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ABSTRACT

PHOTODYNAMIC THERAPY WITH UPCONVERSION
NANOPARTICLES

Photodynamic therapy (PDT) is an alternative approach to conventional meth-
ods (i e. chemotherapy and radiotherapy) that can be utilized to treat various cancers
with less side effects. However, PDT has some restrictions such as photosensitizers
delivery and light penetration depth. It was realized that these problems can be over-
come with the improvements in nanotechnology; and today, many researchers have been

initiated to study on PDT with various combinations of photosensitizers-nanoparticles.

Recently, upconversion nanoparticles (UCNP) have revealed promising results
with different surface designs. UCNP’s unique anti-Stokes conversion capabilities en-
able the transmission of near-infrared (NIR) to visible light, providing a solution to
the light penetration depth problem of traditional PDT. Since they have organic struc-
ture, UCNP do not show high biotoxicity and additional surface modifications allow

photosensitizers delivery to the desired region of a body.

In this study, Yb/Er doped UCNP was synthesized and coated with porous sil-
ica to merge MC540 and ZnPc photosensitizers. In order to prevent photosensitizers
leakage over time and optically strengthen the nanoparticles for PDT activity, silica
surface was conjugated with APTES-gold nanoparticles. Experiments on prostate can-
cer cells with this novel design revealed two notable results: (I) nanoplatforms exerted
high biocompatibility that even 2 mg/ml concentration could be employed, and (II)
the viability of cells was successfully reduced up to 35%. Furthermore, PDT effect of

3-4 nm sized gold nanoparticles on cells was detected for the first time.

Keywords: Photodynamic Therapy, Upconversion Nanoparticles, Mesoporous Silica,

Gold Nanoparticles, MC540 and ZnPc Photosensitizers, Prostate Cancer.
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OZET

UPCONVERSION NANOPARCACIKLAR ILE
FOTODINAMIK TERAPI

Fotodinamik terapi (FDT), ¢esitli kanserleri daha az yan etki ile tedavi et-
mek i¢in kullanilabilen geleneksel yontemlere (kemoterapi ve radyoterapi gibi) alter-
natif bir yaklagimdir. Bununla birlikte, PDT nin, 1g1ga duyarhlagtiricilarin dagitimi ve
151k penetrasyon derinligi gibi bazi kisitlamalar1 vardir. Nanoteknolojideki gelismel-
erle bu sorunlarin asilabilecegi anlagilmig; ve bugiin, bir¢ok aragtirmaci, cesitli 1518a

duyarhlagtirici-nanopartikiil kombinasyonlari ile PDT {izerinde ¢alismaya baglamigtir.

Son zamanlarda, upconversion nanoparcaciklar (UCNP), farkh yiizey tasarim-
lar1 ile umut verici sonuglar ortaya koymustur. UCNP nin benzersiz anti-Stokes yetenegi,
yakin kizilotesi 15181 (NIR) goriintir dalga boyuna doniigtiirmesini saglayarak gelenek-
sel FDT’nin 151k penetrasyon derinligi sorununa ¢oziim sunar. UCNP, organik yapiya
sahip oldugu i¢in yiiksek biyotoksisite gostermez ve ek yiizey modifikasyonlari, foto-

sensitizanlarin viicudun istenilen bélgesine iletilmesine izin verir.

Bu ¢aligmada, MC540 ve ZnPc 1518a duyarhilagtiricilarin birlegtirmek igin Yb /Er
katkilih UCNP sentezlendi ve gozenekli silika ile kaplandi. Zamanla fotosensitizan-
larin sizintisini 6nlemek ve nanoparcaciklar:t optiksel olarak giiclendirmek igin silika
yiizeyi APTES-altin nanoparcaciklar: ile kaplandi. Bu yeni tasarimla prostat kanseri
hiicreleri iizerinde yapilan deneyler, iki degerli sonug ortaya ¢ikardi: (I) nanoplatform-
lar, 2 mg/ml konsantrasyonun bile kullanilabilecegi yiiksek biyouyumluluk sergiledi ve
(IT) hiicrelerin canlihg bagariyla %35’e kadar diigiiriildii. Ayrica, 3-4 nm boyutlu altin

nanoparcaciklarin hiicreler iizerindeki PDT etkisi ilk kez tespit edildi.

Anahtar Sozciikler: Fotodinamik Terapi, Upconversion Nanoparcaciklar, Gozenekli

Silika, Altin Nanoparcaciklar, MC540 ve ZnPc Fotosensitizanlar, Prostat Kanseri.
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1. INTRODUCTION

1.1 Motivation

According to the global statistics in 2020, the leading reason of death is cancer in
the world [1]. In fact, it is a kind of disease that causes severe pain and ultimate death
due to the uncontrollable growth of damaged cells and metastasis to the surrounding
tissue. There are two main reasons that traditional methods have unsuccessful results:
(i) late stage tumors metastasis too fast, and (ii) cancer cells develop resistance to
the treatments in time. Besides, patients’ quality of life reduce during treatments, i.e.
chemotherapy, radiotherapy, or surgical dissection. The primary motivation behind this
study is to improve cancer treatment using a non-invasive approach. Photodynamic
therapy (PDT), among other methodologies, has a potential future for treating cancers

with minimized side effects.

Photodynamic effect of light - photosensitive materials (e g. photosensitizers
(PS)) combination were realized almost one centuries ago and it is still not considered
as a conventional treatment [2]. When the researches and clinical practices on PDT is
examined, it can be seen that the penetration-depth of light performed to activate the
photosensitizers is the major problem. As a matter of fact, light energy increases as
their wavelength decreases and commercially available photosensitizers require mostly
visible (VIS) range to be activated. Unluckily, VIS range cannot penetrate more than
a few millimeters [3]. However, advances in nanotechnology have changed the fate of
PDT in terms of treatment depth. In 2007, transducer-nanomaterials called photon
upconverting nanoparticles were used to convert near-infrared light (974 nm) to VIS
light (540 nm), so that PDT was activated with such a low-energy light for the first
time [4]. Afterwards, many studies were concentrated on upconversion nanoparticles
(UCNP) due to their extraordinary optical behavior can be used to deal with major
problem of PDT, penetration depth. The second motivation of this research is to

provide a solution for this serious limitation of PDT by using UCNP.



One of the important components of PDT is photosensitizers, and many re-
searchers working in this field have developed different types of PS using various chem-
ical combinations [5|. An ideal photosensitizer should present high quantum yield,
good biocompatibility, and excitability with longer wavelengths. However, there is still
no PS that provides all the ideal features. For instance, most high efficient PS are not
biocompatible. In order to eliminate less biocompatibility issue of PS, nano-transfer
systems have been developing [6]. Since conveying PS to the desired biological site is
crucial, this work is also directed to design an efficient delivery system for both UCNP
and PS.

It is necessary to observe the produced novel system on biological applications
to understand its efficiency. Possible limitations (i.e. thermal, less reactive species
generation, high dark toxicity) should be considered. Then, they can be used on a
leading cancers such as breast, colon, prostate, or stomach. Experimentally using a
newly produced nano-system on biology and determining the real activity is the last

motivation of this work.

1.2 Objectives

The main propose of this study is to design and synthesize a new nano-delivery
system to improve photodynamic therapy on prostate cancer. This approach is aimed
to include upconversion nanoparticles (UCNP) synthesis to convert NIR light into mul-
tiple VIS wavelengths, porous silica coating to upload dual photosensitizers (MC540
and ZnPc), and gold functionalization to enhance UCNP emissions. Material char-
acterizations, optical properties of materials, and encapsulated PS amounts will be
decided with proper equipment. As the preliminary biological applications, the pre-
ferred PDT elements (i e. 980 nm laser and PS-nanoplatform system) will be evaluated
in a manner of thermal change, reactive oxygen species generation, and penetration
depth. Lastly, in vitro analysis will be carried on prostate carcinoma cell lines (PC-3)
via cellular internalization and dark toxicity of PS / nanoplatforms, only light toxicity,

and PDT efficiency experiments.



