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FRET — Forster resonance energy transfer
GO — graphene oxide
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NS cancer — nervous system cancer
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QD - quantum dot
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PNS — peripheral nervous system
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INTRODUCTION

Cancer is one of the leading causes of death worldwide, so researchers are always on
the pursuit for new diagnostic and therapeutic methods or ways to improve the effectiveness
of those already in use. Quantum dots, a type of nanomaterial, could be used both to enhance
sensitivity of optical methods, such as fluorescence spectroscopy, and enable several
therapeutic methods, like photodynamic therapy (Lucky et al., 2015; Smith and Gambhir,
2017). Unique properties of quantum dots could be especially useful for targeted theranostics
of nervous system tumors. Clinical visualization systems based on quantum dots could be
used intraoperatively as a visual aid for surgeons and photodynamic therapy has potential for
treating some types of brain tumors which cannot be effectively treated with conventional
methods (Perkins and Liu, 2016; Vasefi et al., 2016). Even more importantly, quantum dots,
alongside other nanomaterials, can be tailored to allow for crossing of the blood-brain barrier,
thus providing a means to solve this long-standing problem of brain cancer therapeutics (Li et
al., 2017). One drawback of commonly used quantum dots — their inherent nanotoxicity — can
be circumvented by using heavy metal-free quantum dots, such as those made from CulnS;
(Pons et al., 2010). The use of these quantum dots for nervous system cancer theranostics has
not been extensively investigated, so such research is of the utmost importance if these
nanoparticles are to be applied clinically.

The aim of this work — to investigate the potential use of heavy metal free CulnS,/ZnS

quantum dots for brain cancer diagnostics.

Tasks of this work:

1. To investigate the optical and physicochemical properties of CulnS2/ZnS quantum dots

functionalized with amine or carboxyl functional groups;
2. To compare the stability of CulnS,/ZnS quantum dots in different media;

3. To investigate the accumulation of CulnS2/ZnS quantum dots in cancer cells and their
effect on cell viability.



1. LITERATURE REVIEW

1.1. Nervous system cancer, its diagnostics and treatment

1.1.1. Nervous system cancer and its classification

Cancer is a group of diseases caused by mutations in certain genes which induce cells
to divide uncontrollably and, in the case of malignant tumors, invade nearby healthy tissue.
Various types of cancer are one of the leading causes of death worldwide, second only to
cardiovascular diseases, especially in developed countries (Naghavi et al., 2017). Due to this,
cancer research is one of the most active and well-funded fields of medical research.
Researchers are trying to expand their understanding of the causes of different cancer types,
as well as to discover better diagnostic methods, which would allow to detect cancer at its
early stages, and create more effective types of treatment, which could efficiently treat cancer
while causing as little harm to the patient as possible.

Nervous system (NS) cancer, as the name suggests, is a type of cancer originating from
nerve or glial cells. Such tumors may form in central (CNS) (brain or spinal cord) or
peripheral nervous system (PNS). Symptoms vary depending on the location of the tumor and
may include headaches, seizures, loss of consciousness and various neurological symptoms,
such as sensory, motor, language and cognitive deficits or even behavioral changes in the case
of CNS tumors (McFaline-Figueroa and Lee, 2018). PNS tumors mainly cause pain and
sensorimotor deficits (Huang et al., 2005). These symptoms can be caused by either benign or
malignant tumors, so even if there is no danger of further cancer development, treatment of
such tumors may be necessary.

NS tumors can be classified by their location, cellular origin or molecular
characteristics. Although currently it is recommended to classify NS tumors according to their
molecular characteristics (Louis et al., 2016), a more intuitive classification based on their
cellular origin will be presented. Considering only primary tumors (that is, tumors not grown
from metastatic cancer cells from other body parts), main types of NS tumors are gliomas,
meningiomas, pituitary tumors and nerve sheath tumors, although there are some more types
than the ones listed. Gliomas are tumors originating from glia precursor cells. They are one of
the most common types of primary brain tumors and are the most common malignant type,

with glioblastoma being the most lethal. Gliomas are classified into oligodendrogliomas,



astrocytomas, ependymomas and oligoastrocytic gliomas according to the resemblance
between their cells and glial cells. Some types of gliomas may invade tissue diffusively, thus
complicating treatment (Weller et al., 2015). Meningiomas originate from meninge cells and,
although technically not being brain tumors due to not originating from neurons or glial cells,
are categorized as such because they cause similar symptoms. This is the most common type
of brain tumors, even though often they go unnoticed because of being benign and presenting
no symptoms (DeAngelis, 2001). Pituitary tumors originate in the pituitary gland. They are
similar to meningiomas in the way of often being benign and asymptomatic. In some cases,
pituitary tumors can alter production of pituitary hormones and cause various symptoms,
ranging from infertility and osteoporosis to diabetes (Molitch, 2017). Nerve sheath tumors
affect cells producing the myelin sheath or cells of connective tissue. Schwannoma and
neurofibroma are members of this type. They are mostly benign but may cause pain due to

being close to peripheral nerves (Huang et al., 2005).

1.1.2. Problems associated with nervous system cancer diagnostics and treatment

Majority of NS cancer diagnostic methods are the same as those used for other types of
cancer. Magnetic resonance imaging (MRI) with gadolinium as a contrast agent is the most
commonly used due to its tissue specificity, while computer tomography (CT) can be
substituted if MRI cannot be used for some reason. CT can also allow to detect primary
tumors in other body parts if the tumor in the brain is metastatic. If diagnosis using these
methods is not clear, biopsy or surgical resection can be performed, and it is the primary
method used to determine the exact type of tumor (McFaline-Figueroa and Lee, 2018).
Magnetic resonance spectroscopy, positron emission tomography, analysis of cerebrospinal
fluid and some other methods, while not common, can also be used (American Society of
Clinical Oncology, 2019). Treatment of NS tumors involves surgery (when it is possible to
remove the tumor without causing damage to brain or other parts of nervous system) followed
by radiotherapy and chemotherapy. Chemotherapy and radiotherapy (or its varieties,
brachytherapy and stereotactic radiosurgery) can be used by themselves as well when surgery
is not possible or the tumor is diffuse (Perkins and Liu, 2016). Surgery is effective with
benign tumors, while malignant ones show a high probability of reoccurrence.

Even though mentioned diagnostic and treatment methods of cancer have seen
withstanding successful clinical use, they do have some drawbacks. MRI and CT equipment

is expensive, and the running costs are also quite high. In addition, while they are routinely



used extraoperatively, intraoperative use, allowing surgeons to use the image of tumor for
guidance during surgery, remains difficult. MR1 and ultrasound imaging, two methods used
for this purpose, require expensive equipment and are time consuming or have inadequate
sensitivity for imaging of small tumors, respectively. In addition, both methods require the
surgeon to have plenty of experience to be able to accurately interpret the images (Vasefi et
al., 2016). Chemotherapy and radiotherapy are associated with side-effects, potentially quite
severe, and surgery is not always feasible. Even then, remission rates of certain brain cancers
are high, with low 5 year survival rates (Bray et al., 2018) (Fig. 1.1.). These disadvantages
call for new diagnostic methods, which would address these issues.

Five-year cancer survival rates in the USA, All races, total
Percentage of cancer patients surviving at least five years since diagnosis, by cancer type. This data is available to =
view by sex and race.

Prostate
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Figure 1.1. 5-year survival rates for different types of cancer, including brain and NS cancer,
in the USA from 1977 to 2013 (Roser and Ritchie, 2018).

1.2. Optical methods for nervous system cancer diagnostics and therapy

1.2.1. Application of optical methods for nervous system cancer diagnostics

Optical methods, such as fluorescence spectroscopy, Raman spectroscopy or two-
photon spectroscopy have seen extensive use in both in vitro and in vivo medical research.

Such imaging methods are also investigated for use in diagnostics of NS cancer — for



example, Raman spectroscopy was capable to image glioma tumors during surgery and even
differentiate tumor grades (Jermyn et al., 2015), while multiphoton tomography and
fluorescence lifetime spectroscopy was used to the same effect during glioblastoma surgery
(Kantelhardt et al., 2016). Optical methods have many advantages over MRI, CT and other
currently used imaging methods: equipment required is generally not overly expensive, they
are simple to use, allow real time imaging and acquired images are quite straightforward to
interpret (Vasefi et al., 2016). In addition, optical methods are highly versatile and can be
tailored for various imaging applications, including fluorescent probes having specificity for
cancer cells (Garland et al., 2016). Improved specificity is an important advantage over
radionuclide labeling, another method capable of real time imaging (McHugh et al., 2018).
Optical methods could also be used for more advanced imaging applications, such as tracking

the distribution of anti-cancer drugs (Kong et al., 2018).

1.2.1.1. Fluorescence spectroscopy

Both steady-state and time-resolved fluorescence spectroscopy can be used for tumor
detection — the former investigates differences in spectral profiles and intensities between
cancerous and healthy tissues, while the latter is used to compare changes in fluorescence
decay times. Autofluorescence of tumor tissues and fluorescent probes binding to cancer cells
can be utilized to detect tumors with these methods. Changes in tumor metabolism lead to
differences in fluorescence spectra of amino acids (tryptophan and tyrosine), proteins (elastin,
collagen) and some other compounds (NADH, FAD) compared to their spectra in healthy
tissue (Vasefi et al., 2016). While in theory autofluorescence seems as a convenient way to
detect tumors, numerous problems, such as low fluorescence intensity, complicated
interpretation of images and possible interference from patient’s diet and other factors limit its
use. Fluorescent probes are employed to account for these drawbacks. Both targeted probes,
which contain antibodies or various smaller peptides binding to tumor cells, and non-targeted
ones (for example, indocyanine), instead relying on specifics of tumor vasculature , are used
(Solomon et al., 2011).

