since its discovery, this molecular lego pair has been applied

in a large number of areas, including in vivo biomedical applications96,131. The 3D-

rendered molecular structure of the B:Sav complex is presented in Figure 8.1(a). In

this chapter, the abbreviation ‘Sav’ would be used to represent streptavidin as well

as its natural/mutated functional analogs including the equally popular alternative -

avidin (extracted from egg-white90). Each molecule of Sav contains 4 biotin-binding

domains271. This multivalent binding has been flagged as advantageous in the literature

for assays that require high sensitivity56, however reports on such amplification are, to

the best of our knowledge, non-existent. This is most likely because most assays use

streptavidin, instead of biotin, as the carrier of the contrast agent. Unlike the Bs:Bn

pair, the B:Sav-based lego structures are not amenable to genetic engineering methods

as (i) biotin is a vitamin and (ii) Sav is a complex protein of quaternary structures.

8.2.1.2 Bastar:Barnase (Bs:Bn)

This molecular lego pair was described in detail in Section 7.3.1. Briefly, barstar (Bs)

and barnase (Bn) are prokaryotic proteins101 that bind to each other to form a tight

complex (dissociation constant, KD = 10 fM)65. It differs from the B:Sav by its 1:1

binding ratio and a completely protein-based integrity, which allows them to be genet-

ically engineered to form recombinant complexes.

Bs:Bn and B:Sav molecular lego pairs were proposed to serve as the tool for the

biofunctionalization of QD with SST. One sub-unit of a lego pair would be linked

to SST whereas its complimentary sub-unit would be covalently immobilized on the
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(a) Streptavidin:biotin (Sav:B). Streptavidin constitutes the four
multi-colored barrels, whereas biotin molecules are presented in a
ball-and-stick model.

(b) Barstar:barnase (Bs:Bn) complex. Bs and Bn are colored green
and brown, respectively. Reproduced from Figure 7.10.

Figure 8.1: The 3D structures of two molecular lego pairs rendered using the Swiss PDB
viewer using the X-ray diffraction-based data published by Le Trong et al. 147 and Urakubo
et al. 258 . Courtesy RSC Protein data bank.
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QD-surface. Thereafter, the affinity based interaction between the sub-units would

generate a SST-QD complex. That is, biofunctionalization of SST to QDs using B:Sav

or Bs:Bn pairs would yield the predictable complexes SST-B:Sav-QD or SST-Bs:Bn-

QD, respectively. Furthermore, swapping the positions of the sub-units can result in

the formation of SST-Sav:B-QD and SST-Bn:Bs-QD, respectively. The versatility of

this approach becomes immediately apparent when SST is to be replaced by another

molecule, for example, octreotide, an analog of SST197.

8.3 Somatostatin Sub-units of the Molecular Lego

Pairs

As the first step towards the biofunctionalization of QD with SST, using the molecular

lego pairs, the sub-units that contained SST were designed, procured and biologically

characterized. These will be detailed in the following sub-sections. Table 8.1 summa-

rizes all the characterization and imaging experiments presented in this chapter.

8.3.1 Somatostatin-Biotin (SST-B)

Two different designs of the SST-QD complexes were conceivable using the Sav:B

lego pair: (a) SST-B:Sav-QD and (b) SST-Sav:B-QD. Only the choice (a) was further

investigated for the following reasons:

1. Commercial availability of Sav-coated QD (Sav-QD).

2. The 4:1 binding stoichiometry of B:Sav dictates multivalency. Therefore, the

preparation of SST-Sav:B-QD would result in attachment of more than one QD

particle to a molecule of SST, causing undesirable aggregation.

3. On contrary, the preparation of SST-B:Sav-QD facilitates the attachment of mul-

tiple molecules of SST per QD particle, without aggregation. This complex also

renders multivalency to the QD-particles.
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Therefore, biotinylated SST molecules (SST-B) were initially designed to synthesize

the SST-B:Sav-QD complex. The structure of a native SST molecule is presented in

Figure 8.2(a). The amino acid-sequence -FWKT-, located at the hairpin bend of the

molecule, is critical for the sst-binding99. To minimize the impact on SST binding

capacity, the biotinylization was designed to be performed on the alanine residue in

the N-terminal of the molecule, via a flexible spacer molecule, poly-ethylene glycol

([-O-CH2-CH2-]n; PEG(n)), to form SST-nB. Two analogs of this complex, SST-2B

and SST-5B (where n = 2 and 5, respectively; collectively referred to as SST-B), are

presented in Figure 8.2(b). These in-house designed biotinylated somatostatin analogs

were custom-prepared and supplied by Auspep, Australia and Genscript, NJ, USA,

respectively.

The SST-2B and SST-5B, and their Sav-bound forms were expected to have differ-

ential biological activities. The SST-5B may be characterized with a reduced binding

affinity as compared to SST-2B, because of its larger size. On the other hand, its

long PEG spacer was designed to ensure that, after the SST-5B:Sav formation, the

SST moiety was well exposed for receptor-binding. This will be discussed in detail

shortly. Firstly, the biological function of the two analogs in the unbound form was

characterized.

8.3.1.1 Biological Characterization of Somatostatin-Biotin

A cellular membrane potential assay was used for this characterization, similar to that

in Section 5.6.1. Briefly, the AtT-20 cells that endogenously expressed sst(s) responded

to SST by hyperpolarization, which was read out by a membrane potential-sensitive

fluorescent dye. Figure 8.3(a) presents the time course of the cell membrane potential

in response to addition of SST. Addition of 100-nM SST resulted in a steep decrease of

the fluorescence intensity. The maximum fall in fluorescence was used as a quantitative

measure of the hyperpolarization.