1.3 Outline

The upcoming chapters of thesis comprise shortly the followings:

e Chapter 2: The overall background of photodynamic therapy, upconversion
nanoparticles, and surface arrangements for biological applications were presented

with respect to the researches on this field.

e Chapter 3: In this division, the used materials and methodologies were ex-
plained for both synthesize of nanoplatforms - photosensitizers combination,
and experiments on temperature differentiation, reactive species production, and

prostate cancer cells.

e Chapter 4: Nanoplatforms’ material characterization procedures, and results

were given in this part.

e Chapter 5: The outcomes of applications were supplied with the necessary

explanations.
e Chapter 6: The results were discussed in detail for the whole study.

e Chapter 7: In this section, this research was concluded and possible future

studies were proposed.



2. BACKGROUND

2.1 Photodynamic Therapy

Photodynamic Therapy (PDT) is a potential approach to treat the lesions like
tumors by merging light and drugs/dyes recognized as photosensitizers (PS) in the ex-
istence of oxygen. Although light has been using as a therapeutic method since ancient
civilizations, both light and acridine dye combination lethal effect on infusoria, as a
first PDT application, was discovered by Tappeiners’ group in 1900s [2]. Since the PDT
phenomenon first emerged, significant advances have been made with improvements in

photosensitizers and light sources.

Photosensitizers are one of the main elements for PDT applications. Some
of the drawbacks of PS have been observed since Photophrin 2, the purified version
of Hematoporphyrin derivative, was used in the first clinical trials as PDT drug [7].
Thus, many studies focused on to develop the ideal PS. The properties of PS should
include the followings; (I) efficient ROS generation, (IT) higher absorption feature at the
longer wavelengths, (IIT) high biocompatible characteristics [2]. However, the produced
photosensitizers so far have not been able to show all the necessary virtues at the same

time.

The used light sources to activate PS, on the other hand, can be natural sunlight,
arc lamps, slide projectors, or lasers [8|. In fact, the mostly preferred sources are laser
systems to initiate PDT. They can produce coherent light and the generated light
can be applied outer or inner parts of body via optical fibers [8]. Regardfully, the

wavelength of the laser requires matching with the absorption spectra of the used PS.

After stimulating PS with light, reactive oxygen species (ROS) such as singlet
oxygen (10y), hydrogen peroxide (H50s), hydroxyl radical (-OH), and superoxide anion

(O;") generation can be triggered [9]. It is known that the metabolism of cells use these



molecules for physiological processes under normal conditions. However, excess ROS
results in oxidative stresses in the cells and abnormal amount of ROS, ultimately,

activate cell death mechanisms like apoptosis, necrosis, or autophagy [10].

2.1.1 Mechanisms in PDT

PDT action comprehend three main steps as given in Figure 2.1. Firstly, to
eliminate the lesion bearing tissue or cancerous cells, photosensitizers should be ad-
ministered intravenously or topically. Secondly, cellular accumulation of PS take place
after waiting for a period of time. As a final step, light exposure to the tumor site
initiates the PDT process. In fact, underlying mechanisms in PDT can be explained
via both photochemistry and photophysics concepts [11]. While the two laws of pho-
tochemistry states that (First Law) light must be absorbed by a compound (e.g. pho-
tosensitizers), and (Second Law) only one molecule can be activated for each absorbed
photon of light; photophysics deal with the physical changes during the occurrence of

material-photon interactions [11, 12, 13].

e . | 3 /4%
! .

L] 3

Walting for Cellular Light Application to

Introduclng Photosensitizers
E Internalization Actlvate PSs

Figure 2.1 Schematic illustration of photodynamic therapy action.



2.1.1.1 Light Absorption. Light absorption for photosensitizers is a mandatory

step for PDT action. According to the wave model, an electromagnetic wave can be

defined with eq.2.1 [12].
c=A\v (2.1)

where ¢ = velocity of light, A = wavelength of light , v = frequency of light. The
electromagnetic spectrum include a wide range of wavelengths as X-rays (0.1 nm - 10
nm), Ultraviolet (10 nm - 350 nm), Visible (350 nm - 750 nm), Infrared (750 nm - 10°
nm), Microwaves (10 nm - 107 nm), and Radiowaves (> 107 nm) [11]. The energy of

light (E) defined in eq.2.2 decreases from X-rays to Radiowaves.
E = h(c/N) (2.2)

where h is the Planck’s constant [12]. To excite molecules in PS, the applied light
energy should be high enough and generally VIS range is the best choice to trigger
PDT mechanism [14]. However, VIS light penetration depth in tissue is not sufficient

for deep-seated cancerous cells.

2.1.1.2 Excited-State Processes of Electrons. Jablonski diagram in Figure

2.2 can be used to have insight about the excitation states and outcome of PDT.
Energetically favored state for photosensitizers is their ground state (Sp), where the
total spin quantum number (S, defined with paired spins as +1/2 and —1/2) is zero.
The excitation state of PS, on the other hand, can be expressed as excited singlet state

(S1). It is possible to show the excitation reaction for PS with expression 2.3:

PS + hy —» PS* (2.3)

where * describes the excited photosensitizers after exposing them with an appropriate
light irradiation. Then, relaxation of PS occur and it initiates different chemical reac-
tions or photophysical processes such as luminescence, radiationless decay (i.e. internal
crossing (IC), and intersystem crossing (ISC)), electron transfer, bimolecular reactions,

or secondary radical formations |2, 13]. These reactions result in the two main pho-



todynamic mechanisms activation as called Type I and Type II. If Type I mechanism
takes place, the excited PS directly interact with molecules in cells and produce radi-
cals such as hydrogen peroxide (H>0s), hydroxyl radical ((OH), and superoxide anion
(O3 7). Occurrence of Type IT mechanism is also possible and it includes the energy

transfer of PS to oxygen (O,), which can generate singlet oxygen (1Os).

Excited Singlet / H;0;
T |
S State of PS /,)r R VPP: ‘OH
1 . ] e/'s eact'on \ -
C’os {’SJ‘@ Excited Triplet 0,
s”?g State of PS

T

Type Il
Reaction

Absorption

Light

N

So

Internal Conversion
Fluorescence

02 — 102

Phosphorescence

Ground State of PS

Figure 2.2 Designed Jablonski Diagram for photosensitizers upon light application.

2.1.2 Novel Methodologies in PDT

The three components of PDT, photosensitizers, light and oxygen, must act
efficiently when PDT mechanism is considered [15]. At first, PS selection for PDT
treatment is a very crucial step because an ideal PS doesn’t exist and commercially
available ones lead to very different outcomes for in vitro and in vivo studies [16].
The preferred PS should be nontoxic, selectively captured by cells, excited with higher
wavelengths of light in the therapeutic window; and their quantum yield have to be

high enough to eliminate cancerous cells [17].

Several group of photosensitizers mostly have tetrapyrrole structure like the first
clinically approved porphyrin derivative hematoporphyrin (HpD) and photofrin [18|.
Porphrins, however, cannot fulfill the all requirements as an ideal PS due to their

complex chemical structures (long half-life) and their efficient activation band being



around 400 nm (short tissue penetration) [19, 20, 21]. Therefore, second generation PS
were produced; cholorins (i.e. Foscan, Verteporfin, Chlorin(e6)) , bacteriochlorins (i.e.
TOOKAD, LUZ11), and phthalocyanins (i.e. Zinc Phthalocyanine) [22]. These second
generation photosensitizers have better chemical purity, higher penetration depth, and
increased ROS production. However, significantly low water solubility is the main
drawback during PDT applications with them [23]. Furthermore, the third generation
PS are under developmental stage and their production aim depends on the structures

possessing higher affinity to the cancerous region [23].

Apart from the PS having tetrapyrrole design, transition metal compounds (i.e.
gold, platinum), and natural products (i.e. hypericin, hypocrellin riboflavin, curcumin)
can be used for PDT treatment [18]. Besides, other types of PS exist as cationic such

as methylene blue or cyanine dyes, and uncharged as merocyanine 540 [22, 24].