Main advantages of steady-state fluorescence are low cost of equipment and higher
signal quality compared with time-resolved spectroscopy. On the other hand, fluorescence
intensity measurements can be distorted by numerous unrelated chemical compounds, as well

as other factors, such as patient’s motion during measurement or photobleaching. As time-
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resolved techniques are not based on intensity measurements, they pose a solution to these
problems (Solomon et al., 2011).

In brain cancer diagnostics, most of the recent research involving fluorescence
spectroscopy involves its application as an aid during surgery or biopsy. Although biopsy is
an important tool used to diagnose cancer, it is rather risky, and fluorescence spectroscopy is
investigated as a visual aid during this procedure. This application was investigated by Haj-
Hosseini et al., as a combination of fluorescence spectroscopy and laser Doppler flowmetry.
A probe integrating both methods was employed. Researchers found the method effective,
especially in combination with simultaneous autofluorescence measurements (Haj-Hosseini et
al., 2018). Fluorescence probes are investigated for use in surgeries, too, as they allow for
easier access to tumors. A comparison of such a probe with conventional fluorescence
microscopy during surgery in the marginal zone of glioma found the probe to be more
sensitive, as it could detect tumor remnants in two thirds of investigated spots where
microscopy did not detect them (Richter et al., 2017). Of course, surgery is not the only
investigated area of the application of fluorescence spectroscopy — one example is the
research of Zhou et al., who used this method to determine the grade of tumors. Results
showed that the method might be a viable alternative to currently used histopathological
techniques. The experiments were conducted ex vivo, though, so it is not clear whether the

method would be appropriate for in vivo use as well (Zhou et al., 2019).

1.2.1.2. Two-photon fluorescence spectroscopy

If suitable conditions are met (sufficient spatial localization of laser light, high laser
power), a phenomenon called two-photon absorption can take place, which is basically
absorption of two lower energy photons that excites a molecule into a higher energy state.
This principle can be applied in a technique called two-photon fluorescence spectroscopy. Its
main advantage over conventional fluorescence spectroscopy is the use of near-infrared light,
which is less absorbed by tissue compared to visible light. In principle, this allows imaging of
deeper tissue. Parallel with fluorescence spectroscopy, both endogenous and exogenous
fluorophores can be used in two-photon fluorescence spectroscopy investigations, and most of
the endogenous compounds used in one method are applicable in the other as well. This
method’s main drawback is a higher cost of equipment compared with the cost of steady-state

fluorescence setup (Perry et al., 2012).
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In, principle, application of two-photon fluorescence spectroscopy is similar to
conventional fluorescence spectroscopy. In its simplest form, it can be used alone for
detection of tumors, as shown in the work of Li and coworkers, where they used two-photon
fluorescence lifetime spectroscopy to detect various tumors, brain tumors in mice among
them. They found several differences in spectra of healthy and malignant tissues, which could
be used for their discrimination (Li et al., 2019). More complex applications include
combinations of several detection techniques. One investigation used two-photon
spectroscopy together with second harmonic generation imaging and conventional single
photon fluorescence spectroscopy, with the idea of the experiment being to use all these
methods to facilitate discrimination of healthy and malignant tissue. Results seem positive,
and researchers hope to apply this method to investigations of different brain tumor types, like

glioma and meningioma (Fig. 1.2.) (Poulon et al., 2017).
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Figure 1.2. Comparison between two locations of metastatic tissue: a) Combined two-photon
fluorescence and second harmonic generation image of metastatic tissue; b) fluorescence
intensity spectra of ROI 1 (stroma) and ROI 2 (adenocarcinomatous glandular tissue); c) two-
photon excitation fluorescence lifetime image of metastatic tissue; d) fluorescence lifetime
decay curves of ROI 1 and ROI 2. Scale bar — 20 um (Poulon et al., 2017).
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1.2.1.3. Raman spectroscopy

Raman spectroscopy is a method of vibrational spectroscopy which detects energy
changes of inelastically scattered photons. Most scattered photons are of the same energy
(wavelength) as the impending ones, but in some instances their energy may change (either
increase or decrease) by an amount corresponding to a vibrational energy level of a molecule.
As possible vibrations depend on the molecular structure, such information may allow for
determination of compounds existing in the sample or for quantification of their
concentrations. Various modifications of this method, such as surface enhanced Raman
spectroscopy or resonance Raman spectroscopy, can be used to increase intensity of
scattering, although they have certain limitations, such as necessity to use certain materials or
restriction of compounds which can be imagined with a certain laser wavelength. The largest
problem is fluorescence of probed molecules and tissue, which often can overwhelm
relatively weak Raman signal. Certain techniques, such as coherent anti-Stokes Raman
scattering (CARS), can be used to remove the interference of fluorescence, though they
require more sophisticated equipment and are more difficult to use (Auner et al., 2018).

One example of the application of Raman spectroscopy in brain tumor investigations is
the work done by Galli and colleagues. They combined Raman and fluorescence
spectroscopies to investigate brain tumor biopsies intraoperatively. Comparing with later
histopathological studies, a correct classification ranging from 81 % for certain types of
oligodendrogliomas and astrocytomas to 94 % for glioblastoma tumors was achieved (Galli et
al., 2019). Modifications of Raman spectroscopy are used as well, as illustrated by research
conducted by Le et al., who used two-photon spectroscopy together with CARS. In this case,
CARS allowed them to detect reduced myelin concentrations in tumor sites. Although the
system was more suitable for extraoperative use, it has some potential for intraoperative use,
too, if several problems (small field of view and imaging depth) are overcome (Fig. 1.3.) (Le
etal., 2017).
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Two-photon CARS H & E staining

Figure 1.3. Images of the vicinity of a metastatic brain tumor: a) two-photon fluorescence
spectroscopy image; b) CARS image; ¢) H & E stained tissue image (Le et al., 2017).

1.2.1.4. Optical coherence tomography

Optical coherence tomography (OCT) is an optical technique which uses differences in
refractive index and light scattering properties of tissues to produce two-dimensional or three-
dimensional images. Although OCT is mostly used in investigations of weakly scattering
media, it can also be applied to image non-transparent media up to a few millimeters in depth.
Its main advantages include high resolution and the ability to image intraoperatively (Wang et
al., 2017).

Application of this method for both diagnostics and therapy is demonstrated by the
research of Kut and colleagues, where they first used OCT to differentiate cancerous and non-
cancerous tissue in human samples ex vivo, and after that tested the method intraoperatively in
a murine model. It was possible to differentiate tumors in vivo, too, and researchers believe

that the method has potential for future clinical use (Kut et al., 2015).

1.2.2. Application of optical methods for nervous system cancer therapy

1.2.2.1. Photodynamic therapy

Photodynamic therapy (PDT) is a method for treating some forms of cancer which

involves the use of certain chemical compounds called photosensitizers (PSs). Working
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principle of PDT is based on the generation of reactive singlet oxygen by a photochemical
reaction involving PS (Fig. 1.4.). For the reaction to happen, PS molecules have to be excited
by illuminating them with light of a proper wavelength (coinciding with absorption band of
PS). There are two outcomes of excitation. First, a molecule can get excited to its singlet state.
After this transition the molecule can return to the ground state by radiationless decay or by
emission of a fluorescence photon. This fluorescence can be used to track the PS distribution
in the body and to determine its distribution, which allows to ascertain whether PS is
accumulated in the tumor being treated. Second possibility is the molecule’s excitation to its
triplet state. PS molecules in triplet state are reactive and can interact with other molecules in
their surroundings. Two types of such reactions are distinguished. Type 2 reactions are the
main reactions responsible for the effect of PDT. They result in generation of singlet oxygen,
which is the main agent involved in destruction of cancerous cells. Type 1 reactions involve
PS molecules interacting with various other compounds. These reactions result in generation
of free radicals, including peroxide or hydroxyl radicals, which also can damage cancer cells
(Patrice, 2004).
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Figure 1.4 Jablonski diagram showing the mechanism of singlet oxygen generation in PDT
(Abrahamse and Hamblin, 2016).

An important property of PDT is its selectivity for cancerous cells. Because of
selective accumulation and retention, after some time PS’s concentration in tumor will be
higher than in the surrounding tissue (Castano et al., 2005). Selectivity, together with
localized illumination of the tumor, allows to minimize damage to healthy cells, as generation

of singlet oxygen will only take place in the illuminated body area. As PS itself is nontoxic,
15



this is an important advantage over conventional chemotherapy drugs. Other advantages
include low cost, possibility of repeating the treatment procedure without substantial side
effects and destruction of tumor vasculature together with cancer cells, thus increasing the
effectiveness of treatment (Allison and Moghissi, 2013; Calixto et al., 2016).

Although PDT is mainly used for treatment of skin, neck and some other types of
cancer, there is a growing tendency to apply this method for other cancers as well, including
brain cancer. There are quite a few clinical trials investigating this application of PDT (Quirk
et al., 2015), and in 2013 in Japan PDT has been approved as a treatment method for

malignant brain tumors (Akimoto, 2016).

1.2.2.2. Photothermal therapy

Photothermal therapy (PTT) is a therapeutic method related to PDT. Both methods
utilize light to illuminate light sensitive compounds, the main difference being the subsequent
processes involved — while reactive oxygen species are being generated in the case of PDT,
the therapeutic effect of PTT comes from heat being released from the excited molecules. In
principle, tumors could be heated even without using any additional compounds, but that
might result in damage to surrounding healthy tissue, as temperatures required are quite high
(40 °C — 50 °C). Photothermal absorbers (indocyanine green dye, for example), which can be
targeted to tumors, allow to reduce the excitation required to reach this temperature and to
limit the damage to non-cancerous tissue (Doughty et al., 2019). PTT has mainly the same
advantages as PDT and is investigated as a potential treatment strategy for metastatic cancer
(Zou et al., 2016).