Similar data were also obtained using the two biotinylated analogs SST-2B and

SST-5B. The hyperpolarization responses evoked by these SST-analogues were also

determined and are shown in Figure 8.3(b) as dose-response curves. The horizontal
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(a) Native SST. Reproduced from Figure 3.4

(b) Biotinylated SST (SST-nB)

Figure 8.2: Schematic of the (a) native and (b) biotinylated SST molecules, presented as
a chain of amino acids in a single letter code. A double line represents the naturally existing
disulfide bond between the two cysteine residues. The value of n determines the length of
the ethylene glycol spacer.

shift of the dose-response curve of the analogs with respect to that of the native SST was

indicative of their relative potencies. Quantitatively, their potencies were characterized

in terms of pEC50
† values, obtained by fitting the dose response curve to a logistic

equation (see equation 4.5). The SST-2B was found to be as potent as the native SST

with their pEC50 values of 8.1 ± 0.6 and 8.1 ± 0.1, respectively. However, the SST-5B

analog was found to be less potent with a pEC50 of 7.2 ± 0.1 (p-value = 0.05).

The lower potency of SST-5B is most likely to be due to its larger size, resulting

in lower binding affinity. This hypothesis was corroborated by our results described

in Chapter 5, where SST-mRFP showed even lower potency, because of larger size.

†pEC50 is defined as the negative log of the drug concentration required to stimulate half of the
maximum response
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(a) Time course of the fluorescence intensity from the membrane
potential sensitive dye; before, during and after SST addition to
the AtT-20 cells at the time-point demarcated by the black arrow.
Reproduced from Figure 5.8.

(b) Concentration versus hyperpolarization response curve of SST,
SST-2B and SST-5B. The hyperpolarization values were obtained
from the normalized values of maximum drop in the fluorescence,
marked by the dashed ‘{’, in (a) above.

Figure 8.3: AtT-20 cell membrane hyperpolarization responses evoked by the addition of
SST, SST-2B or SST-5B, as measured using a membrane potential-sensitive dye. The data
presented is a representative of at least three independent experiments, each performed in
triplicates. The error bar corresponds to standard error of means determined from one of the
triplicates.
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Figure 8.4: AtT-20 cell membrane hyperpolarization responses evoked by the addition of
SST or SST-Bs, as measured using a membrane potential-sensitive dye. The data presented
is a representative of two independent experiments, both performed in triplicates. The error
bar corresponds to standard error of means determined from one of the triplicates. Error
bars are not visible, when they are smaller than the symbol.

Therefore, the SST-5B complex was not used for the synthesis of the SST-QD com-

plexes.

8.3.2 Somatostatin-Barstar (SST-Bs)

The recombinant protein SST-Bs was designed and synthesized by our collaborator

Prof. Sergey M. Deyev. Functionalization of QD using the Bs:Bn lego pairing was not

pursued due the low potency of SST-Bs complex, as shown in Figure 8.4. The low

potency was most likely due to aggregation in the solution, visible to naked eye.

8.4 Somatostatin-Quantum Dot Internalization

QDs functionalized with SST molecules, via the B:Sav lego pairing, were used to study

internalization of the sst:SST complexes in the AR42J cells. These cells efficiently

internalize the sst(s), following the activation by SST270. The fluorescence of QDs

was expected to enable optical visualization of the sst-mediated internalization. The
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SST-QD complex was prepared by mixing solutions containing SST-2B and Sav-QD

(Qdot 605 ITKtm streptavidin conjugate; Invitrogen, Australia) in a 24:1 molar ratio,

because each QD was attached to ≈ 6 Sav-molecules according to the product data

sheet.

Images of the AR42J cells treated with SST-QD for time periods ranging from

15 min to 90 min are shown in Figure 8.5. sst-mediated internalization reportedly

occurs within few minutes after the SST-exposure270. Little SST-QD fluorescence was

detected after short incubation times, contrary to our expectation. The internalization

at longer incubation times (>60 min) occurred in the control (Sav-QD) as well, most

likely via non-specific internalization processes, rather than a specific, sst-mediated

process. A detailed study on the non-specific internalization of several types of QDs

was presented in Chapter 6.

8.4.0.1 Method

AR42J cells (see Section 4.2 for details) were seeded on a 4-well slide (BD Falcon)

on a day before the experiment. SST-2B:Sav-QD (SST-QD, in short) was prepared by

mixing the solutions containing SST-2B and Sav-QD (Qdotr 605 ITK TM Streptavidin

Conjugate; Life Technologies, Australia) at a molar ratio of 24:1, taking into account

of the two factors (a) an Sav molecule contains 4 biotin-binding terminals and (b)

each QD was functionalized to 6-8 Sav molecules, according to the product data sheet.