The other important PDT element, light, needs to be used with respect to
the selected PS. Application of light at higher wavelengths (from 600 to 1000 nm)
can enhance PDT because it provides higher penetration depth into the tissues [17].
Besides, illumination can be applied not only via superficial but also interstitial delivery,
i.e. fiber [25]. Lastly, the third crucial component, oxygen, during PDT application
needs to exist inside or outside of the cancerous cells. However, oxygenation for dense
tumor masses is generally not enough for PDT [26]. Hypoxic condition of tumors can
be resolved with some oxygen carriers or generators, i.e. hemoglobin, perfluocarbon,

or manganese dioxide [27].

Some of the ongoing investigations to develop PDT are listed as follows:

1. Photochemical Internalization (PCI): It is well known that cells internalize

molecules such as drugs, proteins, DNA, RNA, or PS via entrapping them inside the
endocytic vesicles, which prevent their full efficiency [28]. PCI, on the other hand,
provides a methodology to overcome this problem by using amphilic PS (i.e. aluminium
phthalocyanine disulfonate, Amphinex) [29]. In fact, these PS have ability to break

the endosomes upon light illumination and improve the treatments [30].



2. Theranostics: When diagnostics and therapeutics are combined at once, the

term theranostics emerge [31]. It allows visualization during treatments and provide
real-time monitoring for cancerous region. Fluorescence properties of some PS (i.e.

porphysomes) provide this property [32].

3. Photodynamic Immunotherapy: PDT recognizes as a local treatment method

and metastasis problem cannot be avoided with this methodology. In fact, cancerous
cells/region destruction way (apoptosis, necrosis, or both way) can promote the acti-
vation of immune system [33]. However, PDT application alone is mostly not enough
to trigger immune response because tumor micro-environment inhibits immunity path-

way. Thus, synergistic effects of PDT and immunotherapy can be used to treat tumors

[34].

4. Nanotechnology: Nanotechnology means to design precisely engineered ma-

terials, mostly named as nanoparticles/nanomaterials in submicron scale [24]. They
can be utilized to carry drugs/dyes (i.e. PS), target specific region in body, and pro-
vide combinational treatments for novel applications [35]. Although nano-sized carrier
systems have numerous benefits like controlled delivery, high drug loading capacity,
adjustable chemical property, or multifunctionality; the existence of several disadvan-
tages such as aggregation problems, tuning sizes, or long-term side effects cannot be

ignored [36].

The ongoing PDT researches in nanotechnology endeavor to eliminate the prob-
lems for nano-carrier systems [18]. The developed nanoparticles have wide range forms:
polymeric (i.e. poly-D,L-lactide-coglycolide (PLGA), polylactic acid (PLA), chitosan,
gelatin) , metallic (i.e. gold (Au), silver (Ag)), and lipid (i.e. polyetheneglycol (PEG)
lipid) [37, 38]. These nano-carrier systems can safely deliver photosensitizers to can-
cerous region via isolating them from the harsh environment of body. Along side the
protection properties, a number of them (i.e. quantum dots, metallic nanoparticles,
upconversion nanoparticles) can be activated with light so the treatment/diagnostic

properties of PS can be supported.
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2.2 Upconversion Nanoparticles

When the nanomaterials interactions with light and photoluminescence proper-
ties are considered, there are two classifications as downconversion (DC) and upconver-
sion (UC) fluorescence [39]. While downconversion process (stoke’s shift) is named for
longer-wavelength photon emission (lower energy), upconversion process (anti-stoke’s
shift) is the emission of shorter-wavelength photon possessing higher energy. Anti-
stokes process is the reverse behavior of most materials and can be succeeded with a
few of them like quantum dots, or UCNP [40]. Generally, an upconversion material
includes two components: a host lattice, and doping ions. Changing the host matrix or
dopants can dramatically differentiate the fluorescence property of the nanomaterials.

In this study, we focused on lanthanide-based (rare-earth) upconverters.

Lanthanide ions doped nanomaterials have the ability to convert near-infrared
photons to higher energy photons between ultraviolet (UV) and NIR. Near-infrared
absorption property make these materials very attractive sources for biomedical appli-
cations. It is well known that tissue (i.e. hemoglobin or water) absorbs the NIR (700
nm-1300 nm) light minimally and this region is also called "optical window" [41]. That
is, utilizing from NIR light for biological applications provides minimal photo-damage,
low auto-fluorescence, and high light penetration depth. Besides, UCNP has sharp and
adjustable emission bands, high photostability, long life-time, and minimized toxicity

[42].

The mostly known and used rare-earth elements have trivalent ions like Pr—3,
Nd=3, Er=3, Tm™3, Yb™3 |43|. These ions’ upconversion behavior comes from their
inner 4f shell because the electrons at 5s and 6p shells (outer shells) are used to bind
with surrounding atoms and they are very sensitive to the lattice events [44]|. For
this reason, when light excites a significant amount of electrons in the 4f shell, they
have sufficient lifetimes to form the upconversion process in the excited states [45].
Furthermore, lanthanides include different energy levels, mostly arranged as ladder-
like, can initiate sharp and narrow emissions at the same time [41]. The possibility of

benefiting from more than one emissions arises with this property.
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2.2.1 Energy Mechanisms of UCNP

Luminescent materials mostly follow the rule known as Stoke’s law, the emitted
photon energy is lower than the absorbed photon energy, and an energy loss occurs.
On the other hand, it is possible to observe opposite behavior of materials in some
circumstances like upconversion emission. It is actually a nonlinear optical process,
discovered by Auzel, Ovsyankin, and Feofilov in 1960s [46, 47|. It was stated that if
more than one NIR photons are absorbed by middle energy levels, the wavelength of
fluorescence appears shorter than the excited light. Upconversion mechanisms include
excited-state absorption (ESA), energy transfer upconversion (ETU), cooperative sen-

sitization upconversion (CSU), cross-relaxation (CR), and photon avalanche (PA).

Excited-State Absorption (ESA): As the simplest activation of upconversion

mechanism, initially an ion needs to be excited from ground state to E1 and then
another excitation proceeds to E2 thorough additional photon absorption (Figure 2.3
(a)) [48]. Ladder-like energy levels and long lifetimes for excited ions are necessary for

this process [44].

Energy Transfer Upconversion (ETU): ETU process includes absorption of two

photons and two ions, defined as activator and sensitizer (Figure 2.3 (b)) [48]. When
the first absorbed photon excites the sensitizer to metastable level E1, it is possible
that sensitizer can transfer its energy to activator being at ground level. Thus, energy
transfer and second photon absorption excite the activator to E2 level. Meanwhile,
sensitizer (at E1 level) turns back to ground state, and activator (at E2 level) produce
upconversion emission. The distance between ions and dopant concentration decide

the ETU occurrence.

Cooperative Sensitization Upconversion (CSU): In CSU mechanism, there are

three ions that the first and third ions (called as sensitizers) activation transfers energy
to the second ion (called as activator) as shown in Figure 2.3 (c) [48]. The relaxation

of activator can generate upconversion light. CSU process appearance chance is lower

than ESA and ETU.
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Cross Relaxation (CR): It is an unwanted process that can occur with ion-ion

interaction. The ion in excited state at E2 relaxes back to E1, and subsequently the
energy is transferred to the other ion at ground state (Figure 2.3 (d)) [48]. As a result,
no upconverted photon can be observed. However, it can trigger the photon avalanche

process or cross relaxation can be utilized for arranging upconversion color.