1.2.3. Drawbacks of optical diagnostic and therapeutic methods

Even though optical methods do have many advantages over other imaging techniques,
they do have some drawbacks, the biggest being the shortcomings of optical probes. The
majority of currently used probes are organic fluorescent dyes. Despite their use in medical
imaging for quite some time, organic dyes have severe disadvantages, ranging from having
small Stokes shift and low quantum yield to having low stability in tissue, high clearance rate
or even causing toxic side effects. This complicates the acquisition of images by decreasing
their quality and limiting the duration of imaging. Probably the biggest drawback is the lack

of probes with good optical properties having absorption and emission peaks coinciding with
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tissue absorption window, which severely limits the possible imaging depth (Fig. 1.5.)
(McHugh et al., 2018). For brain tumor imaging in particular, one more serious drawback
exists — organic dyes cannot cross the BBB. This hinders attempts to image brain tumors, at

least until BBB is broken due to progressing cancer (Diaz et al., 2015).
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Figure 1.5. Dependence of extinction coefficient on wavelength in tissue and first tissue
transparency window (Weissleder, 2001).

As is with diagnostic methods, optical therapeutic methods also have some drawbacks
which keep them from gaining a more widespread acceptance in the medical community. In
the case of PDT, even though PSs have some selectivity for cancer cells, it still takes large
doses and long administration times for them to reach sufficient accumulation in tumors. This
leads to significant PS concentrations in healthy cells, which can cause damage to healthy
tissue during treatment procedure, as well as result in light sensitivity of skin for some time
after treatment (Lucky et al., 2015). Another problem faced by clinicians working with PDT is
illumination of the accumulated PS in tumors. Light used for illumination has to be absorbed
as intensely as possible for efficient generation of singlet oxygen to occur. Maximum
extinction coefficient of most PSs is for visible light in 400 nm — 600 nm interval (Fig. 1.5.).
Tissue absorbs light of this interval as well and this makes it difficult to use PDT to treat
tumors which are deeper than a few millimeters beneath the skin (Lucky et al., 2015).
Although there are some PSs (namely bacteriochlorins) which absorb light of about 750 nm,
which coincides with the tissue transmission window, they are still not used clinically, so
absorption of light used for illumination is still an important disadvantage of PDT
(Abrahamse and Hamblin, 2016). In addition, most of PSs are hydrophobic and aggregate in
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aqueous solutions. This makes it difficult to use them clinically as it complicates the
preparation of medication and causes only a part of such PS to reach its destination (Liu et al.,
2017; Lucky et al., 2015). Dyes used for PTT have some faults as well — most widely used
indocyanine-type dyes are quite unstable in biological environments and are quickly removed
from the circulation, though, compared with PSs, they efficiently absorb light of 800 nm,
coinciding with tissue absorption window. Their specificity for cancer cells could also use
some improvement (Li et al., 2020). Most PSs and dyes used for PTT also have trouble

bypassing the BBB, which limits their application for brain tumor treatment.

1.3. Use of nanomaterials in medicine

1.3.1. Nanomaterials

Because of their distinct properties differing from bulk materials, nanomaterials have
found a variety of applications in medicine, most commonly as drug delivery or imaging
agents. Nanomaterials, such as liposomes or various nanoparticles (NPs), can be
functionalized, allowing to target them to the specified area, thus reducing the required
amount of drug and minimizing damage to healthy tissue (Sharma, 2017). Imaging
applications can also take advantage of functionalization. In addition, certain nanomaterials
are more efficient imaging agents than commonly used organic dyes, featuring brighter
photoluminescence and superior resistance to photobleaching (Smith and Gambhir, 2017).
Taking into account the mentioned drawbacks of optical cancer imaging and treatment

methods, nanomaterials may seem as a feasible solution to these problems.

1.3.2. Metallic nanoparticles

Metallic NPs include gold, silver and iron NPs, among others. Properties of metallic
NPs depend on their composition — ones made from noble metals exhibit surface plasmon
resonance phenomenon, which results in intense absorption at specific wavelengths, while
iron NPs are magnetic (Patra et al., 2018). This can be useful in certain diagnostical
applications — for example, noble metal NPs can be used for surface enhanced Raman
scattering. Gold nanorods also absorb NIR light, making them useful in photothermal therapy
(Moskovits, 2005). Metallic NPs are generally easily functionalized, which can be used for

drug delivery or to increase their specificity (Patra et al., 2018).
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Although metallic NPs are investigated for application in oncology, one example being
gold NPs functionalized with doxorubicin and gadolinium contrast agents for theranostic
application in glioma treatment (Cheng et al., 2014), due to their inadequately investigated
nanotoxicity, other NPs, such as biodegradable organic NPs, are seen as more attractive
alternatives (Zottel et al., 2019).

1.3.3. Biodegradable nanoparticles

Biodegradable NPs allow to avoid the main drawback of inorganic NPs — their
accumulation, long term effects of which are not fully understood. Such NPs are synthesized
from either synthetic (for example, polyactic acid) or natural (chitosan, among others)
compounds. Over time, they break down into other non-toxic compounds, which are removed
from organism (Su and Kang, 2020).

Two types of organic NPs are nanocapsules (micelles and liposomes) and nanospheres
(dendrimers). Micelles are spheres of self-assembled amphiphilic molecules. Their center is
hydrophobic, so they can be used to transport poorly soluble compounds. Liposomes are
similar to micelles, the difference being that they are composed of a double layer of
phospholipids, similar to a plasma membrane. Liposomes can carry higher loads of drugs and
have a longer circulation lifetime, but their synthesis is more complicated, thus limiting their
use. Dendrimers are, in simplest terms, branched molecules, which can be extensively
modified due to having various functional groups. They have large drug carrying capacity
because of their large surface area. Dendrimers are synthesized from various polymers, the
most common being polyamidoamine (Su and Kang, 2020).

Various biodegradable NPs are investigated for their application in oncology, therapy
of brain cancer included. One of the main advantages of such NPs in this area is their ability
to pass the BBB. This was demonstrated in one recent study using liposomes loaded with
doxorubicin and iron oxide NPs. These NPs were used to trigger drug release by applying an
alternating magnetic field. Liposomes were also functionalized with antibodies against glioma
cells to aid targeted delivery of drugs and a glioma cell-penetrating peptide, which reduced
damage to noncancerous cells (Shi et al., 2019). In another experiment, MRI contrast agents
together with a fluorescent dye were attached to dendrimers to create a combined optical
imaging-MRI platform. The resulting NPs were successfully tested in a rat glioma model
(Fig. 1.6.) (Jayasundara and Ali, 2017).
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Figure 1.6. a) NPs localized in a rat brain tumor (overlay of a in vivo fluorescence and a X-
ray image); b) MRI image; c) ex vivo fluorescence image of NPs localized in a rat brain
tumor; d) overlay of b) and c¢) images (Jayasundara and Ali, 2017).

1.3.4. Carbon nanomaterials

Carbon-based nanomaterials include graphene, graphene QDs and carbon nanotubes
(CNTSs). These materials possess certain properties — high potential for functionalization, large
surface area and high stability, which make them attractive for medical purposes. CNTs in
particular are useful for drug delivery, where researchers are trying to encapsulate payload
inside the nanotubes. This would allow for better control of drug release. CNTs also absorb
NIR light and are suitable for PTT. Graphene, especially graphene oxide (GO), and graphene
QDs have various functional groups, allowing for extensive functionalization and attachment
of drug molecules (Maiti et al., 2019). GO can also be applied for PTT, as shown in research
by Su et al., where they functionalized GO with porphyrin and tested this conjugate for PTT
of glioma cells in vitro (Su et al., 2015). The main drawback of carbon nanomaterials is their
toxicity, which severely limits their application in biomedicine (Maiti et al., 2019), although

there are some results stating otherwise (Nurunnabi et al., 2013).

1.4. Quantum dots for nervous system cancer imaging and treatment

1.4.1. Quantum dots

QDs are semiconductor nanoparticles with diameters typically ranging from 2 nm to
10 nm. They are made from I11-V (for example, InP or GaAs) and I1-VI (CdSe and CdTe,
probably the most popular materials for QDs) compound semiconductor materials and certain

elemental semiconductors, like silicon and germanium. QDs are often synthetized with a shell
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of another semiconducting material (one often used material for this purpose is ZnS), which
serves to improve their optical properties compared with unshelled QDs. Furthermore, to
improve their solubility in polar solvents, QDs are capped with a hydrophilic or amphiphilic

polymer layer (Fig. 1.7.) (Yu et al., 2006).

Core

Shell

Polymer layer

/

Figure 1.7. Schematic structure of a QD.

