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Abstract

Conjugated polymers (CPs) are a special category of macromolecules with large m-
conjugated backbones. Owing to their highly electron-delocalized structures and efficient
coupling between optoelectronic segments, CPs absorb and emit light energy in the UV-
Vis and the NIR region, which can be effectively converted to photoacoustic and
fluorescence effects (1. Nevertheless, for biological applications it is imperative that the
CPs are water-soluble. Since CPs are generally hydrophobic, we implemented strategies to
enable solubility in aqueous media. Therefore, low-bandgap agueous conjugated polymer
nanoparticles (CPNs) have been successfully prepared and thoroughly applied in biological
applications and especially in bio-imaging, due to their unique optoelectronic properties
(2181 specifically, CPNs attracted wide attention since they exhibit excellent properties
such as high fluorescence, excellent photostability, high signal-to-noise ratio, high
emission rates, and low cytotoxicity B°l. Moreover, the absorbance in the UV-VIS and the
NIR region, which is called the biological window, allows deep tissue penetration, critical

for medical applications such as imaging.

Scope

In this study, we examine the potential use of novel low bandgap water soluble conjugated
polymers dots as fluorescent contrast agents. Under this scope, we synthesized one series
of CPs which consists of thiadiazoloquinoxaline biphenyl substituted-bithiophene and
thiadiazoloquinoxaline bimethyl substituted-bithiophene, BTTDQ-Ph and BTTDQ-Me,

respectively.
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1. Introduction

1.1 Types of cancer and statistics

Cancer is the world's second-largest cause of death, with an estimated 9.6 million fatalities
in 2018 6171, Overall, a malignant tumor causes about 1 in 6 fatalities. In low- and middle-
income nations, about 70 percent of cancer fatalities happen. Approximately one third of
cancer fatalities are due to the five major behavioral and nutritional hazards: elevated
body mass index, low intake of fruit and vegetables, absence of physical activity, use of
tobacco, and use of alcohol. In particular, cancer is caused by the conversion of ordinary
cells into tumor cells in a multi-stage process that usually develops from a pre-cancerous
lesion to a malignant tumorl®l. These mutations are the result of the interaction between

a person's genetic factors and 3 categories of external agents, including:
i physical carcinogens, such as ultraviolet and ionizing radiation;

ii. chemical carcinogens, such as asbestos, components of tobacco smoke, aflatoxin

(a food contaminant), and arsenic (a drinking water contaminant); and

iii. biological carcinogens, such as infections from certain viruses, bacteria, or

parasites.

Moreover, according to new cancer statistics, a total of 1,762,450 new cancer cases and

606,880 deaths from cancer are expected to occur in the US in 2019 P,

The most common tumor types diagnosed in men are prostate, lung, and colorectal
cancers. Together, they account for 42% of all cases in men, with prostate cancer alone
accounting for nearly 1in 5 new cases. For women, the 3 most common cancers are breast,
lung, and colorectal. Together, they account for one-half of all cases, with breast cancer
alone accounting for 30% of new cases. Among children ages 1 to 14 years, cancer is the
second most common cause of death after car accidents 191, In 2019, an estimated number
of 11,060 children in this age group will be diagnosed with cancer and 1,190 will die from
it. Leukemia accounts for almost a third (28%) of all childhood cancers, followed by brain

and other nervous system tumors (26%). The risk of cancer rises with age, most probable
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owing to increased hazards for particular cancers that increase with age and the quickly
increasing elderly population will boost the demand for care for cancer. The overall risk
accumulation is combined with the tendency for cellular repair mechanisms to be less

effective as a person grows older 1],

The early diagnosis and detection of a malignant tumor is of great importance, since it is
more likely to be treated successfully. Taken in time and when in an accessible position,
before metastasis occurs, the odds of survival are high. The aim is the recognition of a
malignant tumor at a stage so early, when it isn’t too large and hasn’t spread to distant
structures. If cancer spreads, effective treatment becomes more difficult, and generally a

person’s chances of surviving are much lower 12,

1.2 Standard (Pre)Clinical Imaging Modalities

Cancer may be difficult to detect, but for some types of cancer, the earlier it is detected,
the better are the chances of treating it effectively. Imaging techniques — methods of
producing pictures of the body — have become an important element of early pre-clinical
detection of many cancers. But imaging is not simply used for detection. Imaging is also
essential to determine the phase (telling how advanced the cancer is) and cancer's
accurate location to help the guidance of the surgery and other cancer treatments, or to
verify whether a cancer has reoccurred. There are many different types of imaging in order
to achieve the optimal visualization of the tumor, regarding the detection limit of each
technique. Many features of the neoplastic process 3! can be visualized using molecular
imaging 4, including changes in gene expression, the expression of cell surface receptors,
changes in epithelial-stromal communication (e.g., signaling associated with epithelial

migration and invasion) ! and epithelial cell apoptosis.

Contrast Agents:

Usually, Standard (Pre)Clinical Imaging Modalities use low doses of radioactive substances
linked to compounds used by the body's cells or compounds that attach to tumor cells.

Using a particular detection equipment, the radioactive substances can be traced in the
10  New conjugated polymer NPs for bio-imaging



body to see where and when they concentrate. The mentioned- above substances are

defined as contrast agents.

|. X-Ray Imaging:

Perhaps the most familiar form of imaging is X-ray imaging. Most adults had an X-ray in
their chest to look for an infection or perhaps just as part of a health check for jobs.
Pictures generated by X-rays are due to distinct tissue absorption rates. The pathological
tissues are identified from the surrounding healthy tissues, based upon their different
densities and the resulting X-ray absorption variations. Calcium in bones absorbs X-rays
the most, so bones look white on a film recording of the X-ray image, called a radiograph.
Fat and other soft tissues absorb less, and look gray. Air absorbs least, so lungs look black
on a radiograph. The most familiar use of X-rays is checking for broken bones. We can also
use X-rays to look for tumors, so X-rays are also used in cancer diagnosis. For example,
chest radiographs and mammograms are often used for early cancer detection or to see if
cancer has spread to the lungs or other areas in the chest. Mammograms use X-rays to
look for tumors or suspicious areas in the breasts. X-ray imaging is considered the most
commonly used medical imaging modality, since it is relatively faster and less costly as
compared with MRI and PET. To enhance the contrast between normal and anomalous
tissues during CT scanning, CT contrast agents, mostly iodine or barium based, are
administered to patients before imaging, thereby improving the image resolution and

specificity.

Il. Ultrasound:

Ultrasound (US) uses sound waves with frequencies above those humans can hear. A
transducer sends sound waves traveling into the body which are reflected back from
organs and tissues, allowing a picture to be made of the internal organs. Ultrasound may
indicate tumors and may also guide physicians who do biopsies. In addition, there is no
harmful US diagnostic radiation. Unfortunately, while US is very helpful to image certain
components of the body, it is not as helpful as other imaging methods to look at the brain

or lungs, for instance.
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Ill. CT Scans:

A computed tomography scan (CT scan, also called a CAT scan) uses computer-controlled
X-rays to create images of the body. However, a radiograph and a CT scan show different
types of information. Although an experienced radiologist can get a sense for the
approximate three-dimensional location of a tumor from a radiograph, in general, a plain

radiograph is two-dimensional.

An arm or chest radiograph looks all the way through a body without being able to tell
how deep anything is. A CT scan is three-dimensional. By looking at several images of a
body's three-dimensional slices, a doctor could not only say if there is a tumor, but how
deep it is in the body. A CT scan can be three dimensional because the information about
how much of the X-rays are passing through a body is collected not just on a flat piece of
film, but on a computer. The data from a CT scan can be enhanced to be more vivid than
a plain radiograph. For both plain radiographs and CT scans, the patient may be given a
contrast agent to drink and/or by injection to more clearly show the boundaries between
organs or between organs and tumors. Conventional CT scans take pictures of slices of the
body (like slices of bread). These slices are a few millimeters apart. The newer spiral (also
called helical) CT scan takes continuous pictures of the body in a rapid spiral motion, so

that there are no gaps in the pictures collected.

IV. Magnetic Resonance Imaging (MRI):

MRI uses strong magnetic field to align the nuclear spins and generates images from

emitted radio frequency (RF) from the nuclei when they return to their original states

(1611171 1Y signals from water molecules are most frequently visualized. MRI generates
high-resolution images (up to single-cell resolution) of soft tissues such as: i) muscles, ii)
joints and iii) brain. Abnormalities of tissues appear as darker (T1-weighted) or brighter

(T2-weighted) than healthy tissues, due to differences in relaxation times.