Photon Avalanche (PA): PA is a complicated loop mechanism as demonstrated

in Figure 2.4 (e) [48]. Initiating a PA needs a photon threshold value [49]. When the
absorbed photon amount is under the threshold, upconverted emission is well below
than the expected intensity. On the other hand, photoluminescence increases with
respect to absorbed photon increase by orders of magnitude, if the threshold value is

exceeded.
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Figure 2.3 Presentation of the mechanisms for the lanthanide doped upconversion nanoparticles:
(a) ESA, (b) ETU, (c¢) CSU, (d) CR, and (e) PA.
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2.2.2 Designing Upconversion Nanoparticles for Enhanced Luminescence

The UCNP energy mechanisms efficient existence requires two critical compo-
nents which are a highly stable host matrix, and two dopant ions named as activa-
tor, and sensitizer. While the host material possessing a crystalline structure is used
as a protector; sensitizer plays a role during the absorption of energy, and activator
provides the emission of light (Figure 2.4) [44]. The importance of the choice of ele-
ments/compounds for host matrix, activator and sensitizer cannot be underestimated

during the formation of upconversion nanoparticles.

Initially, the host material needs to have great chemical stability, low phonon
energy, good transparency between NIR and VIS range, and high durability against
optical damage [41]. In fact, its matrix include the dopant ions so the distance between
the activator and sensitizer is determined by the used host material. The spatial

position of dopant ions has important influence on the efficiency of UCNP [50].

It is well known that Nat, Ca?*, Sr?t, Sr**, Y3+ and Ba™ has similar ionic
radius and chemical features with the lanthanide ions [50, 51|. Especially, Na™ and
Ca** fluorides are used to prefer as host materials due to the property of minimized
lattice defects and stresses. Besides, the crystal structure of the host material can
change the activity of UCNP. Optical property is directly effected with the symmetry
of structure. For instance, hexagonal phase NaY Fy : Yb/Er material has 10 times

better efficiency than cubic phase of it [52].

Activators, as a dopant ions, can generate sharp and narrow upconverted light.
If the lanthanide ions have completed 5s? and 5p°® outer shells, the protected 4f inner
shell electrons can stay at the excited states up to 0.1 s [47, 50]. The mostly suitable
activators are Er3T, Tm3*, and Ho**. The other dopant ion to the host matrix is called
as sensitizer. Yb** is extensively used as sensitizer because it has a large absorption
cross section close to 980 nm [47, 50]. Its basic structure only include one 4f level
excitation (*Fj2). The energy of excited electrons can cross the ions of activators and

upconverted emission can appear.
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Figure 2.4 The design of upconversion nanoparticles.

2.3 Surface Modification of UCNP for Biological Applications

UCNP can be used for different biomedical applications due to their superior
optical properties. However, before utilizing them in bioapplications, some impor-
tant issues such as biocompatibility, water solubility, or bioconjugation requires to
fix [53, 54]. Efficient surface modification of UCNP is the only solution to deal with
these inevitable topics. It should also be noted that the possible surface adjustments
can enhance the optical features of UCNP, and add drug attaching, or bio-targeting

properties.

The concept of surface modification for nanoparticles can be stated that the
differentiation of the material surfaces in terms of chemical, physical, or biological
pathways [55|. The alterations around the exterior part of UCNP not only arrange their
material properties for hydrophilicity, biocompatibility, and surface charge, energy, and
reactivity; but also provide a protection from surrounding media. In fact, the stability
of nanoparticles during delivery to the desired region in the body is a crucial issue

when the hydrophobic nature of UCNP is considered [56].

Although there are different ways to synthesize UCNP, it is mostly preferred to
produce them with hydrophobic surfactant ligands (i.e. oleate) to eliminate the aggre-
gation problem of nanoparticles [57]. To add, the oleate ligand can control the growth
of nanoparticles with performing as a solvent through the synthesize [58|. Unluckily,

UCNP shows a strong hydrophobic behaviour due to its oleate capped surface, which
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restraints its dispersal in aqueous media and minimizes biocompatibility [59].

Engineering nanomaterials for biomedical practices require biocompatibility,
which can be defined as the capability to accomplish delivering wanted properties
(i.e. drugs/PS, light) to the region of body without showing any adverse effects to
the other sites [60]. In order to prevent the potential toxicity of nanomaterials for in
vitro applications, chemical or physical coatings can be performed around the surface
of nanoparticles [53|. Besides, the surface modifications can improve the in vivo studies

and increase the biocompatibility for these kind of applications.

In the literature, there are extended methods to make the UCNP applicable for
biological studies [59, 61]. They can be divided into four main topics as ligand engi-
neering, ligand attraction, surface silanization, and metal connections. Each approach
has its unique characteristics that can be used for different,/ similar operations such as

drug/PS delivery, targeted therapy/imaging, or biosensing (62, 63].

2.3.1 Ligand Engineering

The ligand functionalization of UCNP is a common method and it can improve
the stabilization of nanoparticles [64]. Modification of ligands (i.e. oleic acid or oley-
lamine) for UCNP is possible with original ligand exchange and direct oxidation of
UCNP surface (Figure 2.5) [53]. When the oleic acid (OA) capped UCNP is consid-
ered, the carboxyl ends of OA bind strongly to the rare-earth ions due to the two C-O
connections [65]. It means the newly connected ligands require stronger bonds than
the OA-UCNP linkage; otherwise, they can detach from the surface. Thereby, it brings
difficulties, and long duration time synthesis during surface modifications with ligand

engineering.

In order to change oleic acid connections with other types of ligands such as
—COOH, —NHs,, or —SH groups; initially OA needs to be removed for ligand ex-

change studies. Acid treatment, being able to protonates the oleate ligands, is a way to
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Figure 2.5 Ligand surface engineering for UCNP.

derive bare-UCNP [66]. Then, introducing hydrophilic ligands with citrate, polyethy-
lene glycol (PEG) derivatives, polyacrylic acids (PAA), or phosphate derivatives enables
new linkages on UCNP [66, 67]. The functions of each ligand supply different properties
to the nanoparticles. For instance, Chen Y. et al. published article in 2020 evaluated
carboxyl, poly(monoacryloxyethyl) phosphate (MAEP), amino, and (3-aminopropyl)
triethoxysilane (APTES) functionalized UCNP with ligand exchange method [68]. This
comperative study showed that while carboxyl-coated UCNP is more stable than the
others, MAEP allows the best biocompatibility for UCNP. Another way for ligand ex-
change method is to alter the surface of UCNP using nitrosonium tetrafluoroborate
(NHBF}) or diazonium tetra-fluoroborate compounds [65]. It includes multiple steps
but UCNP become soluble inside N,N-dimethyl-formamide (DMF), or dimethylsulfox-
ide (DMSO) and the nanoparticles become highly stable for a long time. The dissolved
nanoparticles small amount in DMSO or DMF can be mixed with an aqueous media

for biological applications.

Bifunctional molecules, possessing two different functional groups, usage for
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ligand exchange method is also commonly studying in literature. In 2009, Hilderbrand
S. A. et al. modified the surface of Y503 nanoparticles with PAA-PEG for in vivo
imaging [69]. As another attractive study, Ge H. et al. recently published poly-cytosine
and DNA conjugated UCNP to facilitate them easy cell entrance for possible imaging
and therapeutic agents [70].

The direct oxidation of oleic acid or oleylamine is also achievable with Lemieux-
Von Rudloff reagents, ozone, or 3-chloroperoxy-benzoic acid [71, 72, 73]. They can lead
the hydrophilic carboxylic acid groups formation around UCNP. The generated new

ligand include carbon-carbon double bond which restricts capping ligands variety.

2.3.2 Ligand Attraction

Ligand attraction is an approach about connecting amphilic polymers to the
surface of UCNP [44]. In fact, amphilic polymers encompass both hydrophilic, renders
water solubility, and lipophilic, enables attaching with fat (like oleic acid) ligands,
ends. In this process, the purpose is to link lipophilic ends with UCNP and allow
hydrophilic ends to faces outwards (Figure 2.6). Therefore, UCNP can be water soluble

and biocompatible with respect to the features of amphilic polymer.
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Figure 2.6 Ligand attraction procedure for UCNP.
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The amphilic polymers can be poly(acrylic acid)-poly(ethylene glycol), phospho-
lipids with head groups biotin or maleimide, poly (L-lysin), poly(maleic anhydride-alt-
l-octadecene) or others |74, 75, 76]. In 2021, Lee S. H. and et al. merged the amphilic
polythiophene with UCNP and applied to sense the alprenolol amount, decides the
high blood pressure |77]. As an another recent study published in 2020, Guryev E. L.
and et al. coated the surface of UCNP with maleic anhydride 1-octadecene (PMAO)

and PEG-amine for imaging and treating human adenocarcinoma models |76].