AR42J cells, grown on the slides, were incubated with 40 nM SST-QD (or Sav-QD,

as control) solution, prepared in phosphate buffered saline (PBS), for time varying

from 15 min to 90 min at 37 oC. After washing with PBS, the cells were fixed with

3.7% paraformaldehyde. 10-µM Hoechst 33342 was incubated for 12 min to stain the

nucleus. In experiments where the nuclear stain was not used, laser back reflection

imaging was used to obtain cell-morphological contrast. The cells were mounted using

PBS (phosphate buffered saline) and imaged by using fluorescence confocal microscopy

(see Section 4.4 for details).
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(a) 15 min; SST-QD (b) 15 min; Sav-QD

(c) 40 min; SST-QD (d) 40 min; Sav-QD

(e) 60 min; SST-QD (f) 60 min; Sav-QD

(g) 90 min; SST-QD (h) 90 min; Sav-QD

Figure 8.5: Fluorescence confocal images of the AR42J cells treated with 40-nM SST-QD
or the negative control Sav-QD for various time durations. The QD-originated fluorescence is
coded in red color and blue is the fluorescence from the nuclear stain. The images presented
here are representative of multiple images acquired from three independent experiments,
however, carried out with slightly different incubation time periods and imaging conditions.
Scale-bar 10 µm.
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8.5 The Effect of Streptavidin-Binding

Possible reasons for the undetected specific, sst-mediated internalization of SST-QD

are listed below:

1. SST-2B lost its biological function after the Sav-binding.

2. The attachment of relatively large QD-particle resulted in inhibition of the SST-

2B activity.

3. Oligomerization of the sst(s) after the SST binding85,209, resulted in the formation

of nanoparticular aggregates, precluding the clathrin-dependent internalization.

The affinity-mediated binding between streptavidin and biotin is the core process

behind the formation of the SST-QD complex, and its effect was investigated first.

As in the Section 8.3.1.1, this analysis was performed by carrying out an assay of

the membrane potential. Streptavidin-dylight594 (Sav-dy; Vector laboratories) was

used instead of Sav-QD in order to eliminate any inhibitory effect of attaching the

large QD particle. It was also less expensive, when compared to Sav-QD. Solutions

containing SST-2B and Sav-dy were mixed at 4:1 molar ratio to prepare the SST-

2B:Sav-dy complexes. The final solution was filtered using a desalting column to

remove unbound SST-2B. The hyperpolarization of the AtT-20 cells, in response to

the addition of SST-2B:Sav-dy, is presented as a dose-response curve in Figure 8.6.

The Sav-bound form of SST-2B was unable to evoke a response in the cells, in contrast

with the pristine SST-2B that clearly evoked a dose-dependent hyperpolarization, as

presented earlier.

Further experiments also corroborated this finding. A fixed concentration of Sav-

dy (20 nM) was added to the SST-2B solutions prepared at concentrations ranging

from 0.1 nM to 1 µM. Depending on their relative concentrations in these solutions,

either SST-2B or Sav-dy was in surplus. Hyperpolarization responses evoked by the

addition of these solutions to the AtT-20 cells were measured, and an unconventional

dose-response curve was plotted, as presented in Figure 8.7(a). In virtue of 4:1 binding

ratio of the B:Sav pair, 20-nM Sav-dy was able to bind to 80-nM SST-2B molecules
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Figure 8.6: Plots of the dose
versus hyperpolarization re-
sponse of the AtT-20 cells.
SST-2B was added to the
cells in Sav-bound or un-
bound form. The data pre-
sented is a representative
of three independent exper-
iments, each performed in
triplicate. The error bars
correspond to the standard
error of mean calculated
from one of the triplicate.

to form the, apparently impotent, SST-2B:Sav-dy complexes. As expected, the dose-

response curve appeared to be shifted to the right by 80 nM, in comparison with the

pristine SST-2B control. These observations indicate that the Sav-binding resulted in

the complete inhibition of SST-2B to bind and activate the sst (receptors).

To clearly portray the radical effect of Sav-binding on the SST-2B potency, mem-

brane potential assays with real-time Sav-additions were carried out. 1-µM SST-2B

was known to generate a long-lasting (several minutes) hyperpolarization response in

the AtT-20 cells. The time course of the hyperpolarization, measured using a mem-

brane potential-sensitive dye, in response to stimulation by 1-µM SST-2B, is presented

in Figure 8.7(b). Second addition of 0.27-µM Sav-dy to the cells under this condi-

tion resulted in depolarization and reversal of the membrane potential to basal values.

0.27-µM Sav-dy scavenged most of the free SST-2B in the extracellular medium. In

comparison, the cells that were treated with native SST remained hyperpolarized, ir-

respective of the Sav-dy addition. This corroborated the previous finding that B:Sav

binding abolished the potency of SST-2B molecules at activating the somatostatin

receptors.

The lack of sst-mediated internalization of SST-B:Sav-QD observed in Section 8.4

was most likely due to the same inhibitory effect of the B:Sav binding. However, the

reason for this inhibition is unclear. According to a study carried out by Green et al. 89
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(a) Hyperpolarization responses evoked in the AtT-20 cells by solu-
tions containing 20 nM Sav-dy and varying concentrations of SST-
2B, in comparison with SST-2B alone.

(b) Effect of addition of 0.27-µM Sav-dy on the time course of AtT-
20 hyperpolarization, evoked by addition of 1-µM SST-2B, in com-
parison with that by native SST.

Figure 8.7: Plots of hyperpolarization of the AtT-20 cells induced by the addition of SST
or SST-2B, which demonstrates the scavenging effect of Sav-dy on the SST-2B analog. The
data presented here is a representative of three independent experiments, each performed in
triplicate. The error bars correspond to the standard error of mean, calculated from one of
the triplicate.
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biotin molecules are buried deep inside the Sav-barrel structure, in the B:Sav complex

[see Figure 8.1(a)]. The distance from the carboxyl terminal of biotin molecule to the

mouth of the Sav-binding pocket was determined to be ≈ 9 Å89,93. Even though the

PEG linker, between the biotin and SST, in the SST-2B analog was ≈ 11 Å long,

it was possible that the excess 2 nm was insufficient to fully expose the SST moiety

for receptor-binding. This hypothesis was tested using the SST-5B, which had a much

longer spacer between the SST and biotin groups [see Figure 8.2(b)]. We found that the

SST-5B was also susceptible to the inhibitory effects of Sav-binding, yielding inactive

SST-5B:Sav-dy complexes [see Figure 8.8(a)], potentially ruling out the hypothesis.