Different tissues (including tumors) emit a more or less intense signal based on their
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chemical makeup, so a picture of the body organs can be displayed on a computer screen.
Much like CT scans, MRI can produce three-dimensional images of sections of the body,
but MRI is sometimes more sensitive than CT scans for distinguishing soft tissues. The
contrast agents that are clinically used in MRI are: i) paramagnetic gadolinium (Gd)
reagents, ii) superparamagnetic iron oxide nanoparticles (SPIONs) and iii) manganese-
based reagents. One of the limitations of MRI imaging is the relatively long acquisition
times required to obtain high-quality images, where patients are uncomfortable and
restrained. Moreover, it would be a misstep not to mention that there are limited
applications of MRI for patients with implanted metal devices because the metal could
interfere with imaging, and malfunction of the implanted metal device is possible during

MRI acquisition within the high magnetic field instrumentation 18,

In an overview, CT and MRI generate high-resolution images, but they basically provide

morphological information.
V. PET Scan:

The positron emission tomography (PET) scan generates computerized pictures of
chemical changes occurring in tissue, such as sugar metabolism. Typically, a substance
consisting of a mixture of a sugar and a tiny quantity of radioactively marked sugar is
injected into the patient. The radioactive sugar can help in locating a tumor, because
cancer cells take up or absorb sugar more avidly than other tissues in the body 171,
Commonly used tracers for PET are: 8F, 13N, *1C, 1°0, 82Rb, %8Ga, and ®*Cu. After receiving
the radioactive sugar, the patient lies still for about 60 minutes while the radioactively
labeled sugar circulates throughout the body. If a tumor is present, the radioactive sugar
will accumulate in the tumor. The patient then lies on a table, which gradually moves
through the PET scanner incrementally several times during a 15-60-minute period. The
PET scanner is used to detect the distribution of the sugar in the tumor and in the body.
By the combined matching of a CT scan with PET images, there is an improved capacity to
discriminate normal from abnormal tissues. A computer translates this information into

the images that are interpreted by a radiologist.

PET scans can be used to determine if a mass is cancerous. PET scans, however, are more

13 New conjugated polymer NPs for bio-imaging



precise in identifying bigger and more aggressive tumors than in finding tumors that are
less than 8 mm and/or less aggressive. When other imaging methods demonstrate
ordinary outcomes, PET scan may also detect cancer. Moreover, PET scans may be helpful
in evaluating and staging recurrent disease (cancer that has come back) and are also

commonly used to check if a treatment is working.

VI. SPECT Scan:

Similar to PET, single photon emission computed tomography (SPECT) uses radioactive
tracers and a scanner to record data that a computer constructs into two- or three-
dimensional images. Commonly used tracers for SPECT are: ®’Ga, *°mTc, and !!In. A small
amount of a radioactive drug is injected into a vein and a scanner is used to make detailed
images of areas inside the body where the radioactive material is taken up by the cells.
SPECT can give information about blood flow to tissues and chemical reactions

(metabolism) in the body.

In this procedure, antibodies (proteins that recognize and stick to tumor cells) can be
linked to a radioactive substance. If a tumor is present, the antibodies will stick to it. Then
a SPECT scan can be done to detect the radioactive substance and reveal where the tumor

is located.

In an overview, the y-rays are collected by detectors surrounding the patient in PET or
rotating around the patient in SPECT. PET is highly sensitive and quantitative, as compared
to SPECT. Moreover, PET requires only 10-*'-10-1? M radioactive tracers, while SPECT
requires 10710-10~1* M. One of the main disadvantages of radioactive tracers (RTs) is their
lifetime. The RTs decay much faster than image-acquisition times. The development of
tracers that have lifetimes that coincide with the time periods required for sample
preparation, purification, distribution to remote imaging facilities, and completion of

stable imaging, would be beneficial.

PET/SPECT and MRI have shown promise for imaging of cancer ('8, Specifically, 2-deoxy-2-
BE-fluoro-d-glucose PET imaging is now used routinely to assess the response of solid
tumors to therapy. However, PET/SPECT and MRI are too expensive for population-based

screening /], and as long as PET/SPECT imaging is concerned, it requires intravenous (iv.)
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injection of contrast agent, which is impractical in low-risk populations.

1.3 Nanoparticles

The nano-scale materials (10° m) present many advantages such as high surface-area- to-
volume ratio, high electrical conductivity, magnetic properties, and unique physiochemical

properties due to their small size. These properties make them have numerous uses.

Nanomaterial’s superior properties and nanofabrication technologies are constantly being
exploited in order to design novel nanomaterials. The small dimensions, higher surface
area, improved solubility and multifunctionality of nanoparticles, made them ideal for
further research in different scientific fields. In particularly, NPs have many special
properties regarding the particle aggregation, photoemission, electrical, magnetic,
luminescent, heat conductivity and catalytic activity. In previous studies the usage of NPs
has been reported in numerous biological applications such as contrast agents in
bioimaging, bio-molecule detection, sample separation, signal transduction and
amplification [**) Additionally NPs’ selectivity, biocompatibility, non-toxicity, reversibility,
rapid response and sensitivity enhanced the signal transduction technologies. The most
commonly used nanoparticles in bio-imaging applications are i) metallic NPs (i.e. GNPs
which according to their size provide distinguish colors), ii) carbon nanotubes (CNTs), iii)
polymer nanoparticles (NPs) and iv) quantum dots (which are nanoscale semiconductor
devices), because of their high sensitivity and specificity of detecting materials’ physical,
chemical, physicochemical, mechanical, optic and magnetic features. This light effect
excides particles from the surface as ionic species. Thus, nanoparticles receive photonic

properties and they can be used as fluorophores agents 29,
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1.4 Optical Clinical Imaging Modalities

It is beyond doubt, that the pre-clinical imaging plays a crucial role for the detection and
early diagnosis of a malignant tumor. However, it is not that practical for the clinicians. It
is quite common, that even after the surgical removal of the tumor, the patient undergoes
a series of therapies such as chemotherapy and radiotherapy, in case of any remaining
cancer cells. It would be a great benefit to relocate the imaging from the pre-clinical stage,
to the real time — clinical stage during the surgery. This way, the clinician would be assured,
about the limits of the cancerous and healthy tissues. The Noninvasive Medical Imaging
includes the use of portable set ups such as the Fluoresence and Photoacoustic Imaging

(PA).

Up to now, the most widely developed Fluorescence/PA agents are inorganic
nanomaterials such as noble metal nanomaterials (e.g., Au and Pd), transition metal
dichalcogenides (e.g., MoS,, WS, nanosheets, and CuS, nanoparticles), and carbon
nanomaterials (e.g., graphene and carbon nanotubes). However, a potential concern is
that these typical non-biodegradable inorganic nanomaterials could remain in the body
for a long period of time, which could lead to potential long-term biotoxicity and
significantly hindering potential in vivo applications. Subsequently, the development of
organic nanomaterials for clinical imaging is of great demand. PA imaging is not within the
scope of this project but it is important to mention that it is considered as a quite
promising technique even though currently, there are no organic probes for the PA imaging

in the market.

1.5 Conjugated Polymers

Since the conferring of the Nobel Prize in Chemistry to conducting polymers in 2000, the
versatile class of polymeric materials has generated tremendous interest from academia
and industry. Conjugated polymers are organic macromolecules with m-conjugated

backbone, which could be designed to display high electrical conductivity, outstanding
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photophysical properties and excellent biocompatibility. They have been extensively
explored for a wide range of applications, spanning electronics and energy harvesting to
nanobiotechnology and especially in nanomedicine. While the last years have witnessed
their rapid development in optoelectronic devices, the emerging field of conjugated
polymers for biomedical applications has simultaneously attracted increasing attention
recently. Specifically, they have found innovative applications in a variety of
biotechnologies, ranging from biosensing that takes advantage of optical amplification, to
cell imaging and image-guided therapy that fully utilizes the light-harvesting properties of
conjugated polymers. In fact, with their unique biophysicochemical attributes, conjugated
polymer nanoparticles have been demonstrated to be even superior to other classes of
nanomaterials, such as small organic dye-nanomolecules, semiconducting quantom dots,

and inorganic nanoparticles in many biomedical applications.

Conjugated polymer dots are considered one of the upcoming contrast agents for
bioimaging. Conjugated polymers where initially used in photo-voltaics as dielectrics. They
exhibit conductive, piezoelectric or pyroelectric properties, nonlinear optical properties,
and if stimulated, they emit light. By the term conjugated polymer we describe a polymer
with altering single and double bonds in the polymer chain. Due to their chains,
conjugated polymers have the ability of electron delocalization and subsequent charge-
movement around the whole system. This specific property makes them conductive.

Specifically, when electrons are removed from the backbone they act as anions [211122],

In order to understand the properties of an organic semiconductor we will use as an
example the C-C bond. The electron configuration of carbon is 1s22s22p?. Carbon has four
electrons in its valence shell (outershell) and two core electrons (1s2). Atomic orbitals with
s-character have spherical symmetry and a representation of the surface of the carbon 1s

orbital is shown in Fig. 1a.
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Fig.1(a,b) A representation of the surface of the carbon 1s and 2s orbitals.