2.3.3 Surface Silanization

Among the surface modification methodologies for UCNP, silica condensation is
a highly powerful and advantageous technique [78]. In fact, silica is already considered
as "Generally Recognized as Safe" (GRAS) by FDA, proves its high biocompatibility,
and easy drug/PS encapsulation within silica moieties [79]. This technique can be
performed by two separate functionalization pathways as visualized in Figure 2.7: (I)
dense (amorphous) silica formation followed by possible porous silica generation, and

(IT) direct establishment of mesoporous framework.

As a first way, thin amorphous silica coating around UCNP is generally provided
with tetraethoxysilane (TEOS) or similar silica precursors, because the silane reagents
is able to react straightly with UCNP face. In 2015, Liu J. N. and et al. was discussed
the concept for the UCNP - dense silica conjugation with the UCNP - mesoporous
(and hollow) silica junction [80]. In 2016, Han R. and et al. used the interface of
amorphous - mesoporous silica (coated around UCNP) to bind Methylene Blue (PS),
and utilized from the porous part to load doxorubicin (DOX) [81]. This research
showed the possibility of applying these nanoplatforms for both chemotherapy and
NIR-triggered PDT.

Encapsulating UCNP with porous silica is a favorable technique because it pos-
sess biocompatibility, water-solubility, and drug/PS loading properties without apply-
ing any middle-step surface modifications for drug/PS [82]. Indeed, it is well known
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that drug/PS have mostly hyrophobic nature, which makes their usage complicated.
On the other hand, mesoporous silica can protect and carry drug/PS (especially hy-

drophobic ones) easily to the biological sites [83].

In 2014, Sun L. and et al. managed the direct production of mesoporous struc-
ture on UCNP for imaging human nasopharyngeal epidermal carcinoma cells [84]. They
used cetyltrimethylammonium bromide (CTAB) for phase transfer (from hydrophobic
to hydrophilic UCNP) and pore formation agent. Then, implemented silica precursor

and removed CTAB steps let the mesoporous silica generation around UCNP.

In addition to the notable benefits of silanization UCNP, silica ligands can
further functionalized with amino and amine groups, polymers (i.e. PEG, PEI), or
biomolecules (i.e. folic acid, biotin, or proteins) [85, 86, 87]. It extensively increases
the potential of UCNP usage. For example, Wang Y. and et al. combined mesoporous
silica coated UCNP (UCNP@mSiO2) with (3-aminopropyl)triethoxysilane (APTES)
and DOX was loaded inside the porous silica [87]. Charge-reversal APTES added
pH-drug delivery feature to the nanoplatforms. Thus, controllable drug release and

simultaneous imaging of cancer cells becomes possible.

2.3.4 UCNP-Metal Connections

Metal nanostructures such as gold and silver nanoparticles/shells can mediate
surface plasmon resonance (SPR) [88]. Actually, SPR existence within UCNP can
enhance optical properties of luminescence and result in heat increase [89]. The syn-
thesize of UCNP with metallic thin layer/nanoparticles can improve the capability of
UCNP in different manners if fluorescence of UCNP and absorbance of nano-metals
optical absorption are matched. Metallic structures combination with UCNP include
extensive engineering designs but in general they used to synthesize metallic/UCNP

and UCNP /metallic forms for imaging and treatment applications [44].

When the metallic/UCNP design is considered, the material having upconver-
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Figure 2.7 Surface silanization of UCNP.

sion property surrounds metallic nanoparticles. For instance, in 2010, Zhang F'. et al.
designed nanoplatforms include dense silica - Y503 : Er shell surrounded 50 nm silver
(Ag) nanoparticles [90]. The distance between the rare-earth complexes and Ag was
evaluated in terms of the possibility for enhanced luminescence or quenching which
allow imaging prostate cancer cells. However, the metallic/UCNP design resultant cel-

lular toxicity can be high because the the outer layer include the rare-earth elements.

On the other hand, UCNP-metallic form of union can increase the biocompat-
ibility, especially with the gold nanoparticles. The noble metal, Au, was already used
for a clinical trial (Phase I) [91]. Besides, gold np decoration around UCNP can amplify
photoluminescence and add photothermal therapy (PTT) feature due to SPR feature
of Au [92]. In 2012, Priyam A. et al. produced gold nanoshell coated NaY F; and their

high imaging capability was demonstrated on melonoma cell line [93]. As a recent
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study, in 2020 Lin B et al. utilized from gold np coated spindle shape UCNP to kill
cancerous cells with PDT [94].
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3. MATERIALS AND METHODS

3.1 Upconversion Nanoparticles Synthesis

In this study, we produced Y5 /Er™ doped NaY F, nanoparticles by using
Ostwald ripening method, depends on the fact that the growth of larger particles is
energetically favored compared to smaller nanoparticles [48]. The synthesis protocol
was acquired from literature and some modifications were made during the experiments

82].

3.1.1 Materials and Instrumentation

The used reagents; yttrium (III) oxide (Y203, 99.99 %), ytterbium (III) oxide
(Y0203, 99.99 %), and erbium (III) oxide (ErOs, 99.99 %) were from Alfa Easer. Sul-
furic Acid (H2S0y, 95-97 %), hydrochloric acid (HCL, 36%), oleic acid, 1-octadecene,
sodium hydroxide (NaOH), ammonium fluoride (N H4F), cyclohexane, ethanol (ab-
solute, reag. 99.8 %), acetone (ACS reagent, 99.5 %), methanol (anhydrous, 99.8 %),
sodium hydroxide (NaOH) were received from Sigma Aldrich.

Three-neck round bottom flask (100 ml), flask adaptors, condenser, thermocou-
ple, glass thermometer, vacuum pump, vortex, ultrasonic bath, centrifuge, centrifuge

tube (50 ml), and glass scintillation vial (20 ml) were used equipment for UCNP pro-

duction.

3.1.2 UCNP Preparation

UCNP synthesis includes the following steps:

1) A three-neck bottle and a condenser were initially waited inside a Sulfuric
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Acid (H3S0,) aqueous solution (30% concentration) for 30 minutes in ultrasonic bath.
Then, washing steps were applied with acetone, and ethanol. Teflon band (PTFE,
professional Starline) was also wrapped to tips of the connecting glasses to prevent

them from high heat and avoid leakage of gas.

2) Y205 (0.088 g), Y205 (0.0395 g), and ErsO5 (0.0038 g) were put inside the
three-neck-bottle and they were reacted with HCL to obtain Y Cl3, YbCl3, and ErCls.
Initially, sonication was applied and then its heat was increased slowly. When colorless
solution was observed, the excess water was evaporated at 110 °C with stirring. White
and dry pellet was obtained at the bottom of the flask. The rise in temperature was

checked by touching the bottom of the three-neck flask with a glass thermometer.

3) 6 ml oleic acid and 15 ml 1-octadecene were added into the flask having white
pellet at the bottom. While oleic acid, as a surface ligand, controlled the size and shape
of nanoparticles, 1-octadecene allowed the reaction to reach high temperatures because

of its high boiling point.

4) In order to dissolve the pellet, heat was elevated to 150°C while stirring.
The solution was kept 1 hour at this condition to get well mixed rare-earth elements.
The color of solution was light yellow as shown in Figure 3.1 (a). Afterwards, the

temperature was decreased to 50 °C.

5) To initiate precipitation, methanol (5 mL), containing NaOH (0.1 g) and
NH4F (0.148 g), were added into the mixture dropwise. The photograph of solution
were given in Figure 3.1 (b) Then, heat of the flask was raised slowly between 110°C
and 130°C to evaporate methanol and waited for 1 hour. Some bubbles and color

variation were noticed during heat rise (Figure 3.1 (c)).