Methods of QD synthesis can be divided into two groups: bottom-up and top-down.
Bottom-up methods include wet-chemical and vapor-phase methods. Wet-chemical methods
use various chemical precursors to synthesize QDs in solution. Parameters such as
temperature, pH and duration of the process influence the size of the synthesized QDs. Sol-gel
and microemulsion processes are examples of wet-chemical methods. VVapor-phase synthesis
is based on deposition of atoms on a substrate. QDs are formed due to lattice mismatch or
differences in surface energies of substrate and deposited layer. Reactive species may also be
used. Methods such as physical vapor deposition, metal-organic chemical vapor deposition
and molecular beam epitaxy are vapor-phase methods (Bera et al., 2010). Bottom-up methods
allow to synthesize large quantities of QDs in a short amount of time, but it can be difficult to
control their size — separation techniques may be necessary to obtain QDs of a required size
(Pranjal Vachaspati, 2013). Top-down methods are various lithography techniques, such as
electron beam, ion beam or x-ray lithography. Although these methods allow to form
uniformly sized QDs, they have some disadvantages, mainly long duration of process,
possible contamination of formed QDs and structural deviations when patterning smaller QDs
(Beraet al., 2010).
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Unconventional optical and electronic properties of QDs arise because of their small
size and high surface area to volume ratio and the resulting quantum confinement effect.
When the size of a nanoparticle becomes less than the Bohr exciton radius of its material,
energy levels of electrons become discrete, similar to an atom (Tartakovskii, 2012). Another
way to look at it is to compare QDs’ size with de Broglie wavelength of its electrons — energy
levels become quantized when QD is smaller than de Broglie wavelength (Fox, 2006). With
most materials, diameter of less than 10 nm is enough for this to take effect. Quantum
confinement is the reason of QDs’ optical properties — high extinction coefficient, wide
absorption and narrow photoluminescence (PL) spectra and high PL quantum yield (Yaghini
et al., 2009). These optical properties and the possibility to tune them make QDs attractive for
a wide range of applications, including medical imaging, where they are superior to
traditionally used fluorescent dyes due to their longer lifetime, more intense PL and the ability
to be functionalized with various biomolecules, which allows selective targeting of certain
tissues (Marat Lutfullin and Osman M. Bakr).

1.4.2. Advantages of using quantum dots for cancer diagnostics and therapy

Use of QDs for imaging has numerous advantages over conventionally used imaging
agents. As mentioned before, because of their intrinsic properties, QDs exhibit more intense
fluorescence than organic fluorescent dyes, higher resistance to photobleaching and larger
Stokes shift, all aiding in development of an efficient fluorescence platform. Due to their
tunability, QDs emitting at various wavelengths can be synthetized, even at near infrared
(700 nm — 900 nm), coinciding with tissue transparency window (Fig. 1.5.) (Blackman et al.,
2008), which would allow to image tissue up to 1 cm in depth or even deeper. In addition,
QDs can be extensively modified by functionalization, which can make them specific to
tumors, thus improving image quality (Fang et al., 2012). In a more advanced application,
they could even be used to image certain biomarkers and in this way elucidate the possible
progression of the tumor (True and Gao, 2007). Certain QDs could be useful not only for
optical imaging, but for other imaging types as well, such as MRI, what can lead to a
development of a multimodal imaging method (Sheng et al., 2018). More importantly, QDs
have some capacity to overcome the BBB, what is a major advantage over fluorescent dyes
for brain tumor imaging. There is some research done investigating this property, such as

using carbonized polymer QDs to image glioma tumors in rats, where such QDs were shown
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to be able to penetrate the BBB, accurately localize in the tumor and fluoresce for a few hours
at least (Fig. 1.8.) (Liu et al., 2018).

Figure 1.8. MR images of rat brains with glioma tumors (indicated by arrows) (A),
photographs of dissected rat brains with glioma tumors (tumors are marked) (B) and ex vivo
fluorescence images of rat brains with glioma tumors after injection of QDs in the tail vein,
showing their capability of passing the BBB (C) (Liu et al., 2018).

As for imaging, QDs can also be used to circumvent some of the disadvantages of
optical cancer therapeutic methods. For PDT, selectivity and hydrophilic properties of PSs
can be enhanced by attaching PS molecules to nanoparticles (NPs) and forming PS—-NP
complexes. Being a type of NP, QDs are also suitable for making complexes with PSs (Fig.
1.9.). They can improve PS selectivity for tumors by preventing its premature release into
healthy tissue or enhancing its permeability and retention in tumors, as well as increase PS
hydrophilicity. QDs can also be functionalized to further improve selectivity (Lucky et al.,
2015). Certain QDs exhibit two photon absorption or photon upconversion phenomena. Both
of them make it possible to use light of longer wavelength for excitation of PS molecules,
allowing to treat deeper tumors (Li et al., 2012). Forster resonance energy transfer (FRET)
can also be used to the same effect by nonradiatively transferring energy from illuminated

QDs to closely located PS molecules (Clapp et al., 2006). Also, intense PL of QDs can be
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used to track distribution of complexes in the body during treatment procedure (Valanciunaite
etal., 2010).

nonpolar

Figure 1.9. Scheme showing the formation of QD-Ce6 complex (Valanciunaite et al., 2010).

Nanomaterials are also being investigated for application in PTT as radiation
absorbers. Although most of the research is on metal or graphene nanoparticles, there is some
work done on QDs as well (Doughty et al., 2019). As with PDT, they can be used for more
efficient targeting of tumors, in some cases even without any functionalization (Bao et al.,
2018). Other than that, compared with dyes used for PTT, QDs are generally more stable and
have good photothermal conversion efficiency (Wang et al., 2019). There is even research on
using QDs to combine both PDT and PTT into one therapeutic platform, serving as a good
example of their versatility (Zhang et al., 2018).

1.5. Nontoxic quantum dots

1.5.1. Nanotoxicity

Having read the preceding section it may seem that QDs are perfect imaging and
therapeutic agents. Although they do have many attractive qualities, there are also some
drawbacks of using QDs, namely nanotoxicity. As QDs and other NPs are sufficiently small,
they can cross the plasma membrane or be endocytosed or phagocytosed and enter the inside
of cells. There, over time, they can accumulate in organelles and possibly have some effect,

such as influence generation of reactive oxygen species or cause genotoxicity. The effect may
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come from QDs themselves or from their constituent chemical elements, which may be
released during their degradation in cells (Ehrhart et al., 2015).

Cell death is not the only possible outcome of nanotoxicity — NPs may also influence
cell activity and functioning in more subtle ways. Due to the sensitivity of the nervous system
to such interferences, this could have some dangerous outcomes, so assessing nanotoxicity of
QDs in neurons and their effects on neuronal properties is of the utmost importance for their
application as NS cancer imaging and therapeutic agents. There is a series of articles by
Zhaowei group investigating nanotoxicity of various NPs, which generally reports that they
increase the excitability of neurons (Liu et al., 2009, 2012). This has been confirmed by Jung
et al., who also investigated effects of NPs on seizure models and found that they may
influence certain neurological disorders, such as epilepsy (Jung et al., 2014). It must be noted
that these studies investigated other NPs, not QDs, so their effects may vary from those
described. In any case, lack of information on neurotoxicity of QDs severely limits their

possible application for NS cancer imaging and therapy.

1.5.2. Nontoxic CulnS; quantum dots

Disregarding the lack of studies on QD neurotoxicity, another reason limiting their
medical application is well-known toxicity of commonly used QDs. The most investigated
and widely used QDs, CdSe and CdTe, contain cadmium, which is a toxic heavy metal.
Harmful effects of QDs on cell viability are widely investigated (Mo et al., 2017). This also
restricts the application of other QDs with potential for clinical use, such as lead chalcogenide
QDs (for example, PbS, PbSe and PbTe), which absorb and photoluminesce in the tissue
transparency window (van Veggel, 2014). Both types of QDs exhibit good optical properties
which would be suitable for imaging and therapeutic applications.

Not all QDs are made of toxic materials, though — there are some that do not contain
heavy metals. One such material is CulnS; (CIS), and QDs composed of this material have
been shown to be less toxic than conventional CdSe QDs (Fig. 1.10.) (Pons et al., 2010). In
addition, they emit light in the NIR region, corresponding with tissue transparency window.
This property, together with their biocompatibility and good optical properties (large Stokes
shift, long PL lifetime and high quantum yield, which can be further increased by capping
them with a ZnS shell), make CIS QDs ideal for clinical applications (Pons et al., 2010).
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Figure 1.10. Weights of two rat lymph nodes after injections of different concentrations of Cd
and CulnS; QDs (increase in weight is due to inflammation caused by nanotoxicity of QDs,
RALN — right axillary lymph node, RLTLN — right lateral thoracic lymph node) (Pons et al.,
2010).

1.5.3. CulnS; quantum dots for cancer imaging, photodynamic therapy and photothermal
therapy

Although CIS QDs have been known for quite some time, there are not that many
articles detailing research on their use for cancer theranostics. Even then, there exist some
interesting examples of their application. Probably the most basic use of QDs involves
functionalizing them in some way which should increase their specificity to certain tumors.
Michalska et al. used a certain protein with specificity for HER2-positive cells (HER2
receptor overexpression is a known factor in breast cancer development) for selective
fluorescent labelling of such cells with C1S/ZnS QDs (Michalska et al., 2016). Even though
breast cancer cells were used in this study, HER2-positive breast cancer is known to
metastasize and form secondary CNS tumors (Duchnowska et al., 2018), which in principle
could also be imaged with these QD-protein conjugates. A more complex example of
application of these QDs for imaging could be CIS QD/silica composite described by Foda et
al. CIS/ZnS QDs were incorporated into silica beads by encapsulating them within silane
micelles. This was found to increase the stability of QDs in aqueous media without negatively
affecting their optical properties. Suitability of these composites for imaging was investigated
using HeL a cervical cancer cells (Foda et al., 2014).

Even more advanced diagnostic applications might involve more than one imaging
type at once. As an example of using CIS QDs in this way, a conjugate of Prussian Blue-
coated magnetic Fe3O4 NPs, CIS/ZnS QDs and hyaluronic acid was described by Yang et al.