The wave properties of electrons make the description of the 2s orbital slightly more
complex than the corresponding 1s orbital, in that, within the 2s sphere there is a region
in which the amplitude of the electron standing wave falls to zero, that is, there is zero
probability of finding the electron in this node region. Nodes are most easily seen in the

description of the 2p atomic orbitals, which are shown in Fig. 1b.

The electron densities along the x, y and z axes of the 2p orbitals are clearly shown in the
figure; the nodes are the points at the origin and at these points, there is zero probability
of finding the electron 23124, The sharing of electrons in a covalent bond occurs by overlap
of the individual atomic orbitals. Head-on overlap between energetically compatible
orbitals generates sigma (s) bonds, while sideways overlap (typically from adjacent p
orbitals) generates pi (p) bonds. Examples of sigma and p-bond bond formation between

atoms "A" and "B" are shown below (Fig.2).
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sigma bond
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e
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& - =

rotate B 607 around axis, bond breaks

Fig. 2 Examples of sigma and p-bond bond formation between atoms "A" and "B".

The nature of the bonding in carbon (C,) can be described using Molecular Orbital Theory.

As the two atomic orbitals approach each other and begin to overlap, there is a decrease
in the net energy of the system because the electrons in each atom tend to become
attracted to the positive nucleus of the other atom, as well as their own nucleus. The more
the orbitals overlap, the more the energy decreases, until the nuclei approach so closely
that they begin to repel each other. The point at which the repulsive and attractive forces
balance defines the bond distance for a given covalent bond. In molecular orbital theory,
the number of atomic orbitals used to make the covalent bond must equal the total
number of molecular orbitals in the molecule. The molecular orbital description of this
simple covalent bonding is shown below (Fig.3). As described above, the bonding orbital
is referred to as a s/m-orbital, while the corresponding antibonding orbital is referred to as
a s*/m*-orbital ?°. Overlapping, according to quantum mechanics can be either
"efficient", if the fluctuations are in phase, or "destructive" if the fluctuations are out of
phase. Thus, respectively, the bonding molecular orbitals and the antibonding molecular
orbitals (AMD) arise.
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Fig.3 The molecular orbital description of C..

Sigma (o) bonding molecular orbital: Shared electron density is directly between the

bonding atoms along the bonding axis. A sigma bond is always the first bond formed

between two atoms.

Pibond (mt): bonding molecular orbital: The bonding electron density lies above and below,

or in front and in back of the bonding axis, with no electron directly on the bonding axis,

since 2p orbitals do not have any electron density at the nucleus.

Sigma star (o*) and Pi star (m*) antibonding molecular orbital: Normally this orbital is

empty, but if it should be occupied, the wave nature of electron density (when present) is
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out of phase (destructive interference) and canceling in nature. There is a node between
the bonding atoms (zero electron density). This produces repulsion between the two

interacting atoms, when electrons are present.

It is important to mention, that the antibonding molecular orbital is also known as the
LUMO (lowest unoccupied molecular orbital) energy level. Only the HOMO (highest
occupied molecular orbital) molecular orbital bond is occupied by electrons. The highest

energy antibonding molecular orbital (LUMO) is empty [27],

Conjugated polymers is a category of polymers that consists of alternating repeated
subunits that form both sigma and pi-bonds 8. The electric effect that these polymers
exhibit is a result of the overlapping of the p, molecular orbitals (pi conjugation). The
extent of overlapping (conjugation length) determines the HOMO-LUMO band gap of

these semiconductors (Fig.4).

Conductive |
band (Eg) : 2

| 1

; o LUMO
Fermi lever Energy band
(Eg) gap (Eg)

E 0 HomO

Valence T
band (E,) 1 -2

(a) (b)
Fig.4 Different HOMO-LUMO band gaps determine the electric conductivity of the

polymers.

Conjugated polymers also exhibit a wide range of optical properties which are induced by
the addition of impurities that act as electropositive or electronegative. Alterations in the
HOMO-LUMO band gap affect the chemical, physical and mechanical characteristics of the

conjugated polymers. Generally, the alterations of the HOMO-LUMO band gap are
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modified by six factors; i) the molecular weight of the conjugated polymer (CP), ii) the
alternation of the bond length, iii) the rotation angle, iv) the aromatic character of the

polymer, v) the size of the substituent groups and vi) the intermolecular interactions.

A lot of on-going research focuses on the founding of organic imaging probes that combine
high fluorescence, excellent photostability, high brightness, resistance to photo-bleaching,
high signal-to-noise ratio, high emission rates, and low cytotoxicity. All these
characteristics are ideal for bio-imaging. However, the optical energy gaps of conventional
organic materials are normally greater than 2 eV, covering only the visible range of the
solar spectrum (300-650 nm). Smaller energy gap organic materials are in demand to
extend absorption to the long wavelength region to take advantage of the higher flux, red
light and even near infrared region of the solar spectrum. Therefore, it has been a major
effort to design and synthesize novel conjugated polymers with narrow energy gaps in

recent years 2%,

Conjugated polymer nanoparticles (low-bandgap) are considered as a-new-generation
contrast agents for bio-imaging, since they are the only organic materials that successfully
combine all the mentioned above effects that contribute to new bio-imaging techniques.
Thus, CP dots are capable of a wide range of light absorption spectra in the red, far-red
and near-infrared regions. Far-red is light at the extreme red end of the visible spectrum,
just before infra-red light. Usually, regarded as the region between 710 and 850 nm

wavelength.
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Table 1: Electromagnetic spectrum in the visible light.

Color: Wavelengths (in nm):
violet 380-450
blue 450-485
cyan 485-500
green 500-565
yellow 565-590
orange 590-625
red 625-740

The near infrared spectroscopy-NIRS, is a spectroscopic method that uses the near-
infrared region of the electromagnetic spectrum (from 780 nm to 2500 nm). The father of
NIRS, William Herschel, discover it in the 19™ century but the first industrial application
began in the 1950s. One of the main advantages of the NIR is that it can penetrate much

further into the sample than the mid infrared radiation.

According to recent publications B%321 CP dots absorb and emit light energy in the UV-
Vis and the NIR region, which can be effectively converted to photoacoustic and
fluorescence effects. Novel imaging probes provide an emission spectral window, also
known as therapeutic window. The term therapeutic window was introduced, due to the
fact that for wavelengths ranging from 650 to 1350 nm, light has its maximum depth of
penetration in tissue. Subsequently, we can assume that with the NIR spectrum scientists
could probably interfere to the metabolic profile of the cells. The emission spectral

window offers i) high tissue penetration, ii) low autofluorescence and also iii) minimization
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of various limiting factors including self-absorption and scattering.

Absorptions in the NIR region (780-2500 nm) are generated from fundamental vibrations
by two processes; i) overtones, which are harmonics and ii) combinations, which are more
complex and the NIR absorptions require more energy than a fundamental absorption.
Specifically, combinations arise from the sharing of NIR energy between two or more

fundamental absorptions.

Infrared on the Electromagnetic Spectrum

Wavelength (um) 10° 0.2 0.4 0.75 1,000
Radiation Type Gamma Rays XRays  UVRays  Visible Light Microwave

0.75 1.5 4 1,000 pm

Fig. 5 NIR in the electromagnetic spectrum 331,

Considering the great effects that CP dots possess, many scientific groups attempted to
modify their hydrophobic properties recently, in order to use them in the field of

bioimaging, signaling and theranostics.
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2. Materials and Methods

2.1 Synthesis of Conjugated Polymers

The development of functional polymers is a very active research field and has had huge
impact on human society due to their applications in many cutting-edge technologies,
such as energy conversion and storage, electronic devices, biotechnology, and health care,
to name a few [, Scientists from different disciplines have invented numerous new
materials for those purposes. Integral to these efforts is the development of efficient,
versatile, and scalable synthesis techniques, which in turn enable the development of new
functional materials. Thus, new synthetic methodologies are always a critical research
topic that is actively pursued. Most recently, polycondensations based on transition metal-
catalyzed C-C bond formation reactions have emerged as important methodologies for
synthesis of electro -optic materials containing large systems. These reactions include
Stille, Suzuki, Negishi, Heck, and so on B437_ The Stille reaction is one of the versatile
methods for the synthesis of organic functional materials due to its stability, excellent
compatibility with various functional groups and high reaction yield. The reaction is
catalyzed by palladium compounds and carbon-carbon single bonds are formed. The
reaction conditions are very mild. Some of the advantages of the Stille reaction is i) that
the alkyl groups of Sn are easy to synthesize and to store and ii) that it can be combined

with a wide range of functional groups.