Surprisingly, we also found that addition of Sav-dy and incubation for 40 min reduced

the activity of even the native SST [see Figure 8.8(b)]. This suggested that the SST

molecules became associated with Sav-molecules via non-specific interactions, render-

ing the sst-binding region inaccessible. In short, the SST-QD cell-targeting became

problematic and a new approach was designed and tested to circumvent the inhibitory

effect of Sav-binding.

8.5.1 Method

Membrane potential assays were carried out similar to that described in Section 5.6.1.

The SST, SST-2B and SST-5B solutions were prepared to obtain final concentrations

ranging from 0.1 nM to 1 µM. For experiments evaluating the inhibitory effect, Sav-dy

was added to these solutions at 1/4
th of agonist concentration and incubated for 30 -

40 min. For experiments to obtain unconventional dose response curves, as presented

in Figure 8.7(a), 20-nM Sav-dy was added to SST-2B solutions with concentrations

ranging from 0.1 nM to 1 µM and incubated for 30 min. For time course measurements

presented in Figure 8.7(b), the Flexstation was programmed to add Sav-dy after the

SST- or SST-2B-induced hyperpolarization reached a plateau. The final concentrations

of Sav-dy and the agonists were ensured to be in a 1:4 ratio, respectively, to ensure

complete binding.
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(a) Hyperpolarization evoked by different concentrations of SST-5B
and SST-5B:Sav-dy.

(b) Hyperpolarization evoked by a range of serially diluted solutions
containing either SST by itself or as a mixture of SST and Sav-dy,
at a 4:1 molar ratio.

Figure 8.8: The dose-hyperpolarization response curves obtained using the AtT-20 cells
stimulated by adding Sav-dy bound or unbound forms of (a) SST-5B and (b) SST. The
biological activities of SST-5B and SST are affected by Sav-dy addition. The data presented
here is a representative of three independent experiments, each performed in triplicate. The
error bars correspond to the standard error of mean, evaluated from one of the triplicates.
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8.6 In situ Biofunctionalization of Quantum Dots

Formation of the SST-B:Sav-QD and its ability to form the receptor-ligand complex,

sst:SST-B:Sav-QD, are dictated by two discrete binding steps:

Step 1. Binding of SST-2B to Sav-QD, via the biotin:streptavidin molecular lego pair-

ing, to form the SST-2B:Sav-QD complex.

Step 2. Binding of the sst to the SST moiety in the above complex, via the recep-

tor:ligand pairing.

Our previous results indicated that the binding step 1 prevented step 2 from oc-

curring. One method to overcome this was to reverse the order of these steps i. e., by

allowing the receptor:ligand pairing to occur before the biotin:streptavidin lego pairing.

This required specialized conditions, because the sst:SST-2B binding quickly activated

the cells and initiated internalization, resulting in withdrawal of the biotin moieties

into the intracellular space.

Several mechanisms exist by which the internalization can be ceased or suspended

temporarily. For example, active cellular processes come to a halt at low tempera-

tures, mainly because of lower diffusion rates and reduced ATP-energy supply [see

Figure 6.2 for example]38. Cells treated with SST at low temperatures were observed

to be inefficient at sst-mediated internalization, which was recovered to normal con-

ditions upon restoring the temperature back to physiological values137,267. Informed

by the study reported by Jaiswal et al. 125 , an in situ two-step biofunctionalization

strategy was used to link the sst:SST-2B complexes to the Sav-QDs, by exploiting the

temperature-modulated suspension of the internalization.

Representative images of the AR42J cells, subject to the in situ two-step biofunc-

tionalization, are presented in Figure 8.9. At the first step, the incubation of the cells

with SST-2B solution at low temperatures resulted in the formation of membrane-

immobilized sst:SST-2B complexes. Low temperature was expected to prevent the

sst:SST-2B internalization, and allow exposure of the biotin-moieties towards the ex-

tracellular space. Subsequent addition of Sav-QD resulted in the formation of the
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membrane-bound sst:SST-2B:Sav-QD complexes. Elevation of temperature to phys-

iological levels (37 oC) resulted in internalization of the sst-bound QD complexes,

observable as bright red patches inside the cells in Figure 8.9(a). The internalization

was highly specific, as confirmed by several control experiments. For example, replace-

ment of the SST-2B at the first step with a pure buffer, SST or biotin resulted in the

absence of internalization [see Figures 8.9(b), 8.9(c) and 8.9(d), respectively]. Minimal

QD uptake [see Figure 8.9(e)] was also observed in an additional control experiment,

where all the steps of the in situ biofunctionalization were carried out at 37 oC. Under

this condition, it was predicted that the sst:SST-2B complexes were internalized soon

after their formation, resulting in withdrawal of the biotin-moieties before the Sav-QD

could bind.

8.6.1 Method

The AR42J cells were seeded on a 4-well slide and allowed to grow until clusters

containing 3-4 cells were abundant. Reduction of temperature for the experiment was

achieved by placing the slide on an ice-cold substrate, covered with a thin latex sheet.