Such conjugates could be used for optical imaging, as well as for enhancing MRI images.
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Accumulation of conjugates in HeLa cells was found to be influenced by external magnetic
field, showing that it might be used to localize NPs in the required body area. Even more, the
use of conjugates for photothermal therapy in vivo was also investigated, and their
effectiveness was shown, indicating the possible theranostic use of these NPs (Yang et al.,
2017).

None of the above described experiments investigated the application of CIS QDs for
imaging of NS cancer. Only one such study was found, in some ways similar to Yang’s et al.
work — researchers coupled CIS/ZnS with gadolinium for MRI enhancement and with CD133
antibody for cancer stem-like cell specificity. CD133 is a protein found in stem-like cells of
some types of cancer, including gliomas. The effect of conjugates was investigated both in
vitro using SU2 glioblastoma stem cell line and in vivo by imaging tumors inoculated in mice.
Although QDs were found to accumulate at the tumor for up to 20 hours post injection, their
accumulation in some other body parts, namely liver, may prove a hindrance in real
applications of these nanomaterials. MRI enhancement, on the other hand, was seen to be
better than with a commercial contrast agent, even with NPs without CD133 antibody (Fig.
1.11.) (Zhang et al., 2016).
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Figure 1.11. The accumulation of QDs without (top) and with CD133 antibody (bottom) in
tumors (yellow circles) over time (A); MRI images of tumors using commercial Magnevist
contrast agent, QDs without antibody and with CD133 antibody pre- (top) and post injection
of imaging agent (bottom) (B); relative MR signal of used contrast agents (C) (Zhang et al.,
2016).

27



The situation is similar with research on CIS QDs for PDT — no articles describing
such use for nervous system cancer treatment were found, although there are some
investigations on these QDs for PDT of other cancer types. Examples include synthesis of
complexes of CIS QDs and certain porphyrins (Tsolekile et al., 2018) or 5-aminolevulinic
acid (Feng et al., 2016). The effectiveness of the first complex was not investigated, while the
second one was found to exhibit some cytotoxicity even when not illuminated, so the
applicability of these complexes in clinical settings is questionable. Wu et al. report on
CIS/ZnS QD and reduced graphene oxide composites. Role of graphene in this case was to
lower the toxicity of these QDs even further, but it was found to also enhance other properties
of QDs, such as accumulation in tumors or PL intensity. Complex was also found to be more
effective in both in vitro and in vivo settings (Wu et al., 2016).

Same as with PDT, research on the application of CIS QDs for nervous system cancer
PTT is nonexistent, but there are a few articles detailing their use for PTT of other cancers.
Aside from the aforementioned Fe3O4 NP, CIS/ZnS QD and hyaluronic acid composites by
Yang et al., there is one article describing using CI1S/ZnS QDs for a combined PDT/PTT
approach. Authors report that QDs inhibited growth of tumors in mice after phototreatment.

In addition, they were also effective as imaging agents (Lv et al., 2016).
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2. MATERIALS AND METHODS

2.1. Materials

Phosphate buffered saline (PBS), Dulbecco’s modified Eagle’s medium (DMEM),
fetal bovine serum (FBS), penicillin/streptomycin (all from Thermo Fisher Scientific) and
Hoechst 33258 dye (Sigma Aldrich) were used for cell culturing and experiments. Deionized
water was produced with MicroPure UV water purification system. MDA-MB-231 (human
breast cancer cell line) and U87 (human glioblastoma cell line) cells were acquired from
ATCC. Amine-functionalized (aQDs) and carboxyl-functionalized (cQDs) CIS/ZnS core/shell
QDs were synthesized at the Center of Energy, Materials and Telecommunications,

University of Quebec, Canada.

2.2. Methods

Absorbance measurements

Absorption spectra of CIS/ZnS QDs were measured using Varian Cary 50 UV-Vis
spectrophotometer. QD solution in deionized water (0,6 pg/ml concentration for aQDs and
1,6 pg/ml for cQDs) was used for the measurements. Quartz cuvettes of 1 cm optical path
length were used. Spectra were measured over 250 nm — 850 nm wavelength interval with a

step size of 1 nm and integration time of 0,1 s.

Photoluminescence measurements

PL spectra of CIS/ZnS QDs were acquired using Edinburgh Instruments FLS980
fluorescence spectrometer. QD solution in deionized water (0,8 pg/ml concentration for all
types of QDs) was used for the measurements. Standard plastic cuvettes of 1 cm optical path
length were used. Light of 550 nm from xenon lamp was used for excitation. Excitation and
emission slit widths both were 7 nm and 12 nm, respectively. PL spectra in the range of 570

nm — 850 nm were collected with a step size of 1 nm and integration time of 0,1 s.
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Dynamic light scattering and zeta potential measurements

Dynamic light scattering (DLS) and zeta potential measurements were performed on
CIS/ZnS QD solutions in deionized water (0,6 pg/ml concentration for aQDs and 1,6 pg/ml
for cQDs) using Brookhaven ZetaPALS zeta potential analyzer. Distribution of hydrodynamic
diameters of QDs was determined from 10 consecutive DLS measurements. Zeta potential
was determined after 10 measurements consisting of 10 cycles each. Before zeta potential
measurements electrode was conditioned using saline solution (30 measurements of 10 cycles

each).

Atomic force microscopy measurements

Morphology of CIS/ZnS QDs was investigated using Veeco dilnnova atomic force
microscope. CIS QDs were deposited on freshly cleaved mica surface by drop casting 10 ul of
1,6 ul/ml QD solution. Tapping mode was used for the measurements. Silicon cantilevers
(Veeco) with tip radii < 10 nm and resonance frequency of 244 kHz — 295 kHz were used.
Scanning rate was 1 Hz, image size — 5 um x 5 um. Images were processed (plane correction,

leveling, Z-scale correction) using Gwyddion 2.53 software.

Investigation of quantum dot photoluminescence stability

CIS/ZnS QD solutions in PBS and DMEM (QD concentration 0,8 pg/ml in both
solutions for all types of QDs) were prepared in standard plastic cuvettes of 1 cm optical path
length. Cuvettes were sealed with Parafilm to prevent solvent evaporation. Blank samples of
PBS and DMEM without QDs were prepared as well. PL and fluorescence lifetime (FL)
spectra were registered every 24 hours over a one-week period using Edinburgh Instruments
FLS980 fluorescence spectrometer. For PL measurements, xenon lamp was used for
illumination of the sample. Light of 550 nm was used for excitation to reduce fluorescence of
DMEM. Excitation and emission slit widths were equal to 7 nm and 12 nm, respectively. PL
spectra in the range of 570 nm — 850 nm were collected with a step size of 1 nm and
integration time of 0,1 s. For FL measurements, a 405 nm laser diode with tunable pulse
frequency was used for excitation of fluorescence. Wavelengths coinciding with PL peaks of
QDs were selected as emission wavelengths. Emission slit width was 15 nm. Emission count

rate was kept at below 10 % of excitation count rate value to avoid photon pileup effect. Peak
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value of 1000 counts was used as the stop condition. Spectra were baseline corrected by
subtraction of the PL spectrum of respective solvent (PBS or DMEM). FL spectra were fitted

with an exponential fit (reconvolution method) and analyzed using FAST 3.1 software.

Growth of cell cultures

Both MDA-MB-231 and U87 cell lines were grown in 25 cm? flasks in media
consisting of DMEM supplemented with 10 % FBS (v/v) and penicillin (100
U/ml)/streptomycin (100 mg/ml) (P/S) at 37 °C in atmosphere containing 5 % CO..

Incubation of cells with quantum dots

U87 cells were seeded in an 8 well plate (Lab Tek Chambered Coverglass, Thermo
Fisher Scientific) (25000 cells per well). DMEM / 10 % FBS / 1 % P/S was used as cell
medium (400 pl per well). Cells were kept at 37 °C with 5 % CO.. 24, 6, 3 and 1 hour prior to
imaging cell medium in corresponding pairs of wells was changed to 225 ul DMEM / 10 %
FBS /1 % P/S in one well and DMEM /1 % P/S in the second well (Fig. 2.1.). Solution of
CIS/znS QDs was added to each well to a total volume of 250 ul in each well, producing QD
concentration of 16 pg/ml. During incubation, plate was kept at 37 °C at 5 % CO». After the
completion of incubation, medium with QDs was aspirated, cells were thrice washed with
PBS and medium was changed to DMEM /10 % FBS /1 % P/S or DMEM / 1 % P/S (both
with Hoechst dye (25 pg/ml)) in respective wells and kept for 30 minutes. After incubation
with Hoechst dye, medium was aspirated, cells were thrice washed with PBS, medium was
changed to DMEM /10 % FBS / 1 % P/S or DMEM / 1 % P/S and cells were imaged using

confocal microscopy.

24 h 6 h 3h 1h
+FBS | +FBS | +FBS | +FBS
24 h 6h 3h 1h
-FBS | -FBS | -FBS | -FBS

Figure 2.1. Schematic representation of an 8 well plate used in the experiment.
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Investigation of quantum dot accumulation in cells

After incubation with QDs live cells were imaged using Nikon Eclipse Te2000-U C1
Plus confocal scanning microscope. A Nikon Plan Apo VC 60x 1,4 NA immersion objective
was used for imaging. 405 nm diode laser was used for excitation of both Hoechst dye and
QDs. Fluorescence from Hoechst and QDs was collected using 450/17 nm and 605/35 nm
band pass filters, respectively. Both channels were recorded separately to avoid spectral
overlapping. Brightfield images were acquired as well. Images were analyzed using Nikon
EZ-C1 3.90 software.