The Stille coupling reaction leads to the synthesis of hydrophobic polymers with C-C bond,

in the presence of Pd catalyst and the alkyl groups of Sn.
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Fig.6 The Stille coupling aromatic reaction.

Analytically, the low-bandgap conjugated polymers were synthesized via metal catalyzed
aromatic cross coupling Stille polymerization reaction. For the synthesis the monomer 4,9-
dibromo-6,7-diphenyl-(1,2,5)thiadiazolo(3,4-g)quinoxaline (SunaTech) and 4,9-dibromo-
6,7-dimethyl-(1,2,5)thiadiazolo(3,4-g)quinoxaline (SunaTech) were combined with (4,4’-
didodecyl-[2,2’-bithiophene]-5,5’-diyl)bis(trimethylstannane) (SunaTech), to provide
BTTDQ-Ph and BTTDQ-Me, respectively. Tris(dibenzylideneacetone)dipalladium(0) (Sigma
Aldrich) and tri(o-tolyl)phosphine (Sigma Aldrich) were used as catalyst and ligand and the

polymerization took place in anhydrous toluene (Sigma Aldrich). The final polymer was
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purified and fractionated via sequential Soxhlet extraction with methanol, hexane and

chloroform.

2.2 Preparation of Nanoparticles

Conjugated polymers nanoparticles (CPNs) are powerful fluorescent semiconductor
materials, which excel through simple fabrication and processing techniques, their great
potential for electro- and photoluminescent applications, and their high conductivity as
compared to conventional polymers. Furthermore, CPNs shows extraordinary resistance
toward photo-oxidation and photo-bleaching and exhibit low cytotoxicity 3841 The
general characteristic of a conjugated molecule can be described as the sequence of
altering double (or triple) and single bonds. These alternating double and single bonds
generally stabilize a molecule thermodynamically and additionally give the molecule the
above characteristics 2. Besides the easily surface functionalization of CPNs, there are
several requirements for CPNs in order to render them suitable for bioimaging and cell
tracking applications: (i) the particles should ideally be monodisperse and spherical in
shape. Monodisperse particles secure specific labeling of only the targeted type of cell,
especially in multicomponent united cell structures. Different cells exhibit different
particle uptake kinetics and monodisperse CPNs prevent nonspecific uptake by the non-

targeted type of cells 4311441,

Nanoprecipitation:

In the nanoprecipitation method, a previously synthesized conjugated polymer (CP) is
dissolved in a good solvent I, This polymer solution is then strongly diluted or added
quickly to an excess of a poor solvent (often water). When both solvents are miscible, then
the polymer precipitates into small and spherical aggregates. Owing to the rapid increase
in polarity upon injection of the polymer solution into the polar solvent (decrease of the
solvent hydrophobicity), phase inversion occurs and the polymer chains collapse to form

nanoparticles. CPNs are obtained as dispersions in the poor solvent *¢. The size of the
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resulting CPNs can be tuned by varying the concentration of the polymer in solution.
Ultrasonication is often used to improve mixing of the polymer solution with the poor
solvent and further reduce the nanoparticle size. The mechanism of particle stabilization
in the resulting dispersion in unclear, since surfactants are often not applied in the

preparation of CPNs :[4°],

Nanoprecipitation protocol:

1. Each low-bandgap conjugated polymer was dissolved in freshly distilled THF at a

concentration of 0.1 mg/mL.

2. A 2-mL portion of this polymer solution was then injected into 10 mL of water under
vigorous stirring via a tip sonicator which is ideal for nano particle dispersion, mixing and

homogenization, resulting in a final concentration of 4 ppm low-bandgap CPdot dispersion.
3. The THF was removed as the samples were left in the hood overnight

4. The suspension was then filtered through a 0.2-um cellulose acetate filter (Sartorius

=

Stedim Biotech).
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Fig.7 The nanoprecipitation process.
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2.3 'H-NMR

The 'H NMR proton spectrum, which is extensively used to study the stereochemical
representation of polymers, consists of a group of spectral lines due to the different proton
types of the sample. From one spectrum three basic information is obtained; i)the position
of the spectral line or chemical shift, which is characteristic of the type of particles, ii)the
area of the area under each spectral line, which is proportional to the number of particles
present in the sample and, finally, iii)the range of the spectral line associated with the

molecular proton of the particular proton 16471,

The coordination of each nucleus at a different frequency is due to the existence of
electrons surrounding it. These electrons create local magnetic fields that protect it,

causing the core to feel a Bloc field other than the applied B.
Bloc = B (1 - 0) (2.3.1)

where g, (the shielding or screening constant), a dimensionless quantity that determines

the electronic density around the core and hence its degree of protection.

The chemical shift of a core is the difference between the core resonance frequency and
a standard reference substance. The reference substance for the proton spectrum is
tetramethylsilane (Si(CHs)s), TMS, which has twelve equivalents and highly protected

protons. The chemical shift & is defined by the following equations:

5= @ X 10%ppm (2.3.2)
5= v"‘v;v‘s X 10%ppm (2.3.3)

where Ba and B& are the co-ordinating regions of the reference and sample cores,
respectively. Va and V& are the frequencies of the reference substance and the sample,
respectively. The more defended a core is (a high value of o), the resonance will be
achieved in highly applied magnetic fields and at a lower frequency. The fact that the area
under the spectral line is proportional to the number of particles in the sample is the basis

of the quantitative analysis. From the ratio of different spectral lines, which are due to
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different kinds of particles, the composition of the copolymers can be determined.

Finally, the degree of peak breaking allows for its identification. The number of spectral
lines obtained is 2nxIx + 1, where nx is the number of equivalent neighboring cores and Ix
the spin of the kernel. In the case of 1H and 13C, where spin is | = 1/2, the above relation
is nx + 1. The relative peak intensities are the coefficients of the terms of the distribution
(1 + x) n. A nucleus separated by two other adjacent nuclei, for example, will give a triple

peak with 1: 2: 1 peak intensities.

2.4 UV-VIS spectroscopy

Optical spectroscopy is based on the Bohr-Einstein frequency relationship:
AE=E,-E1=h f (2.4.1)

This relationship links the discrete atomic or molecular energy states E; with the frequency
f of the electromagnetic radiation. The proportionality constant h is Planck's constant
(6.626 x 1034 J s). In spectroscopy, it is appropriate to use the wavelength v instead of

frequency f. Equation (2.4.1) then takes the form:
AE=E2-El=hcv

where,

f=c/A=cv (2.4.2)

The Bouguer-Lambert-Beer law forms the mathematical-physical basis of light-absorption

measurements on gases and solutions in the UV-VIS and IR-region[#8} 491,

Spectroscopic methods of chemical analysis, which include UV-Vis spectrophotometry, are
widely used to solve various chemical problems related to structure, kinetics,

identification and quantitative analysis of various compounds.

In the visible spectroscopy study, a beam of radiation is directed to the test sample. The

measurement of the radiation emitted by the sample is followed. Specifically, when
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measuring in quartz cuvettes (UV-VIS region) or cuvettes made of special optical glass (VIS
region), part of the light is lost through reflection at the cuvette surfaces. In order to
eliminate this source of error, a reference measurement is made in a cuvette with the
same path length but not containing the substance to be measured. Since most UV-VIS
spectroscopy is carried out with solutions, the standard cuvette contains the pure solvent,

which ideally should not absorb in the spectral region under consideration.

In order to determine the absorbed radiation, we compare the intensity of the outflow
beam from the cuvette to the sample containing the chemical species that absorb with
the intensity of the beam coming out of the reference cuvette. The reference cuvette
contains a blank sample that does not contain the test substance (or substance of interest).
The intensity of the radiation emanating from the blank sample is considered to be the
corrected intensity of the radiation incident to the sample. This intensity is practically
equal to the actual intensity of the incident because the losses in the blank sample (due

to scattering, reflection or absorption) are very small.

Energy absorption requires a physical interaction between a photon and a particle of the
chemical species that absorbs in the sample. The study of this absorption has led to the

following equation:

dl, = —kl,cddo (2.4.3)

where,

k is a ratio constant, c is the concentration of the light-absorbing substance and d is the
pathlength of the sample in cm. |, is the intensity of the monochromatic light entering the
sample and Is is the intensity of this light emerging from the sample. The negative sign is
introduced because the intensity, |, decreases as the absorption layer becomes thicker.