The temperature was not lowered for one set of control experiments. 20-µM SST-2B

solution (SST, biotin or PBS represented as the negative controls), prepared in cold

PBS, was added to the cells and incubated for 12 min. After washing the cells once with

cold PBS, 2-nM cold Sav-QD solution was added, while maintaining the temperature

for 12 min. The cells were washed twice with PBS and moved to a 37 oC incubator,

in order to resume the internalization of the receptor-ligand complexes, which were in

situ-biofunctionalized to the QDs. Thirty minutes later, the cells were fixed with 3.7%

paraformaldehyde and prepared for imaging using fluorescence confocal microscope (see

Section 4.4). Where Hoechst-based nuclear staining was not used, laser epi-reflection

provided the cell morphological contrast.
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(a) 20-µM SST-2B + 2 nM Sav-
QD; Ice-cold

(b) — + 2 nM Sav-QD; Ice-cold

(c) 20-µM SST + 2 nM Sav-QD;
Ice-cold

(d) 20-µM B + 2 nM Sav-QD; Ice-
cold

(e) 20-µM SST-2B + 2 nM Sav-
QD; 37 oC

Figure 8.9: Fluorescence confocal images of the AR42J cells treated with 20-µM SST-2B
(or controls) followed by 20-nM Sav-QD at ice-cold conditions (or 37 oC control) followed
by elevation of temperature to 37 oC. QD-originated fluorescence is coded in red, whereas
the laser back reflection that highlights cell-morphology is coded green. The images pre-
sented here are a representative of multiple images acquired from at least two independent
experiments. Scale-bar 10 µm.
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8.7 Summary and Discussions

Biofunctionalization is one of the major milestone in nanoparticle-based biological and

biomedical research, specifically in the fields of biomolecular imaging29. It mostly relies

on one or more types of physiochemical interactions between the nanoparticle surface

and the molecule. Somatostatin (SST) is an abundant and physiologically significant

peptide hormone and neurotransmitter molecule40,187 and its biological functions and

biomedical relevance have been investigated for several decades25,181. Biofunctionaliza-

tion of QDs with SST would enable attaining deeper insight into these functions and

offer a sensitive tool for biomedical applications.

First of the three reports ever on biofunctionalization of SST (or its analog) to a

nanoparticle was published in 1985 69, where colloidal gold particles were used to in-

vestigate SST internalization in rat anterior pituitary cells. It is interesting to note

that this report was published even before the somatostatin receptors (ssts) were iden-

tified, in 1992. Despite the progress in nanoparticle technology and development of

high-sensitivity fluorescent nanoparticles, for example quantum dots (QDs)110, fluores-

cent nanodiamonds277 and fluorophore impregnated matrices218, the later two reports

nanoparticle-SST complex were also based on nanogold140,249. Indeed, biofunctionaliza-

tion strategies to attach other molecules like drugs119, proteins278 and nucleic acids227

to these recent nanoparticles have been reported. This chapter reported on the biofunc-

tionalization of QDs, with somatostatin (SST), and various stages in the preparation

of the SST-QD complex and its application in cell-labeling were addressed.

First attempt on QD-biofunctionalization: Two SST-QD complexes were designed

based on the popular molecular lego pairs streptavidin:biotin (Sav:B) and barstar:barnase

(Bs:Bn)56, to produce SST-B:Sav-QD and SST-Bs:Bn-QD, respectively. These two

pairs enable easy, versatile and stable biofunctionalization of different types of molecules

to various nanoparticles28,177,239. The SST-Bs was characterized by very low potency

to activate sst(s), and was not used further. The likely reasons for low activity were

the increase in size and aggregation found in the solution, which reduced the effective

monomeric concentration.
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For biofunctionalization using the Sav:B pair, two types of biotinylated SSTs –

SST-2B and SST-5B – were designed and procured to synthesize SST-2B:Sav-QD and

SST-5B:Sav-QD, respectively. Characterization of the biological activity showed that

the SST-2B remained as potent as the native SST, whereas SST-5B was found to be

significantly less potent. The reduction was presumably due to the increased size of the

SST-5B, due to the longer polymer linker. Despite the high potency of the free SST-

2B, the complex that it formed after QD-biofunctionalization, SST-2B:Sav-QD, was

unable to trigger a cellular response and failed to undergo sst-mediated internalization.

This was unexpected, because most reports in the literature on similar Sav:B-based

biofunctionalization reported on synthesizing active conjugates28,146.

Sav-binding induced loss of SST-2B potency : Reasons for the loss of potency of

SST-2B bound to Sav-QD were investigated using a hyperpolarization-based cell assay.

These experiments indicated that the loss occurred mainly because of Sav-binding to

the biotin moiety. This inhibitory binding of Sav-dy to the SST-2B groups occurred

within several seconds. Our initial arguments were based on early reports on the deep

(≈ 9 Å) biotin-binding sites in an Sav-molecule, which can inhibit the SST activity,

if the spacer was any shorter20,90,93. However, this was not the case, because (a) the

PEG spacer in SST-2B was marginally longer than this threshold and (b) the activity

of SST-5B, with much longer spacer, was also inhibited upon Sav-binding. Moreover,

the potency of native SST was also affected by Sav-dy addition, suggesting that SST

was also vulnerable to non-specific binding. In the case of SST-2B and SST-5B, the

specific binding could have promoted the non-specific binding resulting in a complete

suppression of activity. Another possible reason for reduction in affinity could be the

large size of streptavidin (66 kDa), causing reduction in sst-binding affinity, similar to

the reduction in affinity observed after the attachment of mRFP, in Chapter 5.