Cell viability assessment

Cell viability after incubation with QDs was determined using XTT cell viability
assay. U87 cells were seeded in a 96 plate well with a density of 20000 cells per well and
grown in 150 ul of DMEM / 10 % FBS / 1 % P/S medium. Effect on cell viability of 3
factors — concentration of QDs (16 pg/ml and 20 pg/ml), type of media (complete and serum-
free) and incubation time (24 h and 48 h) — was investigated. Cells were incubated in 125 pl
of media with QDs, while control cells were incubated in the same volume of medium
without QDs. After incubation, medium with QDs was changed to medium consisting of
66,7 % of [DMEM / 10 % FBS / 1 % P/S], 32,6 % XTT and 0,67 % XTT activator. Cells
were incubated for 3 more hours, after which light absorption measurements were performed
with a plate reader. Optical density was measured at 490 nm (XTT absorption) and 630 nm
(nonspecific absorption). Measured optical densities were corrected for nonspecific
absorption and absorption due to media. Cell viabilities were determined by comparing
optical densities of specific wells with control wells. Two-sample t-tests were used to

compare samples for statistical significance.
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3. RESULTS

3.1. Characterization of quantum dots

Normalized absorption spectra of aQDs and cQDs are shown in Fig. 3.1. PL spectra of
the same QDs are shown in Fig. 3.2. AFM images and DLS histograms of QDs are shown in
Fig. 3.3.
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Figure 3.1. Normalized absorption spectra of aQDs and cQDs in deionized water (aQD
concentration 0,6 pg/ml, cQD concentration 1,6 pg/ml).

Absorption of all types of QDs decreases going from UV to NIR region. Spectrum of
cQDs is blue shifted compared with aQDs.

33



80000 + 718 —— Aminated QDs
— Carboxylated QDs

u

o)

o

o

o

o
|

40000

PL intensity (a.

20000 -

600 650 700 750 800 850
Wavelength (nm)

Figure 3.2. PL spectra of aQDs and cQDs in deionized water (concentration 0,8 pg/ml for
both types of QDs).

PL spectra of aQDs and cQDs are centered at 702 nm and 718 nm, respectively, and
they both range from about 550 nm to 850 nm. PL of cQDs is about 2 times more intense than
PL of aQDs.
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Figure 3.3. AFM images and DLS histograms of aQDs and cQDs.

Average size of aQDs is 6,6 nm + 2,3 nm, while their average hydrodynamic diameter
is 58,6 nm and zeta potential is -5,3 + 0,3 mV. Average size of cQDs is 2,8 nm + 0,9 nm, their

average hydrodynamic diameter is 76 nm and zeta potential is -41,6 + 1,9 mV.

3.2. Stability of quantum dots

PL spectra measured every 24 hours over a period of one week, as well as FL decay
curves and DLS histograms at the beginning of the stability test and after one week, are
presented in Figs. 3.4. and 3.5. (aQDs in PBS and DMEM media) and Figs. 3.6. and 3.7.
(cQDs in PBS and DMEM media).
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Figure 3.4. PL spectra of aQDs in PBS measured every 24 hours over a period of one week,
as well as FL decay curves and DLS histograms at the beginning of the experiment and after
one week. FL decay curves were fitted using a sum of 3 exponential functions, residuals and
2 values are presented.

During the week, PL intensity of aQDs in PBS decreased by about 26 % and average
FL lifetime decreased by about 6 %. Average hydrodynamic diameter increased from 90 nm

to 116 nm (about 29 % increase).
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Figure 3.5. PL spectra of aQDs in DMEM measured every 24 hours over a period of one
week, as well as FL decay curves and DLS histograms at the beginning of the experiment and
after one week. FL decay curves were fitted using a sum of 3 exponential functions, residuals
and y? values are presented. DLS histogram at 168 h could not be properly measured.

During the week, PL intensity of aQDs in DMEM decreased by about 95 % and
average FL lifetime also decreased by about 95 %. Average hydrodynamic diameter was 45

nm; it was not possible to measure it at the end of the experiment.
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Figure 3.6. PL spectra of cQDs in PBS measured every 24 hours over a period of one week,

as well as FL decay curves and DLS histograms at the beginning of the experiment and after

one week. FL decay curves were fitted using a sum of 3 (at O h) or 2 (at 168 h) exponential
functions, residuals and Xz values are presented.

During the week, PL intensity of cQDs in PBS decreased by about 53 % and average

FL lifetime decreased by about 8 %. Average hydrodynamic diameter decreased from 77 nm

to 56 nm (about 27 % decrease).
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Figure 3.7. PL spectra of cQDs in DMEM measured every 24 hours over a period of one
week, as well as FL decay curves and DLS histograms at the beginning of the experiment and
after one week. FL decay curves were fitted using a sum of 3 exponential functions, residuals

and y? values are presented.

During the week, PL intensity of cQDs in DMEM decreased by about 40 % and
average FL lifetime decreased by about 23 %. Average hydrodynamic diameter decreased

from 114 nm to 90 nm (about 21 % decrease).
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3.3. Accumulation of quantum dots in live cells

Scanning confocal microscopy images of aQDs accumulated in live MDA-MB-231

breast cancer cells are shown in Fig. 3.8., while images of cQDs accumulated in live U87

glioblastoma cells are shown in Fig. 3.9.

DMEM DMEM + 10 % FBS

Figure. 3.8. Scanning confocal microscopy images of aQDs accumulated in MDA-MB-231
live cells during different time intervals in serum-free and complete media (both fluorescence
and light microscopy images are shown). Blue — cell nuclei, red — QDs. Scale bar — 20 pum.

Accumulation of aQDs in MDA-MB-231 cells shows time dependent behavior and is

more efficient in serum-free media. QDs are localized in vesicular structures near cell nuclei.
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Figure. 3.9. Scanning confocal microscopy images of cQDs accumulated in U87 live cells
during different time intervals in serum-free and complete media (both fluorescence and light
microscopy images are shown). Blue — cell nuclei, red — QDs. Scale bar — 20 um.

During the first 6 hours accumulation of cQDs in U87 cells is more efficient in serum-
free media than in complete media, while after 24 hours accumulation in both media is
similar. Also, accumulation is time dependent in serum-free media. QDs are localized in

vesicular structures near cell nuclei.
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3.4. Effect of quantum dots on cell viability

Effect of cQDs on U87 cell viability was determined by using XTT viability assay to
measure cell proliferation. Results with cells incubated in serum-free and complete media are

shown in Figs. 3.10. and 3.11., respectively.
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Figure 3.10. Proliferation of U87 cells incubated with different concentrations of cQDs for
different time periods in complete media (control — cells incubated without QDs, error bars —
standard deviation). Statistically significant differences (p < 0,05) are marked.

Compared with control, cell proliferation increased for all tested conditions, except for
incubation with 20 pg/ml of QDs for 48 h, were it remained nearly the same as control. After
incubation with 16 pg/ml of QDs, proliferation increased to 120 % and 106 % after 24 h and
48 h, respectively. Cell proliferation was the highest after 24 h incubation with 20 pg/ml
concentration, reaching 126 %. Cell proliferation after 24 h with both concentrations of QDs

was statistically higher compared with control.
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Figure 3.11. Proliferation of U87 cells incubated with different concentrations of cQDs for
different time periods in serum-free media (control — cells incubated without QDs, error
bars — standard deviation). Statistically significant differences (p < 0,05) are marked.

Compared with control, cell proliferation decreased for all tested conditions. With both
concentrations of cQDs, cell proliferation decreased to about 85 % after incubation for 24 h.
After 48 h incubation, proliferation was 97 % with 16 pg/ml concentration and 90 % with 20
ug/ml concentrations of QDs. Cell proliferation after 24 h with both concentrations of QDs

was statistically lower compared with control.
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4. DISCUSSION

4.1. Absorption and PL spectra of CIS QDs

Absorption and PL spectra of investigated QDs (Figs. 3.1. and 3.2.) show defining
features of CIS QDs - wide absorption ranging from UV to NIR, weak or nonexistent
excitonic bands, PL in NIR region and wide PL bands. There are some differences between
spectra, though. The absorption spectrum of cQDs is blue shifted compared to aQDs. Possible
explanations are different Cu:lIn ratio or different content of Zn, because these QDs were
synthesized in different batches, so their elemental composition may differ. It is known that
smaller Cu:In ratio and higher Zn content leads to blue shift of the absorption spectrum of CIS
QDs. These factors also affect PL intensity, although the relationship is more complex than in
the case of absorption — PL is most intense at an optimal ratio or Zn content value, and
deviations decrease PL intensity (Zhang et al., 2015). Because atomic composition of
investigated QDs is unknown, it is unclear whether these are the reasons for these differences.
Positions of PL peaks also differ, aQDs’ peak being centered at 702 nm and ¢cQDs’ at 718 nm.
This result is surprising, as AFM images show aQDs being more than twice larger than cQDs
(Fig. 3.3.), even when disregarding larger particles (assumed to be aggregates of multiple
QDs). As these QDs were synthesized on different occasions, their synthesis parameters may
differ, and this may account for this discrepancy (Deng et al., 2012). Hydrodynamic diameters
of QDs are also much bigger than their sizes measured with AFM — 9 times larger for aQDs
and 27 timed for cQDs (Fig. 3.3.). This is in contrast with findings of other groups, which
report smaller hydrodynamic diameters (Xia et al., 2017). This could happen if multiple QDs
were coated with a single phospholipid layer — larger particles can be seen in AFM images,
although this does not explain the missing smaller sized fraction in DLS results.