After completion the above equation (2.4.3) gives:

Is -k

Io 2303

log

The fraction of the incident intensity exiting the sample defines the permeability, the latter
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equation is transformed as:

logT, = —¢,dc (2.4.5)
And also:

k
2’303= €o (2.4.6)
AO = _logTO (2.4.7)
where,

€0 is the molar decadic extinction coefficient. The molar decadic extinction coefficient is a
quantity characteristic of the substance which also depends on wavenumber v (cm™) or
wavelength A (nm). The functional correlation between g, and wavenumber v is called the
“absorption spectrum” of a compound. Since the extinction coefficient can vary by several
orders of magnitude within the absorption spectrum of a single inorganic or organic
compound, the logarithmic value log &, = f(v) can be used to plot an absorption spectrum.
The Bouguer-Lambert-Beer law is a limiting law for dilute solutions, i.e. the assertion that
the extinction coefficient is independent of the concentration of a substance at the given

wavenumber (or wavelength) applies only to dilute solutions.
The equation that arises is:
AO = —EOdC (2.4.8)

The (2.4.8) equation is known as the Beer-Lambert law. The Beer-Lambert law assumes
that the radiation is monochromatic, the chemical species they absorb display no
interactions, the cross section of the sample is uniform, no fluorescence phenomena are
observed and the concentrations in the active ingredients of the solutions from which the

samples originate are small.

It is very common to express the concentration of solutions in terms of percentages. The

percentage concentration is calculated as the fraction of the weight or volume of the
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solute related to the total weight or volume of the solution. When the percentage
concentration is calculated by weight, g,is replaced by ayand the Beer-Lambert law is

modified in the form bellow:

Ay, = —adcy, (2.4.9)

where:

Cm: is the concentration of the substance calculated in g L™

d: is the pathlength of the sample (practically corresponds, as mentioned above, to the

thickness of the cuvette usually 1 cm)
a: absorbance

The graph of the absorption relative to the concentration is linear.

2.5 Electron Microscopy

2.5.1 Field Emission Scanning Electron Microscopy (FESEM)

Field emission scanning electron microscopy (FESEM) provides topographical and
elemental information at magnifications of 10x to 300,000x, with virtually unlimited depth
of field. Compared with the conventional scanning electron microscopy (SEM), field
emission SEM (FESEM) produces clearer, less electrostatically distorted images with spatial
resolution down to 1 1/2 nanometers — three to six times better. FESEM offers i) the ability
to examine smaller-area contamination spots at electron accelerating voltages compatible
with energy dispersive spectroscopy (EDS), ii) high-quality, low-voltage images with
negligible electrical charging of samples (accelerating voltages ranging from 0.5 to 30
kilovolts) and iii) essentially no need for placing conducting coatings on insulating

materials.

A field emission scanning electron microscope (FESEM) scans a focused electron beam
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over a surface to create an image. The electrons in the beam interact with the sample,
producing various signals that can be used to obtain information about the surface
topography and composition. The electrons pass along a cylindrical column by means of
magnetic coils spaced apart along the column. The focused electron beam is deflected on
the x and y axes and the three-dimensional image is a result of the different angle of

incidence of the beam at each point in the sample.
ii)Sputtering:

The samples were sputter-coated with gold in order to become more conductive. After
the attachment of the samples on a specimen stub using a double-sided adhesive tape,

the samples were ready for the FESEM analysis.

2.5.2 Transmission electron microscopy (TEM)

The transmission electron microscope (TEM) is an essential tool in all fields of scientific
research including semiconductor development, biology and materials science. TEM is a
microscopy technique in which a beam of electrons is transmitted through a specimen to
form an image. The transmission electron microscopy advanced the industry standards,
since it provides high resolution images and shows analytical capabilities. Transmission
electron microscopes are capable of imaging at a significantly higher resolution than light

microscopes, owing to the smaller de Broglie wavelength of electrons.

Theoretically, the maximum resolution, d, that one can obtain with a light microscope has
been limited by the wavelength of the photons that are being used to probe the sample,

A, and the numerical aperture of the system, NAP?,
d = A/(2nsina) = 1/(2NA)

where n is the index of refraction of the medium in which the lens is working and a is the

maximum half-angle of the cone of light that can enter the lens.

From the top down, the TEM consists of an emission source or cathode, which may be a

tungsten filament or needle, or a lanthanum hexaboride (LaBs) single crystal source 1,
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An electron gun, which has high brightness and high emission stability, is very effective for
high-sensitivity analysis of a micro area down to several nanometers, as well as for high-
resolution imaging. When you observe materials susceptible to radiation damage by a
highly accelerated electron beam, such as carbon nanotubes and polymer materials, you
can easily select the optimum accelerating voltage according to materials. The gun is
connected to a high voltage source (typically ~100-300 kV) and, given sufficient current,
the gun will begin to emit electrons either by thermionic or field electron emission into
the vacuum. In the case of a thermionic source, the electron source is typically mounted
in @ Wehnelt cylinder to provide preliminary focus of the emitted electrons into a beam
while also stabilizing the current using a passive feedback circuit. A field emission source
uses instead electrostatic electrodes called an extractor, a suppressor, and a gun lens, with
different voltages on each, to control the electric field shape and intensity near the sharp
tip. The combination of the cathode and these first electrostatic lens elements is often
collectively called the "electron gun". After it leaves the gun, the beam is typically
accelerated by a series of electrostatic plates until it reaches its final voltage and enters
the next part of the microscope; the condenser lens system. These upper lenses of the
TEM then further focus the electron beam to the desired size and location on the sample
121 This established electron optical system usually includes a rotation- and distortion-free
imaging system and an a selector function for the variation of the electron-beam
illumination angles. The optical conditions of TEM, such as probe diameter and camera
length, are optimized for observations using the scanning modes (STEM-BF/DF/HAADF,
BEI,SEl) and analyses (EDS, EELS). These optimized conditions are immediately retrieved

through a GUI.

Manipulation of the electron beam is performed using two physical effects. The
interaction of electrons with a magnetic field will cause electrons to move according to
the left-hand rule, thus allowing for electromagnets to manipulate the electron beam. The
use of magnetic fields allows for the formation of a magnetic lens of variable focusing
power, the lens shape originating due to the distribution of magnetic flux. Additionally,

electrostatic fields can cause the electrons to be deflected through a constant angle.
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2.6 Dynamic Light Scattering (DLS)

The Dynamic Light Scattering (DLS) method is the most common measuring technique in
the nanometer range for particle size analysis. Dynamic light scattering (DLS) is based on
the Brownian motion of dispersed particles. When particles are dispersed in a liquid they
move randomly in all directions. The principle of Brownian motion is that particles are
constantly colliding with solvent molecules. These collisions cause a certain amount of
energy to be transferred, which induces particle movement. The energy transfer is more
or less constant and therefore has a greater effect on smaller particles. As a result, smaller
particles are moving at higher speeds than larger particles. If you know all other
parameters which have an influence on particle movement, you can determine the

hydrodynamic diameter by measuring the speed of the particles.

The relation between the speed of the particles and the particle size is given by the Stokes-
Einstein equation (2.6.1). The speed of the particles is given by the translational diffusion
coefficient D. Further, the equation includes the viscosity of the dispersant and the
temperature because both parameters directly influence particle movement. A basic
requirement for the Stokes-Einstein equation is that the movement of the particles needs
to be solely based on Brownian motion. If there is sedimentation, there is no random
movement, which would lead to inaccurate results. Therefore, the onset of sedimentation
indicates the upper size limit for DLS measurements. In contrast, the lower size limit is
defined by the signal-to-noise ratio. Small particles do not scatter much light, which leads

to an insufficient measurement signal.

D=kBTé6nnRH (2.6.1)

where,

D: Translational diffusion coefficient [m?/s] - “speed of the particles”
kg:Boltzmann constant [m2kg/Ks?]
T: Temperature [K]
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h:Viscosity[Pa.s]

Ry: Hydrodynamic radius [m]

The basic setup of a DLS instrument is shown in Figure 12. A single frequency laser is
directed to the sample contained in a cuvette. If there are particles in the sample, the
incident laser light gets scattered in all directions. The scattered light is detected at a

certain angle over time and this signal is used to determine the diffusion coefficient and

the particle size by the Stokes-Einstein equation.
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Fig. 8 Basic setup of a DLS measurement system. The sample is contained in a cuvette. The

scattered light of the incident laser can be detected at different angles.

The incident laser light is usually attenuated by a gray filter which is placed between the

laser and the cuvette. The filter settings are either automatically adjusted by the

instrument or can be set manually by the user.
Small particles Large particles

AN N

YN ST A\

Time

Intensity
Intensity

>
~

N
rd
Time

Fig. 9 Differences in the intensity trace and correlation function of large and small particles.

Smaller particles show faster fluctuations of the scattered light and a faster decay of the

correlation function.
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When turbid samples are measured, the detector would not be able to process the
number of photons. Therefore, the laser light is attenuated to receive a sufficient but

processable signal at the detector 53!,

The scattered light is detected over a certain time period in order to monitor the
movement of the particles. The intensity of the scattered light is not constant but will
fluctuate over time. Smaller particles, which are moving at higher speeds, show faster
fluctuations than larger particles. On the other hand, larger particles result in higher
amplitudes between the maximum and minimum scattering intensities, as shown in Figure

9.