In situ two-step biofunctionalization: The inhibitory effect of Sav-binding on the

activity of the SST-2B was overcome by using an alternative approach, where the

order of the two constituent binding steps was reversed. This method was demon-

strated previously, where other biomolecules, including transferrin88, biotin ligase114,
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P-glycoprotein125 etc., were conjugated to QDs. Using this in situ biofunctionaliza-

tion strategy SST-2B molecules were allowed to bind to sst(s) at the first step to

form sst:SST-2B receptor:ligand complexes. The consequential internalization of the

activated sst(s) was prevented by carrying out this step at low temperatures137. Subse-

quent addition of the Sav-QD solution yielded membrane bound sst:SST-2B:Sav-QDs

– receptor-bound nanoparticles. These complexes were found to be internalized by

sst-mediated effects after restoring the cells to physiological temperatures.

8.8 Conclusion and Perspective

Various stages in the development of a QD-based SST complex were described. Molec-

ular lego-based approach of biofunctionalization was expected to offer a versatile way

of synthesizing a stable and functional SST-QD complex. However, it posed several

challenges in the form of reduced potency, which were eventually overcome using a

two-step biofunctionalization strategy, where the binding of SST to the QD was per-

formed in situ, under controlled experimental conditions. The in situ biofunctionalized

SST-QD complex enabled optical visualization of sst-mediated internalization, for the

first time in the literature.

The developed SST-QD and its analogs are envisaged to be useful for wide variety

of applications in both basic and applied research. For example, the same two-step

strategy is applicable towards identification of sst-expressing neurons and ligand in-

ternalization characteristics, which at present is mostly limited to immunochemical

techniques to visualize the receptors. In virtue of the over-expression of sst(s) in neu-

roendocrine tumors, SST-QD is a promising candidate for fluorescent tumor detection.

However, for in vivo applications, the biofunctionalization strategy may require op-

timizations, because lowering the temperature might not be straightforward. One

method to circumvent this is to use an antagonist of sst, instead of SST, to ensure that

the biotin moiety remains exposed for the Sav-binding. Apart from the fluorescent

labeling of diseased tissues, such nanoparticle-based sst-targeting agents can also serve

as therapeutic carriers.
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9
Summary and Prospects

9.1 Motivation

Somatostatin is a neurotransmitter/hormone that serves numerous significant functions

in the body, ranging from regulation of blood pressure to influencing memory. Most of

our understanding of the molecular level dynamics behind these functions have relied on

investigations using radiolabeled somatostatin and immunocytochemical approaches,

which have limitations of resolution and sensitivity. Fluorescently labeled somatostatin

can provide a deep insight into the molecular dynamics of somatostatin, especially

related to the post-endocytotic events that occur after the cellular activation. All the

reports on fluorescently labeled somatostatin analogs contain organic fluorophores as

probes that suffer from potential toxicity, instability and photobleaching, which can

be overcome by using fluorescent nanoparticles. Development and demonstration of a
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nanoparticle-based fluorescent probe for investigation of the molecular pathways in a

somatostatin-receptor activated cell was the goal of this project.

9.2 Summary

The stages of research carried out to realize a nanoparticle-based fluorescent somato-

statin probe is summarized in Figures 9.1 – 9.5, and systematically detailed below.

Figure 9.1: A range of nanoparticle types, including quantum dots and fluorescent

nanodiamonds, were characterized in terms of their physical, chemical and photo phys-

ical properties, aimed at facilitating the selection of the nanoparticle types suitable

as probes for biomolecular labeling. While the quantum dots presented advantages of

fluorescence brightness, spectral multiplexing and commercial availability, the fluores-

cent nanodiamonds were bright, non-cytotoxic, and physically, chemically and photo

physically robust.

Quantum dot
Fluorescent 

nanodiamond

Up conversion 

nanoparticle

Gold

nanoparticle

Figure 9.1: Types of nanoparticles commonly used as fluorescent probes for molecular
labeling.

Figure 9.2: The surface chemistry of quantum dots and fluorescent nanodiamonds

were redesigned to render them biocompatible. The introduced chemical groups served

as anchor points for immobilization of targeting biomolecules. In the case of fluorescent

nanodiamonds, the introduced groups were predominantly carboxyl groups (COOH)

and the biomolecules were anchored by the formation of amide bonds.

Figure 9.3: New, versatile methods for anchoring a range of biomolecules to the sur-

face of nanoparticles were developed. These methods were based on two high-affinity

molecular pairs (or molecular lego pairs): streptavidin:biotin and barstar:barnase,
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COOH COOH

COOH

COOH

Figure 9.2: Chemical modification of nanoparticle the surface to render it biocompatible.
COOH-groups facilitate the covalent attachment of biomolecules.

which served as linkers between the pre-engineered nanoparticle- and biomolecular-

building blocks, facilitating a pot-mix procedure for nanoparticle biofunctionalization.

The obtained biomolecule-nanoparticle-probe was robust and colloidally stable in aque-

ous solvents.

+

Lego-containing 

nanoaparticle

Lego-containing 

biomolecule
Biomolecule-nanoparticle probe

Figure 9.3: Versatile platform for biofunctionalization of nanoparticles with biomolecules.
Pre-prepared lego counterparts – one containing a nanoparticle and the other containing a
biomolecule facilitates the formation of a nanoparticle-biomolecule complex.

Figure 9.4: The effect of attachment of an external fluorescent probe to the somato-

statin molecule was first investigated by using a fluorescent dye-based somatostatin

probe. The developed probe was able to bind to somatostatin receptors and evoke a

SST-specific cellular response, confirming that the attachment of a fluorescent moiety

did not inhibit the biological activity of somatostatin. This probe allowed visualization

of the cellular processes associated with somatostatin internalization.