6) Then, flask was sealed with vacuum and waited for additional 20 minutes to
remove moisture and possible remained methanol. Condenser and argon gas (>99.999)
cable were also connected to the flask with glass adaptor as demonstrated in Figure

3.1 (d). In order to cool down the condenser, cold water movement was provided
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continuously during the synthesis.

7) Argon gas and vacuum were applied in order with 1-minute intervals for three
times. Note that, argon gas passage was always under control during the application.
The temperature was raised to 300°C with a heating rate 10°C / 2 min. under argon
atmosphere. Next, the mixture was maintained at the same temperature for 1 h as

presented in Figure 3.1 (e).

8) After 1 hour, the system was cooled down to room temperature without
removing argon gas and stopping stirring. Subsequently, the solution poured into 50
mL centrifuge falcon tube. Three necked flask was rinsed with acetone and it was also
put inside the same falcon. The added acetone needed to be 40 mL (Figure 3.1 (f) -
left photo).

9) The tube was vortexed vigorously for 1 minute for rinsing, and it was cen-
trifuged at 7800 RPM for 10 minutes. After discarding supernatant, pallet was dis-
solved in 20 mL cyclohexane with vortex. To remove the large particles, it was cen-
trifuged again for 5 minutes and the supernatant poured inside a glass vial (Figure 3.1

(f) - right photo).

3.2 Mesoporous Silica Coating on UCNP Surface

The produced oleate capped UCNP need to be water soluble for PDT. Thus,
mesoporous silica, having numerous advantages such as PS loading capacity, high
biocompatibility, and further functionalization property, was coated around UCNP

through direct formation method [84].
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Figure 3.1 Digital photographs at various steps of reactions during Yb/Er doped UCNP synthesis

3.2.1 Materials and Instrumentation

While, Hexadecyl-trimethyl-ammonium bromide (CTAB, Merck), tetraethyl or-
thosilicate (TEOS, »99%, Merck), ethanol, and sodium hydroxide (NaOH, Sigma
Aldrich) were used as chemicals, ultrasonic bath, hotplate magnetic stirrer (Isolab),
centrifuge (Beckmen Caulter), ultrasonic probe (Omni-Ruptor 4000), oven, 2 mL cen-
trifuge tubes and 25 mL, 40 mL and 50 mL beaker were utilized as instruments to

develop mesoporpus silica around UCNP, UCNP@QmSiOs.

3.2.2 UCNP@mSiO, Synthesis

In this study, the procedure for coating UCNP with mesoporous silica (UCNP@QmSiO5)

is as follows:
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Phase transfer from cyclohexane to water: The prepared 20 mL. UCNP inside

cyclohexane stock solution was waited inside ultrasonic bath for 30 minute. Meanwhile,
100 mg CTAB was dissolved in 10 mL distilled water (DI) with sonication/stirring
inside 25 mL beaker. Then, 1 mL of UCNP-stock solution was put slowly into the
beaker and vigorous stirring was applied from this point. After 3 hours, heat was
increased to 70°C and waited additional 2 hours at this temperature (Figure 3.2 (a)).
It is also possible to stir the mixture for 2 day instead of applying heat rise. The main
aim at this step was to remove cyclohexane from the solution with evaporating (boiling
point of cyclohexane is 80.74°C). Note that, the beaker should be closed with loosed

way.

Formation of Silica Surface: Inside a 50 mL beaker 20 mL distilled water, 3 mL

ethanol and 150 pL of 2 Molar NaOH (0.1 g NaOH pellet and 1.2 mL DI) were mixed.

Afterwards, phase transferred UCNP solution put into the 50 mL beaker under stirring
condition. After its heat was raised to 70°C, 200 pL. TEOS added dropwise and waited
15 minute. In order to remove unbound CTAB and TEOS from the solution, cleaning
procedure was employed three times. That is, the solution was placed in 2 mL cen-
trifuge tubes, and then the nanoparticles were precipitated by centrifugation at 13000
RPM for 15 minute. After, the liquid was replaced with ethanol, precipitated nanopar-
ticles were solved with ultrasonic probe. Note that, sonication activity require to be
high, otherwise; nanoparticles cannot dissolve properly inside ethanol. The nanopar-
ticles, whose washing process is completed, can be stored in 20 ml of ethanol at room

temperature for the following step.

Removing CTAB to Reach Pore Structure: UCNP including ethanol in 20 mL

was poured inside a 40 mL beaker and 40 pl. HCL was added while stirring. The
temperature of the mix was increased to 60°C. Then, the solution was waited for 3
hours at this condition. Before collecting nanoparticles, denoted as UCNP@QmSiOs;
the solution was cleaned with ethanol three times. The nanoparticles were dried in
an oven at 80°C overnight and the amount of UCNP@QmSiO, was determined to be
approximately 40 mg (Figure 3.2 (b)).
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(b)

Figure 3.2 (a) During oleate capped UCNP phase transfer to CTAB with heat increase white
bubbles formation (inset) and followed by their disappearance, (b) Silica coating protocol completed
nanoparticles (UCNP@QmSiOs).

3.3 Decorating UCNP with Au Nanoparticles

The silanol groups on the produced U N C' P@QmSi0, can be functionalized within
the interior of the pores or on the outer surface with various molecules. This modi-
fication can provide undesired leakage, or enhanced targeting. If the pores of the
mesoporous silica are not sealed by an additional functionalization, the unwanted leak-
age would occur [95]. Therefore, we coated the surface of mesoporous silica with

3-Aminopropyltriethoxysilane (APTES) to make gate-system for porous [87].

Although amine functionalized nanoparticles can be used to seal the pores of
mesoporous silica, it decreases the biocompatibility and the stability of the nanopar-
ticles inside the distilled water. To enhance the properties of nanoparticles for higher
upconversion luminescence and additional photodynamic therapy (PDT) activity, gold

nanoparticles were bound to the amine ligand [96].
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3.3.1 Materials and Instrumentation

The utilized materials were 3-Aminopropyltriethoxysilane (APTES), methanol,
gold (III) chloride trihydrate (H AuCl43H>0 >99.9% trace metals basis, Sigma-Aldrich),
Trisodium citrate dihydrate (Merck), and sodium borohydride (NaBH,, >98.0%, Merck).
As the instruments; hotplate magnetic stirrer (Isolab), centrifuge (Beckmen Caulter),
ultrasonic probe (Omni-Ruptor 4000), oven, 2 mL centrifuge tubes, and 25 mL beaker

were used.

3.3.2 UCNP@Au Production

Amine-functionalization protocol for UCNP-system is as follows:

e 20 mg of UCNP@QmSiO, was dissolved in 20 ml DI water by using vortex and

ultrasonic prob.
e The mixture heat was increased to 45°C and 50 p. APTES was added.

e After 3 hours of stirring, the mixture was separated into 2 mL centrifuge tubes,

and then tubes were centrifuged at 13000 RPM for 15 minutes.

e The supernatant was discarded, re-dispersed in methanol, and centrifugation was

used again. This step was repeated for three times to remove unbound APTES.

e The nanoparticles, denoted as UCNPQAPTES, were dried at 80°C overnight.

Amine ligand - UCNP@mSiO, was combined with gold nanoparticles according
to the following steps. It should also be noted that synthesize protocol includes initially

gold (Au) seeds preparation [97].

e 2.5210~* Molar H AuCl, and 2.5210~* Molar trisodium citrate were mixed in 20

mL DI water for 30 minute.



29

e Meanwhile, 0.1 Molar NaBH, were made ready inside cold water (4°C) and 0.6
mL of NaBH, were added to the solution while stirring.

e Instantaneously, the color of solution was turned to pink. Thus, following 2 hours
stirring, the gold seeds were ready for usage (Figure 3.3 (a)). (They have to be

processed in 5 hours, otherwise they may start to aggregate.)

e 20 mg of UCNP@QAPTES were weighted and dispersed in 10 mL DI water sepa-
rately. Then, 4 mL of gold seed solution was added.

o After 2 hours stirring, cleaning step was performed with DI water for three times.
The nanoparticles, named as UCNP@Au, were kept in 1 mL. DI water at room

temperature (Figure 3.3 (b)).