The polydispersity index (PDI) is given in order to describe the broadness of the particle
size distribution. The polydispersity index is also calculated by the cumulant method. A
value below 10 % reflects a monodisperse sample and indicates that all of the measured
particles have almost the same size. Generally, the polydispersity index is considered good
when it does not exceed the value of 30%. However, the polydispersity index does not
provide any information about the shape of the size distribution or the ratio between two

particle fractions.

2.7 Zeta Potential

Over the last few decades zeta potential measurements have become an important
characterization method for surface functionality or stability of dispersed particles. Zeta
potential assessment focuses primarily on obtaining data about a material's surface
charge. The material can range from colloidal nanoparticles up to macroscopic surfaces

like membranes or silicon wafers 541,

The zeta potential (also known as electrokinetic potential) is established on the surface of
any material when it comes in contact with a liquid medium. It is therefore an interfacial
property and is usually provided in a unit of millivolt.

38  New conjugated polymer NPs for bio-imaging



If a substance goes into contact with a liquid, the surface of the functional groups will react
with the surrounding medium. This process results in a surface charge, which attracts the
accumulation of oppositely charged ions. These counter ions arrange themselves
spontaneously in a so-called electrochemical double layer. The zeta potential is defined as
the sum of the initial surface charge and the accumulated layer. The zeta potential is
present only when a material comes into contact with a liquid and it represents the
effective net charge in this condition. Moreover, it can be measured on macroscopic
surfaces (e.g. membranes, hair, polymers) as well as from particles dispersed in a liquid
(e.g. colloids, nanoparticles, liposomes). The properties of the liquid medium play an
important role in the formation of the zeta potential, which is highly dependent on the pH
value or buffer concentration. Measuring the zeta potential provides information on
surface functionality, the stability of dispersed particles as well as interaction of dissolved

compounds with the solid surface.

The zeta potential of particles is a key indicator of the stability of a colloidal dispersion,
like nanoparticles or liposomes, since it reflects the ability of particles to repulse each
other electrostatically. Empirically, it is considered that absolute zeta potential values
higher than + 30 mV are indicative of very stable dispersions. Only the magnitude of the
zeta potential indicates the stability of the sample, whereas the sign of the zeta potential
shows whether positive or negative charges are dominant at the surface. Below £ 30 mV

processes like aggregation, sedimentation, and/or flocculation are more likely.

Charge formation occurs due to i) reactions of functional groups or ii) adsorption of ions
from the solution. Charge formation by reaction of functional groups is based on acidic
and basic surface groups. Acidic groups such as carboxylic or sulfonic acid dissociate when
in contact with water, i.e. the H+ ion is released into the surrounding water and the surface
assumes a negative charge [*°. Basic groups such as amine groups become protonated
when in contact with water, i.e. the surface assumes a positive charge. The equilibrium of
dissociation and protonation is strongly dependent on the pH value of the liquid medium
and therefore has a strong influence on the formed surface charge of the material and

further on the zeta potential >4153],
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2.8 Photoluminescence Spectroscopy

Photoluminescence spectroscopy is a contactless, nondestructive method of probing the
electronic structure of materials. Light is directed onto a sample, where it is absorbed and
imparts excess energy into the material in a process called photo-excitation. One way this
excess energy can be dissipated by the sample is through the emission of light, or
luminescence. In the case of photo-excitation, this luminescence is called
photoluminescence *¢!. Photo-excitation causes electrons within a material to move into
permissible excited states. When these electrons return to their equilibrium states, the
excess energy is released and may include the emission of light (a radiative process) or
may not (a nonradiative process). The energy of the emitted light (photoluminescence)
relates to the difference in energy levels between the two electron states involved in the
transition between the excited state and the equilibrium state. The quantity of the emitted

light is related to the relative contribution of the radiative process.

Photoluminescence is divided into two categories: fluorescence and phosphorescence. A
pair of electrons occupying the same electronic ground state have opposite spins and are
said to be in a singlet spin state. When an analyte absorbs an ultraviolet or visible photon,
one of its valence electrons moves from the ground state to an excited state with a
conservation of the electron’s spin. Emission of a photon from the singlet excited state to
the singlet ground state—or between any two energy levels with the same spin—is called
fluorescence 7. When the chemical substrate undergoes internal energy transitions
before relaxing to its ground state by emitting photons, some of the absorbed energy is
dissipated so that the emitted light photons are of lower energy than those absorbed. One
of such most familiar phenomenon is fluorescence, which has a short lifetime (10 to 10°
>s). Fluorescence, therefore, decays rapidly once the source of excitation is removed. Due
to the fact that molecules return to their ground state by the fastest mechanism,
fluorescence is observed only if it is a more efficient means of relaxation than a
combination of internal conversions and vibrational relaxations. A quantitative expression

of fluorescence efficiency is the fluorescent quantum yield, ®y, which is the fraction of

excited state molecules returning to the ground state by fluorescence. Fluorescent
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quantum vyields range from 1, when every molecule in an excited state undergoes

fluorescence, to 0 when fluorescence does not occur. The intensity of fluorescence, /s, is
proportional to the amount of radiation absorbed by the sample, Py — Py, and the

fluorescent quantum yield emission. Fluorescence is generally observed when the
molecule’s lowest energy absorption is a m = m* transition, although some n - n*
transitions show weak fluorescence. Most unsubstituted, non heterocyclic aromatic
compounds have favorable fluorescence quantum yields, although substitutions on the

aromatic ring can significantly effect ®s. For example, the presence of an electron-
withdrawing group, such as —NO,, decreases @y, while adding an electron-donating group,
such as —OH, increases O¢. Fluorescence also increases for aromatic ring systems and for

aromatic molecules with rigid planar structures 8!,

In some cases an electron in a singlet excited state is transformed to a triplet excited state
in which its spin is no longer paired with the ground state. Emission between a triplet
excited state and a singlet ground state—or between any two energy levels that differ in

their respective spin states—is called phosphorescence. Because the average lifetime for

phosphorescence ranges from 10™-10* s, phosphorescence may continue for some time

after removing the excitation source %1,

2.9 Cell Culture Maintenance

In this project we examined three different cell populations; one of them was
mesenchymal and the other two were cancer cell lines. Concerning the mesenchymal cells
we used WJ-MSC cells. The Wharton's Jelly mesenchymal cells, is an anchorage dependent
cell line and is cultured while attached to a solid or semi-solid substrate. Wharton’s Jelly
cells are derived from the inner jelly substance in the umbilical cord and are isolated from
a single donor. These cells have characteristics of MSCs and are widely investigated for
their use in therapeutic applications 3. On the other hand, for the cancer cell lines we

used HCT116 and WM164. HCT116 is a human colon cancer cell line with a mutation in
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codon 13 of the ras proto-oncogene. The HCT116 cells are adhesive and have a
characteristic epithelial morphology (%%l WM 164 is a metastatic human melanoma cell
line established from a metastatic site. This cell line features the specific V600E (Val600Glu)
mutation at codon 600 in the BRAF gene. This mutation causes constitutively active kinase

activity and activation of MEK and ERK signaling pathway 62,

WJ-MSC cells were cultured in DMEM/F12 (with 3.5 g/L glucose, ultraglutamine |, and Na
pyruvate; Lonza) supplemented with 10% batch-tested fetal bovine serum (FBS), 15 mM
HEPES, 1x nonessential amino acids, and 1% penicillin/streptomycin (all from Invitrogen).
Cancer cells were cultured in DMEM, 10% FBS, 1% Penicillin/ STREPTOMYCIN and 1% mem

non-essential amino acids.

All cells are cultured in an incubator that supplies 5% CO; in air and regulates the
physicochemical environment at 37°C in a humidified atmosphere. The size of the flasks
vary, as well as the amount of the culture medium that was added, according to the
number of cells that were seeded. Small flasks of 25 cm? were seeded with 1-2 x 10° cells
in 5 mL culture medium and large flasks of 75 cm? were seeded with 3-4 x 10° cells in 10
mL culture medium. Confluent cells are harvested from the culture flasks using
trypsin/EDTA and counted on a haemocytometer. Trypsin is a proteolytic enzyme that is
formed in the intestine by trypsinogen. Its effect lies in catalyzing the hydrolysis of peptide
bonds in partially cleaved proteins. In particular, it cuts the amino terminus in lysines and
arginines if they are not followed by proline. The inhibition of trypsin action is
accomplished by injecting culture medium equal or twice as high as the trypsin that was

plated (631,

2.10 Cytotoxicity Assay

The proliferation of WJ-MSC, HCT116 and WM 164 cells was assessed using the MTS assay,
the role of which is the staining of living cells. The MTS assay protocol is based on the
reduction of the MTS tetrazolium compound by viable cells to generate a colored formazan
dye that is soluble in cell culture media. This conversion is thought to be carried out by
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NAD(P)H-dependent dehydrogenase enzymes in metabolically active cells. The formazan
dye is quantified by measuring the absorbance at 490-500 nm. The dye used to make the
solution was diluted at 1:5 ratio in culture media. Before the addition of the MTS solution,
the supernatant that contained the NPs was removed and the cells were washed with PBS
(Phosphate Buffered Saline). Afterwards, the MTS solution was added in the polystyrene
plates, the plates were placed back in the incubator for 1, 2 and 3 hours for colour
development. Colour development was detected spectrophotometrically at 490/500 nm

and according the absorption, a living cell evaluation was provided.