Figure 9.5: Based on the developed techniques, a nanoparticle-based somatostatin

probe was engineered using the high-affinity molecular pair – streptavidin:biotin. The
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+
Cell

Cell signaling

Somatostatin 

receptors

Fluorescent 

somatostatin

Figure 9.4: The fluorescent somatostatin probe based on a red fluorescent protein was
designed, synthesized and characterized for optical and biological activity.

probe, prepared using an in situ two-step biofunctionalization strategy, was able to

evoke a somatostatin-specific cellular activity, and enabled the visualization of somatosatin-

receptor internalization. Therefore, a complete approach for fluorescent nanoparticle-

based labeling of molecular trafficking has been developed!

+ +Cell

Cell internalization of 

somatostatin-quantum dot

Somatostatin 

receptors Streptavidin-

quantum dot

Somatostatin-biotin

Figure 9.5: The fluorescent nanoparticle-based somatostatin probe is biologically active,
and evokes a somatostatin-specific cellular response.

9.3 Prospects

The developed nanoparticle-based somatostatin probe has far-reaching prospects, based

on the abundance and physiological significance of somatostatin. Firstly, the developed

fluorescent nanoparticles will serve as molecular probes for visualization of the cellular

processes activated by somatostatin. These studies can provide deeper understanding

of the molecular pathways that underlie somatostatin-regulated physiological functions.
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In vivo optical imaging of specific tissue sites labeled with somatostatin fluores-

cent probes opens exciting prospects in life sciences and clinical medicine. One such

application is based on the increased level of somatostatin receptor expression in neu-

roendocrine tumors. Currently, detection and localization of these tumors is based on

PET (positron emission tomography) or SPECT (single-photon emission computed to-

mography) imaging, whereby radiolabeled somatostatin analogs accumulated in these

tumor sites are localized. Nanoparticle-based probes will not only improve the sensitiv-

ity of tumor localization in the sub-surface tissues, but also enable fluorescence-guided

surgery, where the fluorescent nanoparticles accumulated in the tumor site can be op-

tically visualized in real-time during a tumor resection procedure. One of the main

disadvantages of these fluorescent probes arises from the limited depth of optical pen-

etration (≈ 10 µm), which precludes deep-tissue tumor detection. Recent advances

in nanotechnology and the development of up conversion nanoparticles are aimed at

increasing the penetration depth up to a few millimeters67.

Besides providing fluorescence contrast, many nanoparticles also embody the char-

acteristics required for a molecular cargo transport vehicle. Their large biocompatible

surface can accommodate molecules such as drugs and genes, together with the tumor

targeting groups (e. g., somatostatin). Therefore, they can be designed for preferential

release of the drugs after reaching tumor sites, enabling targeted drug transport and

delivery. These applications of nanoparticle:somatostatin and other related complexes

crucially rely on advances in the fields of biotechnology, biochemistry, nanotechnology

and optical microscopy.

In summary, the work presented here extends far beyond the development of a flu-

orescent probe of somatostatin, and a complete methodology ranging from fluorescent

nanoparticle engineering to its targeted delivery is established. Nanoparticles with im-

proved qualities, such as the emerging nanoruby71, can be precisely tailored to specific

bio-applications, leading to new applications, such as single nanoparticle imaging in

a heavily stained cell. Biofunctionalization is now easy, almost a mix-pot procedure.

Nanoparticle targeting relies on the developed receptor:ligands and other agents, in-

cluding antibodies and metabolites, with which one can deliver therapeutic drugs or
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genetic material to a great variety of cell and tissue sites, in vitro and in vivo.
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A
Program for Cell Counting

The following program was built to count the growth density of the CHO-K1 cells. The

graphical user interface (GUI) was built using the GUI Design Environment (GUIDE)

package, in-built in Matlab R2009A. The code and interface for cell counting are pre-

sented in the following sections.

Graphical Interface

Executing the program initiates two windows - a control window and the output win-

dow, which are presented in Figures A.1(a) and A.1(b), respectively. The control
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(a) Control window. Black patches indicate the cells have been counted.

(b) Output window.

Figure A.1: The graphic user interface of the cell counting program.

window allows the user to choose a picture, set the threshold for counting and ad-

just the scale. Upon adjusting the threshold-slider, the program executes a count-

ing algorithm and displays the total number of cells in the output window. Ad-

justing the scale, the program determines the no of cells per sq. cm, based on the

total number calculated previously. This program also includes an easter egg [see

http://en.wikipedia.org/wiki/Easter egg (media)].

http://en.wikipedia.org/wiki/Easter_egg_(media)
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Distribution

A self-executable version of this program is available for download at:

http://web.science.mq.edu.au/∼varun.

http://web.science.mq.edu.au/~varun
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B
Program for Membrane Potential Assay

Data Analysis

The following program was built to analyze the membrane potential assay data gener-

ated by Softmax Pro - the software that controls the Flexstation. Membrane potential

assays were performed numerous times in this project, and some of them were discussed

in Sections 5.6.1 and 8.3.1.1. Each file obtained after these assays contained several

thousand data points, in a tab-delimited ascii file format as shown in the snippet below.

Plate: Plate#1 1.3 TimeFormat FLEX Fluorescence ...

Temperature(deg C) A1T A1 A2T A2 A3T A3 A4T A4 A5T ...

37.00 0.7412 164.037 0.7384 187.628 0.7454 ...

37.00 2.8132 162.029 2.82 188.633 2.8878 ...
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37.00 4.8956 163.219 4.9328 187.743 4.9902 ...

37.00 7.0172 162.589 6.9744 187.105 7.1222 ...

...