(a) (b)

Figure 3.3 (a) The prepared gold seeds, and (b) UCN P@QAu formation.

3.4 Loading Photosensitizers into Porous Silica

Mesoporous silica has the ability to load photosensitizers or drugs. In this study;,
we aimed to activate 540 nm and 660 nm fluorescence intensities under near infrared
light (980 nm). Therefore, zinc phthalocyanine (ZnPc) and merocyanine (MC540)
photosensitizers were encapsulated with porous silica because both of their absorptions

match well with the fluorescence of Yb and Er doped UCNP.
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3.4.1 Materials and Instrumentation
Zinc (II) phthalocyanine (ZnPc) and merocyanine 540 (MC540) Dimethyl Sul-
foxide (DMSO) were purchased from Sigma-Aldrich. Besides; multi position magnetic

stirrer, 5 mL beaker, centrifuge (Beckmen Caulter), absorption spectrophotometer

(Thermo Scientific), cuvette (10 mm) were used while loading PS experiments.

3.4.2 MC540 and ZnPc loading into UCNP@Au

Preparation of stock PS solutions: In order to obtain 10 mg/mL MC540 stock

solution, 10 mg MC540 were weighted precisely and dispersed in 1 mL DMSO. Addi-
tionally, 2 mg ZnPc was also dissolved in 1 mL DMSO to reach the 2 mg/mL concen-

tration for the stock solution of ZnPc. Stock solutions were prepared at dark.

Encapsulating the PS with porous silica: Initially, UCNP@QAu was centrifuged,

supernatant was removed, and the nanoparticles were dissolved in 1600 pL. DMSO.

Next, photosensitizers were loaded in three different ways;

e Only MC540 Loading: 400 pL MC540 (1 mg/mL) and 2000 pL. DMSO were
merged with the nanoparticles in 5 mL beaker (Figure 4.4 (a)).

e Only ZnPc Loading: 2000 pL ZnPc (1 mg/mL) and 400 nL. DMSO were merged
with the nanoparticles in 5 mL beaker (Figure 4.4 (b)).

e MC5/0 and ZnPc Loading: 400 nL. MC540 and 2000 pL. ZnPec stock solutions (1

mg/mL for each) were merged with the nanoparticles in 5 mL beaker (Figure 4.4

().

They were stirred for 24 hours at dark. The unloaded photosensitizers were
removed from the media with centrifuge and the absorption of supernatant was used

to determine the loading amount of PS. After completing three times of up-water
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cleaning, the nanoplatforms (MC540&ZnPc loaded UCNP@Au) were kept in the dark
(-20°C) at a concentration of 10mg/mL.

Figure 3.4 The digital photographs of (a) only MC540 loading, and (b) only ZnPc¢ Loading, and (c)
both MC540 - ZnPc loading.

Acquiring PS loading and leakage amount: Both MC540 and ZnPc absorption

curves were measured with respect to different concentrations by using absorption
spectrophotometer.The absorption of the PS solutions were determined using a control
prepared with its own solvent in a 10 mm cuvette. Increasing the concentration was also
increased the absorption so a straight line was derived as called absorption curves for
the PS. A mathematical expression was reached for both MC540 and ZnPc. Therefore,

unknown concentrations could be determined with these equations.

In order to find out PS loading amount, absorption measurements of unencapsu-
lated PS solutions were taken. The high concentrations of supernatant was decreased
with adding extra DMSO. Then, the obtained absorption measurements were utilized

to find the loaded PS amount. It was estimated by using the following expression 3.1:

M Phot 11
Loading Amount (%) = ass of Photosensitizers x 100 (3.1)

Mass of Nanoparticles

In addition, the quantity of leakage during 48 hours was also evaluated with
the same method employed to decide the loaded PS amount. The leakage experiment

was applied for both photosensitizers loaded UCNP@QAu and UCNPQAPTES. The
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nanoplatforms having 2 mg/mL concentrations were waited in water for 2 days. Then,
the cumulative PS leak (%) was measured from the supernatant of solutions after

centrifuge.

3.5 Temperature Measurements

Near-infrared laser and the developed nanoplatforms can result in high tem-
perature change in cellular environment. The NIR region is considered a therapeutic
window due to its minimal absorption in tissue (for hemoglobin and lipid), however,
water shows a high absorption coefficient at 980 nm [98, 99]. Besides, nanoplatforms
can trigger temperature rise due to bound gold nanoparticles. It is also well known
that gold nanoparticles can initiate photothermal therapy (PTT) by surface plasmon
resonance (SPR) generation [100]|. Therefore, the produced nanoplatforms thermal

change under laser illumination was evaluated for cellular media.

3.5.1 Materials and Instrumentation

Thermometer (model: Physitemp), T-type needle thermocouple (1 cm diame-
ter), cell medium (RPMI 1640 supplemented with FBS), 980 nm diode laser (Opto
Power Corporation, continuous wavelength (CW)), power-meter (Newport 1918-R),

cuvette (10 mm) were used for deciding temperature alteration.

3.5.2 Analyzing Temperature Change

At first, cellular medium was prepared with various concentrations of nanoplat-
forms (0 mg/mL, 0.025 mg/mL, 0.1 mg/mL, 0.5 mg/mL, and 2 mg/mL). The base
nanoplatform UCNP@Au and MC540&ZnPc loaded UCNP@QAu were evaluated in this
experiment. Then, the set up was arranged with thermocouple connected thermometer

and collimator - optical fiber - 980 nm laser system. T-type needle of thermocouple
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was placed into the prepared media at room temperature. Afterwards, cuvette was
exposed with 980 nm laser light (1 1W/cm?) for 5 minutes while its temperature change

was recording. The measurements were repeated for three times.

3.6 Reactive Oxygen Measurements

Reactive oxygen species (ROS) include one or more unpaired electrons. Gener-
ally, healthy cells use ROS to maintain normal metabolism like enzymatic reactions,
signal transduction, or gene expression [101]. However, ROS production inside or out-
side of the cells are in control with the utilized antioxidant enzymes (i.e. superoxide
dimutases) and substances (i.e. A, C and E vitamins) [102] Besides, when ROS level
elevates in tumor tissue till some level, their cellular activities also increase undesir-
ably [103]. In spite of that cellular processes of ROS, excess amount of it results in
cumulative damage to the cell functions and ultimately trigger cell death [104]. In
PDT applications, excess ROS production is one of the essential purpose to destroy
tumor tissue. Thereby, the designed and synthesized novel nanoplatforms capabil-
ity of ROS production was demonstrated in this study with a fluorescent probe, 1,3-
Diphenylisobenzofuran (DPBF) [105].

3.6.1 Materials and Instrumentation

1,3-Diphenylisobenzofuran (DPBF, Sigma Aldrich), ethanol (absolute, reag.
99.8 %), cuvette, 980 nm diode laser (Opto Power Corporation, continuous wavelength
(CW)), power-meter (Newport 1918-R), ultrasonic probe (Omni-Ruptor 4000), and ab-

sorption spectrophotometer (Thermo Scientific) were the supplies in this experiment.
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3.6.2 ROS Detection

10 mM DPBF was freshly prepared in 5 mL ethanol. Meanwhile, 10 mg/mL
stock solutions of MC540&ZnPc loaded UCNP@Au and base nanoplatform (UCNP@QAu)
were well dispersed with ultrasonic prob (power output:20, pulse:50/100, time:1 min.).
2 mg/mL (200 pL stock and 800uL up-water), 0.5 mg/mL (50 uL stock and 950pL
up-water), 0.1 mg/mL (10 pL stock and 990uL. up-water), and 0.025 mg/mL (2.5 nL
stock and 997.5ul. up-water) concentrations were syringed into 1 mL cuvette. 10 pL
from the DPBF solution was also added. Afterwards, they were placed under 980 nm
laser at 1 W/cm? for 5 minutes. Absorption intensity change was recorded at 420 nm

for every 1 minute period via using spectrophotometer.