Every experiment was performed in triplicates and it was an end-point experiment after

the measurement of the absorption.

Protocol (step by step):

i Culture cells (5 — 100 x 103/well) in a 96-well microtiter plate in a final volume of

200 pL/well
ii. Incubate cells for 48 hours.

iii. After 48 hours add 20 uL/well MTS Reagent into each well and incubate for 1, 2

and 3 hours at 37°C in standard culture conditions.

iv. The measurement was then made, after placing the 96-well plate in the

spectrophotometer and calculated the absorption at 490/500 nm.

Before assessing the cytotoxicity levels of the polymer NPs, we performed tests on WJ MSC
HCT116 and WM164 cells seeded in TCPS plates. Standard curves were prepared for cells
seeded in 96-well plates using abs (490/500) as the mode of detection for the MTS reagent

color change.
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3. Results and Discussion

3.1 Synthesis of Polymers

C12Has /S\N
/ /S / \ \ / XX37
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Fig. 10: A schematic representation of BTTDQ-Ph CPs.

CqoHos N’S\N
\ /
[ S / \
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/ \ \
Fig. 11: A schematic representation of BTTDQ-Me CPs.

As it was thoroughly described in section (2.1), different conjugated polymers were
synthesized consisting of thiadiazoloquinoxaline biphenyl substituted-bithiophene and
thiadiazoloquinoxaline bimethyl substituted-bithiophene, BTTDQ-Ph and BTTDQ-Me,
respectively. In Fig. 15 a real depiction of the final products i.e BTTDQ-Ph and BTTDQ-Me
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CPs is given. This characteristic chemical structure is also confirmed in the next section

(3.2) of the 'H-NMR assay.

Fig. 12: Solutions of BTTDQ-Ph and BTTDQ-Me CPs.

When the BTTDQ-Ph and BTTDQ-Me conjugated polymers are dissolved in THF, colour-
based solutions are obtained (Fig.12). On the left, the BTTDQ-Me CP with a characteristic
blue colour and on the right the blue-green solution of BTTDQ-Ph are depicted. The
solubility of the BTTDQ-Me CP in the THF was clearly poorer than the corresponding one
of the BTTDQ-Ph CP, due to the stronger aggregation that takes place in the methyl

substituted CP. Thus, the methyl-substituted required more hours to dissolve.
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3.2 'H-NMR
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Fig. 13: *H-NMR spectra of BTTDQ phenyl (a) and methyl substituted (b).
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In figure 13 a and b, the *H-NMR spectra of BTTDQ-Ph and BTTDQ-Me are given. In both
spectra the upfield region between 0.83 to 1.59 ppm and 0.86 to 1.62 ppm, for the BTTDQ-
Ph and BTTDQ-Me, respectively, refers to the remote protons boned to the aliphatic
carbon atoms. The hydrogens of thiophene’s aliphatic adjacent carbons are displayed at
2.43 ppm and 2.53 ppm and the peak at 2.76 ppm corresponds to 3H of methyl substituted
BTTDQ. The most protected proton of thiophene ring displayed at 7.38 and 7.45 ppm while
the peaks at 7.35ppm, 7.42ppm, and 7.71ppm corresponds to phenyl ring protons of
BTTDQ-Ph. Comparing the spectra, there is a significant chemical shift from 2.83 ppm to
7.40 ppm of the substituted benzothiazole quinoxaline. This chemical shift is attributed to

the resonance phenomenon and the electron cloud, that shields the benzyl protons.

3.3 TEM and FESEM.

Fig. 14:FESEM (a,b) and TEM (c) images of BTTDQ-Ph and FESEM (d,e) and TEM (f) images of

BTTDQ-Me NPs.
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FESEM and TEM characterization revealed that the BTTDQ-Ph and BTTDQ-Me self-
aggregate in water resulting in CPNs with a well-defined smooth spherical shape and an
average diameter of 100 nm. The fact that the hydrophobic conjugated polymers
successfully generate uniform nanoparticles without the addition of an amphiphilic
molecule is considered as a great advantage, regarding their easy manufacturing and
reproducibility 4] Moreover, the spherical shape of water-soluble conjugated
polymers was also witnessed in previous reports, confirming our results. The diameter of
WSCPs that is mentioned in other reports ranges from 40 to 500 nm, based on the
production technique and the monomers were used 7V The mean particle size
observed from FESEM and TEM images is lower than that obtained by DLS measurements,
which is mainly caused by the shrinkage of the polymeric NPs during the sample

preparation in vacuum. A similar phenomenon has also been observed for other polymeric

NPs [69170],
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3.4 UV-VIS Spectroscopy
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Fig. 15: UV-Vis absorption spectra of the low-bandgap BTTDQ-Ph (a) and BTTDQ-Me

(b).NPs suspensions in solution, film and water.
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Fig. 16: Fluorescence spectra of the low-bandgap BTTDQ-Ph and BTTDQ-Me NPs suspensions

in solution and water.

Figure 15(a,b) and Figure 16 show the UV-Vis absorption and fluorescence spectra of the
low-bandgap BTTDQ-Ph and BTTDQ-Me NPs suspensions in water. The wavelength at
which the polymer solution and NPs exhibit maximum UV-Vis absorbance and
fluorescence intensity are shown in Table 2. The BTTDQ-Ph and BTTDQ-Me nanoparticles
have low absorption in the yellow to red regions with Amax at 660 and 580 nm, respectively.
BTTDQ-Ph and BTTDQ-Me show significant light absorption in the UV-Vis region as shown
in Figure 15 (a,b). Moreover, the absorption spectrum of each low-bandgap NPs exhibits a
broadened and red-shifted absorption spectrum relative to that of the corresponding
isolated low-bandgap conjugated polymer chains in THF solvent. The absorption peak at
660 and 580 nm, in BTTDQ-Ph and BTTDQ-Me, respectively arises from n—n* transition of
the conjugated back-bone, while the broad absorption band from 600 to 800 nm results
from charge transfer between bithiophene and thiadiazoloquinoxaline units. Moreover,
the red-shifted emission wavelength possibly originates from the strong side chain static

effect 71,
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The fluorescence wavelengths of the CPNs in aqueous suspensions and the CPs in THF

solution were measured using a photoluminesence spectometer. The emission maxima

for BTTDQ-Ph and BTTDQ-Me NPs are at 516 and 636 nm, respectively. The emission tail
in the PL spectrum after 700 nm suggests that these NPs hold potential for in vivo FR/NIR
imaging. The photoluminescence (PL) spectra of the BTTDQ-Ph solution display a high-
energy peak at 720 nm that can be attributed to the polymers' backbone. The PL spectra
of BTTDQ-Me exhibit a lower peak at 645 nm, which was expected and can be assigned to
the methyl substitution. The photoluminescence (PL) spectra of the BTTDQ-Ph and
BTTDQ-Me NPs though, mark a peak at the emission spectra at the 745 nm, slightly higher
than the emission peaks of both BTTDQ-Ph and BTTDQ-Me solutions 7211741,

Table 2: Photophysical properties of CPNs.
Low-Bandgap

BTTDQ-Ph BTTDQ-Me
Conjugated NPs
Absorption / Fluorescence 660 / 745 580/ 745
Amax""* (nm)
Absorption / Fluorescence

650 /720 595 / 645

Amax*® (nm)

The strong emission (Table 2) was expected given the frequent use of benzothiadiazole in
fluorescent materials and conjugated polymers 741761, The electronic character of the
substituents in quinoxaline molecule strongly affects the absorption spectra producing a
significant bathochromic shift to an extent which depends on their electron-donating
ability. Higher the electron-donating ability of the donor groups present in the quinoxaline

moiety, higher is the Amax value 7],
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3.5 DLS and Zeta Potential
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Fig. 17: Particle size distribution of BTTDQ-Ph NPs after 1, 7 and 21 days at 25 °C (a) and