Comparing both types of QDs, their optical properties are quite similar — absorption
spectra are similar, and their PL intensities are of the same order of magnitude (even though
the intensity of cQDs is twice that of aQDs). PL peaks of both QDs are in the NIR region, too.
These properties are suitable for biomedical applications — wide absorption might allow for
multiplex imaging, and PL in NIR is suitable for deep tissue imaging.
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4.2. Stability of QDs in PBS and DMEM media

Biological environments contain various compounds, which may have an effect on
QDs, such as inducing their aggregation or altering their optical properties. This is an
important factor considering their medical applications, as well as in vitro experiments using
cell cultures, so it has to be investigated. For this reason, we studied stability of QDs in two
types of media — PBS and DMEM. PL intensity, FL and hydrodynamic diameter of QDs were
measured over a one- week period to observe any changes in these parameters over time. The
results are shown in Figs. 3.4 to 3.7. With all QDs, PL intensity and average FL decreased
during the week. The largest changes were seen in aQDs in DMEM, where both PL intensity
and average FL decreased by about 95 % (Fig. 3.5.). The decrease in PL intensity was not as
significant in other cases — from about a quarter for aQDs in PBS (Fig. 3.4.) to about half for
cQDs in PBS (Fig. 3.6.). Decreases in average FL were larger in DMEM compared to PBS,
where both types of QDs experienced decreases lesser than 10 % (Figs. 3.4. and 3.6.). It can
be noticed that average lifetime values were smaller in DMEM than in PBS; this is because of
fluorescence of DMEM, as its FL is much shorter than that of QDs (average FL 4 ns). In
contrast to this tendency with FL, DLS measurement results show no clear trend, as
hydrodynamic diameters increased for aQDs in PBS (Fig. 3.4.) and cQDs in DMEM (Fig.
3.7.), while they decreased for cQDs in PBS (Fig. 3.6.) (it was not possible to properly
measure the hydrodynamic diameter of aQDs in DMEM after the week had passed).

A possible explanation of these results is given by Kulvietis et al., who investigated
stability of CdTe QDs coated with mercaptopropionic acid. The QDs were mostly stable in
deionized water, but in saline or DMEM their PL intensity rapidly decreased. A red shift of
PL peak was also observed. Authors propose a hypothesis that these changes are due to QD
interaction with cations, which bind to negatively charged mercaptopropionic acid molecules
and disrupt the coating, which leads to aggregation and precipitation of QDs (Kulvietis et al.,
2011). This might seem to explain the cQD results, because, as CdTe QDs in the cited
experiment, their coating contains carboxyl functional groups. However, there are some
discrepancies between the results. Even though PL intensity decreased, it did so more slowly
than in the experiment by Kulvietis et al. — in their case, it took two days for PL of QDs to
completely disappear in saline and one day in DMEM, while in our experiment even after a
week PL of cQDs was observed in both media. Red shift, observed in cQDs, was less
significant compared to that observed by Kulvietis et al (6 nm is PBS and 8 nm in DMEM in

our experiment versus 17 nm in saline and 25 nm in DMEM in Kulvietis’ one).
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Hydrodynamic diameter of cQDs in DMEM increased, what could be said to indicate their
aggregation, but in PBS it decreased instead. No precipitation of QDs was observed, and
vortexing had no effect on measured spectra. Also, even though zeta potential of cQDs was
much more negative than that of aQDs (about -40 mV vs -5 mV), the stability of QDs did not
differ much (in PBS, aQDs were even more stable than cQDs), corroborating that the loss of
stability probably was not aggregation of QDs. Composition of saline differs from that of
PBS, but their ionic concentrations are very similar, so this difference from Kulvietis’ results
probably stems from a difference in the QD coating. There is some evidence that
phospholipids produce a more stable coating than mercaptopropionic acid (Murcia et al.,
2008). This was shown only by an increase in hydrodynamic diameter, though — there were
no changes in PL intensity, in contrast to our results. Decrease in FL is also curious, as other
authors report no significant changes in FL of CdSe/ZnS QDs following three weeks in PBS,
although they used different QD coatings (Lyons et al., 2017).

In the case of aQDs, the results are somewhat more difficult to interpret. While PL
intensity and FL decreased as they did with cQDs (only in DMEM they experienced the
largest decrease of 95 % after a week), only a slight red shift of a few nm was observed in
PBS, while in DMEM the spectrum experienced a small blue shift instead. This is in contrast
to DLS results and zeta potential measurements, as hydrodynamic diameter of aQDs in PBS
increased to a similar extent as that of cQDs (measurement in DMEM after a week was not
possible) and small zeta potential value of aQDs (about -5 mV) shows that QDs tend to
aggregate.

Even though stability investigations were carried on for a week, medical applications
do not require that much time. In that case, it is reasonable to look at the changes occurring in
shorter periods of time (Supplement 1). Changes are not consistent across different QDs and
media, but overall, all QDs experienced some decrease in PL intensity, and some had their FL
decrease of hydrodynamic diameter change. Despite these changes, both investigated types of
QDs should still retain their functionality in this time period, so they should be suitable for

medical applications.

4.3. Accumulation of QDs in live cells

As cellular uptake of QDs depends on numerous factors (cell type, QD surface
modifications, type of medium), it is necessary to investigate it to ascertain the suitability of
QDs for medical applications. To this end, we investigated accumulation of aQDs in MDA-
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MB-231 breast cancer cell line and accumulation of cQDs in U87 glioma cell line (it was not
possible to study accumulation of aQDs in U87 cells due to quarantine, so an earlier
experiment was included). Confocal microscopy images showing accumulation of QDs in
cells are presented in Figs. 3.8. and 3.9. for aQDs and cQDs, respectively. Although it is
difficult to compare these results due to different QD types and cell lines, some common
points can be found. First, the accumulation is time-dependent for both QD types, at least in
serum-free media, although it can be seen in complete media, too (clear increase of cQD
intracellular concentration seen in Fig. 3.9.). Progress of accumulation resembles that
described by Damalakiené et al. — at shorter incubation times, QDs can be seen localized near
the plasma membrane, while later they can be observed in vesicular structures near cell
nuclei, which shows that endocytosis was the method of uptake (Damalakiene et al., 2013).
Another similarity is the differences between accumulation in complete and serum-free
media. In both cases, QD uptake was more efficient in serum-free conditions. This difference
IS not surprising, as it is well known that the protein corona forming on NPs in protein-rich
environments influences their interactions with cells (Prapainop et al., 2012). Some authors
report similar results — serum interfering with QD uptake in cells and this (Jian et al., 2013),
while others found that this had no effect on QD accumulation (Damalakiene et al., 2013).
Although formation of protein corona can be seen as a hindrance, it can also be used to
enhance NP targeting or increase duration of NP circulation (Peng and Mu, 2016).

4.4. Effect of cQDs on U87 cell viability

Although for quite some time the general consensus was that CIS QDs are less toxic
than QDs containing heavy metals, some recent research showing the opposite result cast
doubt to this claim, even if only non-shelled QDs were found to be acutely toxic (Kays et al.,
2020). These results show that safety of CIS QDs should not be taken for granted, and, to this
end, we investigated the effect of cQDs on U87 cell viability both in serum-free and complete
media by measuring cell proliferation with XTT assay after incubation with QDs. In complete
media (Fig. 3.10.) cell proliferation saw a statistically significant increase after 24 h
incubation with QDs but did not differ from control after 48 h incubation. Some authors have
also found that CIS QDs can stimulate cell growth, although this effect was observed only at
higher QD concentrations (100 pg/ml). Furthermore, they found no difference in viability
between cells incubated with QDs for 24 h and 48 h (Chen et al., 2020). This is in stark
contrast to our results, where proliferation after 48 h incubation was clearly lower than after

47



24 h, even though differences were not statistically significant. As authors of this paper used a
different cell line (no investigations of CIS QD effect on U87 cell viability were found), it
may be a possible reason for these differences. This one paper notwithstanding, most of the
other authors find that CIS QDs decrease cell viability (Mir et al., 2018) or have no effect on
it (Chen et al., 2015). In our case, similar results were obtained in serum-free media (Fig.
3.11.), where a decrease in cell proliferation was observed in all cases, although only two of
them (after 24 h incubation with both concentrations) significantly differed from control. It
has to be noted that only investigations in complete media were found, and it is not clear how
they compare to our results in serum-free media. Both in complete and serum-free media, we
found no difference between different QD concentrations, possibly due to them being quite
similar (16 pg/ml and 20 pug/ml).

There are several possible ways to explain the observed difference between cell
viabilities in serum-free and complete media. Our experiments on cQD accumulation in U87
cells (Fig. 3.9.) showed more efficient accumulation in serum-free environment, even though
after 24 h there was no observable difference between accumulation in serum-free and
complete media. If we assume that concentration of QDs in cells incubated in serum-free
media was higher, that might be the cause of their lower viability compared with cells
incubated in complete media. Another possibility is that QDs can interact with serum
constituents and affect cell viability in this way, although this is merely a speculation on the

author’s part.

4.5. Summary

The aim of this work was to evaluate the potential use of functionalized C1S/ZnS QDs
for application in brain cancer theranostics. For the most part, the requirements for that do not
differ much from those of theranostics in general: preferably, QDs should photoluminesce in
NIR spectral region, have a wide absorption spectrum, be stable in biological environments
and be non-toxic. Both types of investigated QDs have optical properties which should be
suitable for either imaging or therapeutic applications. Their stability also seems sufficient, as
after 1 day both their PL intensity and FL were still adequate for these applications.
Accumulation in cells, on the other hand, could use some improvement, as QD uptake in
complete media was lower compared to serum-free media. For both aQDs and cQDs in
complete media, only after 24 hours QDs were accumulated in both MDA-MB-231 and U87
cells, respectively. As biological environments also contain various proteins, similar results
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can be expected in vivo as well. On the positive side, formation of protein corona could also
be exploited to improve targeting of QDs, although it would require extensive further research
(Peng and Mu, 2016). The biggest concern is nanotoxicity of investigated QDs. Although our
investigation did not show them to be excessively toxic, results differ quite a bit between
serum-free and complete media. Adding the recent research showing that non-shelled CIS
QDs are of comparable toxicity to Cd QDs (Kays et al., 2020), it is clear that more

experiments are required to fully gauge the safety of these nanomaterials.