Automation of data sorting and analysis significantly simplified the analysis. A

graphical user interface (GUI) was designed using the GUI Design Environment (GUIDE)

package, in-built in Matlab R2009A. The GUI and the code of the program for the

analysis are presented in the following sections.

Graphical Interface

Launching the program initiates a GUI (shown in Figure B.1), where the raw data

can be imported, analyzed and the generated output can be saved. Prior to importing

the data, first value in each data file should to be changed to the number of data

points. After importing the data corresponding to different columns, the display panel

can be used to preview the time-course of fluorescence from each well. The user is

required to define the control wells before clicking on the ‘Calculate Hyperpolarization’

button. The final output, in the form of % change in fluorescence in the wells can be

exported as a text file for further analysis and plotting. In addition to data analysis, the

program also provides a simples means to sort and consolidate the data corresponding

to different columns, which is often scattered among several files, using the ‘Export

Raw Data’ option.

Distribution

A self-executable version of this program is available for download at:

http://web.science.mq.edu.au/∼varun

http://web.science.mq.edu.au/~varun
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Figure B.1: The graphical user interface of the program to analyze the membrane potential
assay data generated by a Flexstation.
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C
Program for Calcium Mobilization Assay

Data Analysis

The following program was built to analyze the calcium mobilization assay data gen-

erated by Softmax Pro - the software that controls the Flexstation. This assay was

performed numerous times in this project, for example, in Section 5.6.2. Files obtained

after these assays contained several thousand data points each, in a tab-delimited ascii

file format. The program compiled using Matlab served as a tool to easily analyze

this enormous dataset. A graphic user interface (GUI) was generated using the GUI

development environment (GUIDE) inbuilt in Matlab, for effortless analysis.
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Graphical Interface

Launching the program initiates a GUI (shown in Figure C.1), where the raw data can

be imported, analyzed and the generated output can be saved. Prior to importing the

data, first value in each data file should to be changed to the number of data points.

After importing the data corresponding to different columns, the inbuilt display panel

can be used to preview the time-course of fluorescence from each well. The user is

required to define the control wells before clicking on the ‘Calculate [Ca] (nM)’ button.

The final output, in the form of increase in the concentration of Ca (in nanomolars),

can be exported as a text file for further analysis and plotting. In addition to data

analysis, the program also provides a simples means to sort and consolidate the data

corresponding to different columns, which is often scattered among several files, using

the ‘Export raw data’ option.

C.0.1 Using the Interface

The details on how to use the program is documented in the header of the code file,

which is pasted in the following snippet:

1

2 %−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

3 % INSTRUCTIONS TO USE THIS PROGRAM − READ BEFORE USING

4

5 % THIS PROGRAM LETS YOU ANALYSE THE FLEXSTATION3 DATA READINGS IN ...

A CA

6 % ASSAY USING FURA2

7

8 % ****Made by VARUN SREENIVASAN****

9

10

11 % 1. CHANGE THE FIRST VALUE IN THE DATA FILES FROM '##BLOCKS= 1' ...

TO 'NUMBER OF
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Figure C.1: The graphical user interface of the program to analyze the calcium mobilization
assay data generated by a Flexstation.

12 % READINGS'. THIS NUMBER CAN BE FOUND IN THE DATA FILE>SECOND ...

ROW>THE

13 % NUMBER JUST AFTER 'RAW FALSE'. ENSURE THAT THIS IS CORRECT...

14

15 % 2. EACH TYPE OF CONTROL (I.E. BLANK OR CA OR EGTA) SHOULD BE ...

DONE IN A

16 % SINGLE COLUMN. THEY CAN BE FROM DIFFERENT COLUMNS IF AND ONLY ...

IF THEY

17 % HAVE SAME 'NUMBER OF READINGS'.

18
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19 % 3. THE MAXIMUM 'NUMBER OF READINGS' CANNOT ME MORE THAN 151. ...

THIS CAN

20 % VALUE CAN BE CHANGED BY ADJUSTING THE PROGRAM. DO IT YOURSELF ...

CAREFULLY OR CONTACT ME!

21

22 % 4. IF AFTER ADDING NEW COLUMN DATA THE PLOTS DON'T CHANGE, ...

TOGGLE THE

23 % EXCITATION SELECTION RADIO BUTTON. IT WILL NOW UPDATE.

24

25 % 5. BACKGROUND FLUORESCENCE FROM THE BLANK CONTROL WELLS ARE ...

AVERAGED FROM THE

26 % FIRST 20 READINGS OF THE SELECTED SLOTS

27

28 % 6. THE VARIABLES SF2, SB2, CA RATIO AND EGTA RATIO ARE ...

EVALUATED FROM

29 % THE LAST 10 DATA POINTS ACQUIRED BY THE FLEXSTATION.

30

31 % 6. INCREASE IN CALCIUM CONCENTRAION IS MEASURED WITHIN 20 DATA ...

POINTS

32 % FROM THE SPECIFIED TRANSFER TIME. HENCE, ADJUST THE TRANSFER ...

TIME IF

33 % THE CA RISE TIME IS VERY SLOW

34

35 % THE CONTROLS SHOULD BE ADDED IN THE ORDER OF 'BLANK', 'CA' AND ...

'EGTA'

36

37 % ****ENJOY****

38

39 %−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

Distribution

A self-executable version of this program is available for download at:

http://web.science.mq.edu.au/∼varun

http://web.science.mq.edu.au/~varun
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Copy of the biosafety approval to work with non-gene modified eukaryotic cells.
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Copy of the biosafety approval to work with gene modified eukaryotic cells.
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