37 °C (b).
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Fig. 18: Particle size distribution of BTTDQ-Me NPs after 1, 7 and 21 days at 25 °C (a) and
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The low-bandgap CP nanoparticles display excellent colloidal stability in water, showing no
sign of particle aggregation even after three weeks. The production of nanoparticles using
the nanoprecipitation method is a surfactant-free approach and the colloidal stability arise
from inherent surface characteristics of the conjugated polymer NPs. The resistance of
low-bandgap CP NPs to undergo aggregation in water is attributable to a substantial and
negative zeta potential, as shown in Fig. 19 and Fig. 20, ranging from —13 to -23 mV. It is
well known that colloidal suspensions systems with zeta potential value of —25 mV or

lower maintain a long-term colloidal stability [78179],

Generally, stable polymer nanoparticles in water obtain a micellar structure that consists
of a hydrophobic core and a hydrophilic shell. However, the conjugated polymers used in
this study would exhibit strictly hydrophobic characteristics. Therefore, we assume that
chemical modification of the CP during the nanoparticles formation leads to hydrophilic
defects and consequently in the desirable negative zeta potential #%. The average size of
the NPs was measured in two different temperatures (25 °C and 37°C). 25 °C (temp.1) is
attributed to the product maintenance temperature, whereas 37 °C (temp.2) to the
normal temperature for the in vitro and for the in vivo experiments. The size of the BTTDQ-
Ph NPs was 87.96+0.22 and 88.13+0.30 for 25 °C and 37°C, respectively. In addition,
BTTDQ-Me NPs have a size distribution of 73.58+0.64 and 73.27+0.25 for 25 °C and 37°C,
respectively. The width of the “curve bell” of the Gaussian distribution that the CPNs
possess, is narrow and their polydispersity is below 0.3. The narrow polydispersity
indicates a uniform polymer, also known as monodispersed. Moreover, according to
previous studies the dimensions and the shape of the NPs are critical factors in order to
the NPs escape from the endothelium. NPs >200 nm are cleared in the liver and spleen,
while <10 nm are cleared from the kidneys. The optimal size for the NPs is considered to
be between 10nm and 200 nm. In addition, they have to be close to 100 nm in order to

escape the endothelium and reach the cancer tissue #0814,
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Fig. 20: Zeta potential measurements of BTTDQ-Me NPs after 1, 7 and 14 days after their

production.
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3.6 Cytotoxicity assay

The viability of cells on the polymeric NPs was quantitatively determined by the
colorimetric MTS assay for 48 hours of culture. Absorbance of the bioreduced soluble
formazan product was measured at 490 nm using a spectrophotometer. Results were
qguantified by subtracting the blank value from each value then normalizing against the
control values 82, The MTS assay was performed as a function of the NPs concentrations
and the percentage of cell viability was determined. The ideal fluorescent cell trackers will
minimally derange the functions of stem cells that are generally sensitive and fragile to
exterior stimuli. To address this issue, the viability of MSCs treated with BTTDQ-Ph and
BTTDQ-Me NPs was investigated by using NPs-free MSCs as control 1. The in vitro
proliferation of WJ-MSCs was assessed after labeling with different concentrations of

BTTDQ-Ph and BTTDQ-Me NPs.
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WIJ-MSC Cytotoxicity Assay
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Fig. 21: Viability assay of WJ-MSC on BTTDQ-Ph (a) and BTTDQ-Me NPs (b).
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Fig. 22: Viability assay of HCT116 on BTTDQ-Ph (a) and BTTDQ-Me NPs (b).

WM164 Cytotoxicity Assay
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Fig. 23: Viability assay of WM164 on BTTDQ-Ph (a) and BTTDQ-Me (b) NPs.

The cell metabolic activity results revealed that both BTTDQ-Ph and BTTDQ-Me NPs -
labeled MSCs have similar cell number with the NPs-free MSCs after 2 days of incubation.
Specifically, WJ-MSC cells showed adhesion and even proliferation in several concentrates
of both BTTDQ-Ph and BTTDQ-Me NPs 8411851 Apparently, the phenyl-substituted CPNs are

considered as preferable to the viability WJ-MSC cells, since they exhibit lower levels of
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cytotoxicity. According to fig. 21(a), the viability and proliferation of the cells labeled with
the methyl-substituted CPNs, maintains an adequate level up until the concentration of
0.125 pg/mL. Comparatively, according to fig. 21(b) the BTTDQ-Ph NPs successfully
reached higher folds of viability. More specifically, the triplicates of the following
concentrations (0.0315, 0.0156, 0.0625, 0.125, 0.25 and 0.5 pg/ml) exhibit the same or
even higher levels of viability compared to the TCPS control ones #1871, On the other hand,
the BTTDQ-Me NPs also exhibit a good viability and a subsequent low cytotoxicity,
however, only in lower concentrations. As it is depicted in fig. 21(a,b) normal WJ-MSC cells
interact well with the CPNs leading to high levels of viability, which confirms our initial
assumption, that CP dots display low cytotoxicity levels on normal cells and are considered
as biocompatible. In addition, the biocompatibility of CP nanoparticles, was also
established by recent reports #6187 The results of our cytotoxicity tests confirmed this
statement since we observed a positive impact on cell growth. As it was observed, the
cellular response is enhanced in terms of adhesion and proliferation of WJ-MSC in the

presence of CP dots.

The viability assay of both WM164 human melanoma (Fig.22(a,b)) and HCT116 colon
colorectal cancer cells (Fig.23(a,b)) on BTTDQ-Ph and BTTDQ-Me NPs was performed under
the same conditions with the WJ-MSC cells. Cell viability was expressed by the ratio of the
absorbance of MTS in the sample wells, to that of the cells incubated with culture medium
only. Interestingly, in this cytotoxicity assay the melanoma and colorectal cancer cells-NPs
interactions led to higher levels of cytotoxicity, compared to the normal WJ-MSC cells.
Specifically, a notable 20-30% decrease in the viability of cancer cell lines is observed in
the colon colorectal cancer cells, whereas the percentage of the cytotoxicity doubles with
reference to the WM164 cell line. It is established that the mesenchymal cells are harder
to be handled since they are more sensitive to contaminations, whereas cancer cells are
considered as more durable. Subsequently, these results were a paradox since the NPs
were not loaded with an anticancer drug. The chemical interactions between the
biomaterial and the cells play a crucial role in the viability and proliferation of the cells.
Consequently, the anticancer properties of the CPNs have to be investigated. Surprisingly,

resent studies came up with comparable results, reinforcing our data B8°%], |n fact,
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quinoxaline itself and also thiadiazole derivatives that used in the polymerization of the
present study, display anticancer properties since they appear to be harmful for the cancer
lines but beneficial for the mesenchymal cells with no profound side effect on their growth
[881-[95],1981-102] - gpecifically, the latter literature reveals an anticancer mechanism of
thiadiazole-derivatives and quinoxaline, that is not cytotoxic to directly damage the cancer

cells, but induces their apoptosis at a certain time of cell division cycle 193],

4. Conclusion

Conjugated polymer nanoparticles are attractive bioimaging probes due to their excellent
optical characteristics and low cytotoxicity. According to literature, a whole range of
conjugated polymer particles have been synthesized up to now, with particle sizes ranging
from the nano- to the micrometer scale and colors covering the entire visible range. It is
of great importance, that the recent advances in synthetic procedures enable preparation
of CPNs nanoparticles with narrow size distribution and well-controlled size, supporting

their scale of reproducibility.

In conclusion, fluorescent materials namely BTTDQ-Ph and BTTDQ-Me were synthesized
via Stille coupling. Herein, the spectral and colloidal properties of CPdots prepared by
nanoprecipitation are reported. The low-bandgap CPdots exhibit absorption and emission
maxima in the red or far-red spectral region. Specifically, the BTTDQ-Ph NPs absorbs at 660
nm and emits at 745 nm, whereas the BTTDQ-Me NPs absorbs at 580 nm and emits at 745,
respectively. Apart from their spectral properties, their colloidal ones were also examined.
The results from the zeta potential assessment indicate that in the terms of our three-
week study, the NPs exhibit colloidal stability with a zeta potential of approximately -20
mV. Moreover, DLS, TEM and FESEM analyses revealed that the average size of the NPs is
lower than 100 nm, an ideal size for bio-applications [11110411105] The cytotoxicity analysis
confirmed the biocompatibility of the water-soluble NPs to the WJ-MSC cells and
highlighted their anticancer potential regarding the viability of WM164 and HCT116 cell

lines, supporting their potential use not only as low-bandgap fluorescent probes for bio-

60 New conjugated polymer NPs for bio-imaging



imaging in several cancer types, but also in their subsequent therapy.

Overall, based on the steady improvements reported in literature on the brightness,
stability, cell viability and theranostic nature of many conjugated polymer nanoparticles,
a 'bright ' future is ahead for the bioimaging of conjugated polymer nanoparticles that will
introduce a new generation of fluorescent probes that appear to be the quintessential

contrast agents.
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