4.6. Future perspectives

Even though the results acquired during this work show the potential these QDs
possess, further experiments should be performed to see the complete picture. In the literature
review, it was mentioned that BBB is a major obstacle in brain cancer theranostics. It is well
known that various NPs, including QDs, have some capacity of passing it (Zhou et al., 2018).
Seeing as no relevant research regarding CIS QDs was found, we planned to test this
capability of theirs by using a simple in vitro BBB model comprised of HUVEC endothelial
cells (human umbilical vein endothelial cells) grown on a membrane (Fig. 4.1.). Similar BBB
models have been extensively used for such purposes (Helms et al., 2016). The plan was to
investigate migration of QDs through this artificial BBB and their accumulation in U87 cells.
The other planned experiment had to do with the therapeutic side of QD application — we
wanted to investigate its use for PDT of U87 cells. The experiment would had involved
formation of CIS QD-Ce6 (photosensitizer chlorin e6) complex and evaluation of its stability
and effectiveness at destroying U87 cells. We investigated formation of QD-Ce6 complexes
in an earlier pilot study using CdSe QDs (Supplement 2). Although these experiments could
not be performed for this work due to quarantine restrictions, they may still serve as an

excellent guideline for continuation of this experiment.

Brain OCOOCOCOI e

us7
N i e e e e

Figure 4.1. Scheme of the BBB model (adapted from (Helms et al., 2016)).
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CONCLUSIONS

1. Measured optical (wide absorption band, photoluminescence in near-infrared region,
large Stokes shift) and morphological properties of both aminated quantum dots and
carboxylated quantum dots are suitable for brain cancer diagnostic applications.

2. Over a one-week investigation of changes in photoluminescence intensity and
fluorescence lifetime, aminated quantum dots were found to be more stable in PBS than in
DMEM, while carboxylated quantum dots were more stable in DMEM; after 24 h,
photoluminescence intensity and fluorescence lifetime of both types of quantum dots were
still suitable for application in brain cancer diagnostics.

3. Accumulation of both aminated quantum dots in MDA-MB-231 breast cancer cells
and carboxylated quantum dots in U87 glioblastoma cells was more efficient in serum-free
media, indicating that interaction between quantum dots and serum proteins can influence
quantum dot uptake by cells; also, carboxylated quantum dots were not found to have an
overtly negative effect on U87 cell viability.
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ABSTRACT

During the search for new ways to diagnose and treat cancer, including nervous system
cancer, optical methods, such as fluorescence spectroscopy or photodynamic therapy, have
emerged as viable alternatives to MRI, radiotherapy and other currently used methods. Such
methods require the use of certain organic compounds, namely fluorescent dyes and
photosensitizers, and their disadvantages, such as lack of stability in biological environments,
hydrophobicity and generally low efficiency, are preventing wider application of optical
methods. Use of nanomaterials, like quantum dots (QDs), is one way to improve on these
aspects, either by using QDs by themselves or by conjugating them with various other
compounds. Their one drawback is possible nanotoxicity, as most widely used QDs contain
toxic elements, such as cadmium or lead. This could be circumvented by using heavy metal-
free QDs, such as ones composed of CulnS;. As the use of these QDs for cancer theranostics
in general is not well investigated, it was decided to investigate their potential as brain cancer
theranostic agents. Optical and physicochemical properties of CulnS2/ZnS core/shell QDs
functionalized with amine or carboxyl groups were determined using absorption and
fluorescence spectroscopy, atomic force microscopy and dynamic light scattering methods
and were found to be suitable for brain cancer theranostics. Stability of photoluminescence
intensity and fluorescence lifetime of both types of QDs over one week was investigated in
PBS and DMEM media. aQDs were found to be more stable in PBS, while stability of cQDs
was better in DMEM. During the practically important time period of 24 h, stability of both
aQDs and cQDs was sufficient for medical applications. Lastly, accumulation of aQDs in
MDA-MB-231 breast cancer cells and cQDs in U87 glioblastoma cells was investigated.
Results show increasing concentration of QDs inside cells with longer incubation periods,
localization of QDs in vesicular structures and more efficient accumulation in serum-free
media. cQDs also were shown to not have a negative impact on U87 cell viability. Results of
these experiments show the potential of CulnS, QDs for applications in brain cancer

theranostics, although further studies are required to bring them closer to clinical use.
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SANTRAUKA

IeSkant naujy metody jvairiy risiy vézio, tarp jy ir nervy sistemos vézio, diagnostikai
ir terapijai, optiniai metodai, pavyzdziui, fluorescencijos spektroskopija ar fotodinaminé
terapija, pradéti taikyti kaip alternatyva magnetinio rezonanso tomografijai, radioterapijai ir
kitiems Siuo metu naudojamiems metodams. Taikant optinius metodus yra naudojami jvairiis
organiniai junginiai (fluorescuojantys dazai ir fotosensibilizatoriai), kuriy triikumai — Zemas
stabilumas biologinése terpése, hidrofobiskumas ir Zemas efektyvumas — trukdo platesniam
$iy metody pritaikymui. Nanomedziagos, pavyzdziui, kvantiniai taskai (KT), yra vienas i$ $iy
trikumy sprendimo budy — gali biti naudojami patys KT arba jy ir kity junginiy dariniai.
Vienas 1§ KT trikumy yra galimas nanotoksiSkumas, nes daugumos placiai naudojamy KT
sudétyje yra toksisky cheminiy elementy, pavyzdziui, kadmio ar §vino. Si problema gali biiti
i$spresta naudojant sunkiyjy metaly neturin¢ius KT, pavyzdziui, sudarytus i§ CulnS». Tokiy
KT naudojimas vézio teranostikai néra gerai iStirtas, todél, buvo nuspresta istirti jy pritaikymo
smegeny vézio teranostikai potencialg. Amino (aKT) ir karboksilo (cCKT) grupémis
funkcionalizuoty CulnS,/ZnS Serdies/apvalkalo KT optinés ir fizikocheminés savybés buvo
iStirtos naudojant sugerties ir fluorescencijos spektroskopijos, atominés jégos mikroskopijos ir
dinamings Sviesos sklaidos metodus; savybés buvo tinkamos smegeny vézio teranostikai.
Buvo istirtas abiejy tipy KT fotoliuminescencijos intensyvumo ir fluorescencijos gyvavimo
trukmeés stabilumas vienos savaités laikotarpiu PBS ir DMEM terpése. aKT buvo stabilesni
PBS terpéje, tuo tarpu cKT — DMEM terpéje. Per taikymui svarby 24 h laiko tarpg abiejy tipy
KT stabilumas buvo pakankamas medicininiam taikymui. Galiausiai buvo istirtas akKT
kaupimasis MDA-MB-231 kriities vézio lastelése ir cKT kaupimasis U87 glioblastomos
lastelése. Rezultatai rodo kartu su inkubacijos laikotarpiu did¢jan¢ia KT koncentracija
lastelése, KT lokalizacija pusleliy tipo struktiirose ir efektyvesnj kaupimasi beseruminéje
terpéje. cKT neturéjo neigiamo poveikio U87 lasteliy gyvybingumui. Siy tyrimy rezultatai
rodo CulnSz KT potencialg taikymui smegeny vézio teranostikoje, bet norint tai pasiekti

reikalingi tolimesni tyrimai.
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SUPPLEMENTS

Supplement 1: Stability of CIS QDs in PBS and DMEM

FL decay curves and DLS histograms of aQDs and cQDs in PBS or DMEM media
after 24 h, 48 h, 72 h and 96 h are shown in Figs. S1.1. to S1.4.
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Figure S1.1. FL decay curves and DLS histograms of aQDs in PBS at 24 h, 48 h, 72 h and 96
h. FL decay curves were fitted using a sum of 3 exponential functions, residuals and y? values

are presented.
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Figure S1.2. FL decay curves and DLS histograms of aQDs in DMEM at 24 h, 48 h, 72 h and
96 h. FL decay curves were fitted using a sum of 3 exponential functions, residuals and y?
values are presented. DLS histogram at 96 h could not be properly measured.
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Figure S1.3. FL decay curves and DLS histograms of cQDs in PBS at 24 h, 48 h, 72 h and 96

h. FL decay curves were fitted using a sum of 3 exponential functions (2 for FL decay curve

at 96 h), residuals and Xz values are presented.
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Figure S1.4. FL decay curves and DLS histograms of cQDs in DMEM at 24 h, 48 h, 72 h and

96 h. FL decay curves were fitted using a sum of 3 exponential functions, residuals and y?

values are presented.
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Supplement 2: Investigation of CdSe QD-Ce6 complex

Example results from an earlier study involving formation of CdSe QD-Ce6
complexes are presented in Figs. S2.1. and S2.2.
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Figure S2.1. Fluorescence spectra of CdSe QD-Ce6 complexes formed with different

QD:Ce6 ratios. Excitation light (470 nm) was absorbed by QDs, but not by Ce6. Complex

formation is evidenced by Ce6 fluorescence band at 673 nm.
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Figure S2.2. Fluorescence spectra of CdSe QD-Ce6 complex after formation (3 h) and after
24 h. Excitation light (470 nm) was absorbed by QDs, but not by Ce6. Disappearance of Ce6
fluorescence band at 673 nm after FBS was added shows that interaction with proteins

disrupts the formed complex.
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