3.7 In Vitro Experiments

Efficiency of the originally designed PS loaded UCNP@Au was evaluated in vitro
to observe cellular uptake, dark toxicity, and PDT behavior. As a cancer cell model
prostate carcinoma was chosen. According to the 2020 World Health Organization
(WHO) report, prostate is a third leading cause of death after breast and lung cancer
[1]. If the treatment with surgery or radiotherapy manage to be applied in early stage
of the illness, approximately 95 % of patients can survive [106]. On the other hand, the
known treatment methods to advanced or recurrent prostate carcinoma is not successful
because most patients die in five years [107]. At this point, new strategies should
be developed and we investigated PDT with MC540&ZnPc uploaded UCNP@Au on

prostate cancer cells, PC3.

3.7.1 Materials and Instrumentation

PC-3 (ATCC, CRL-1453), RPMI 1640 (1X, with 2.05 mM L-Glutamine, Biosera),
fetal bovine serum (FBS, Biosera), penicillin - streptomycin solution ((100x) antibiotic,

Biosera), trypsin (biosera, 0.25 % EDTA), 3-(4,5-dimethylthiazol-2-y1)- 2,5-diphenylte-



35

trazoliumbromide (MTT, sigma-aldrich), cryovial tube (2 mL), cell culture flask (25
mL or 75 mL, sterile), serological pipettes (5 mL, 10 mL, and 25 mL, sterile), pipette
tip (10 pL, 200 pL, 1000 pL), 96-well plate (sterile), 24-well plate (sterile), centrifugal

tube (15 mL, and 50 mL, sterile) were used materials and disposables.

Laminar flow cabinet (ESCO Class II Type A2), deep freeze(ESCO Lexicon ULT
Freezer), C'O,, incubator (Nuve EC160), microscope (Nicon Eclipse 80i), microplate
reader (Bio-Rad iMark), pH meter (Thermo Scientific Orion Star A211), hot water
bath (LW Scientific DSB-1000D), autoclave (Niive OT40L), ultrapure water system
(Rephile Direct), centrifuge (HETTICH Rotino 380), 980 nm diode laser (Opto Power
Corporation), power meter (Newport 1918-R), and optomechanical devices (Thorlabs)

were necessary instrumentation to pursuit the following experiments.

3.7.2 Cell Culturing

PC-3, possessing epithelial morphology in prostate site of human with grade IV
adenocarcinoma, were used for culturing. Before opening a stock of PC-3 cells kept
in -80 °C, complete medium was prepared with 10 % FBS and 1 % antibiotic solution
supplemented RPMI 1640. Defrosted cells were centrifuged to remove DMSO, and
cultured with the complete medium. Then, they were waited in incubator at 37 °C
and 5 % CO, atmosphere to accommodate cell proliferation. When the cells reach
confluence 80 % in the 25 mL or 75 mL cell culture flask, they were trypsinized and

experiments were initiated.

3.7.3 Cellular Uptake of Nanoplatforms

The regulatory effects and biological activity of nanoplatforms were examined
with the MC540&ZnPc uploaded UCNP@Au. A complex mechanism exist when the
interaction of nanoparticles with cells are considered [108]. Although the synthesized

nanoparticles can exhibit a profound characteristics in water environment, their physic-
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ochemical feature can alter upon touch with the biological elements such as blood,
proteins, cells or subcellular organelles [109]. Since physical or chemical properties of
nanoparticles can change, it is an inevitable topic to observe biomolecular interaction

of produced nanoplatforms.

Therefore, to understand how the designed nanoplatforms act on cells, an imag-

ing experiment was employed as following:

e Microscope cover glasses (25 mm x 75 mm) were cut with diamond scribe in 1

cm x 1 cm scale. (Thus, they could be placed into 24 well plate.)

e Sterilization was implemented to coverslips with acetone, ethanol, and autoclave.

Then, they were fitted inside 24 well plates.

e When PC-3 cell reached confluence, they were tyripsinized, and counted. 100
pL of complete medium involving 10,000 PC-3 cells were carefully put on the

coverslips.

e After 3 hours, additional 400 pL of complete medium was pipetted into the wells

and then cells were incubated (24 hours) for cellular adhesion.

e The concentrations of 0.1 and 0.5 mg/mL MC540/ZnPc-UCNP@Au in complete
medium was changed with the old media and 24-well plate were placed into

incubator for 2 hours.

e Following three times rinsing, new complete media was added and cells were

incubated for 24 hours.
e Next day, PC-3 cells were visualized with optical microscope (Nikon, Eclipse 80i).

e Both bright field and fluorescence measurement was measured. Fluorescence
detection of nanoplatforms was achieved under 980 nm laser irradiation at 0.5

W /ecm? power.
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3.7.4 Dark Toxicity Measurements

The toxicity of photosensitizers (MC540 and ZnPc), base UCNP@Au nanopar-
ticles, and MC540&ZnPc loaded UCNP@Au nanoplatforms were assessed with MTT
assay. In fact, MTT has ability to measure metabolic activity of cells by using yellow
tetrazolium salt reduction to form purple formazan [110]. The formazan crystals are
soluble in DMSO so the colored solution absorbance can be measured between 500
and 600 nm. If the results are compared with control groups, the estimates can be

quantified. Each experiment requires to be repeated at least three times.

Photosensitizers cytotoxicity: While MC540 stock solution was including 10

mg/mL, ZnPc stock solution had 2.5 mg/mL in DMSO. Since ZnPc has a hydropho-
bic surface and cannot be applied in high amounts as MC540, their toxicity has been
evaluated at different concentrations. MCb540 was applied with 10, 20, 30, 40, and 50
ng/mL concentrations to the cells. However, while implementing ZnPc, its concentra-
tions were 0.06, 0.3, 0.6, 3, and 6 pg/mL. Meanwhile, confluent PC-3 cells were plated
at 8000 cells/well in a 96-well plate and incubated for 24 hours. Next day, old medium
was replaced with the new complete medium comprising different concentrations of
MC540 or ZnPc. After 2 hours, cells were rinsed with Phosphate-buffered saline (PBS)
three times and 96-well were waited in incubator for additional 24 hours. Then, cell

viabilities were measured with MTT assay.

Nanoplatforms cytotoxicity: In order to analyze MC540&ZnPc loaded and un-

loaded UCNP@Au nanoplatforms dark toxicity, they were prepared in complete cell
medium as; base nanoparticle UCNP@Au: 25, 50, 100, and 200 pg/mL, MC540&ZnPc
loaded UCNP@Au nanoplatforms: 25, 50, 100, 200, 500, 1000, and 2000 pg/mL. Upon
culturing cells in 96-well plate, these nanoplatforms were introduced to cells for 2 hours.
Then, the same protocol was applied as following steps that mentioned in photosensi-
tizers cytotoxicity. Briefly, subsequently rinsing cells with PBS and incubating them
for following 24 hours, MTT absorption difference was investigated to understand the
toxic hazard on the PC-3 cells. During the experiments, cells were studied in dark

conditions after resting them with PS-containing nanoplatforms.
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3.7.5 Investigating Photodynamic Therapy

Practising photodynamic therapy requires not only the photosensitizers delivery
in profound way but also light transportation to cancerous site efficiently. Indeed,
superficial tumor cells can be reached easily with visible light but it is not simple to
access the light beam through deep-seated tumor tissue. Herein, near-infrared light is
a solution if it can be used to activate photosensitizers with a transducer nanomaterials

like upconversion nanoparticles.

In this study, to find out the PDT capacity of nanoplatforms, an optical system
was established. The 980 nm diode laser output coupled with a fiber and collimator
that accommodated the beam without allowing it to scatter at different angles. Before
introducing 980 nm continuous wavelength (CW) to cells, power intensity of light was
ascertained at 1 W/cm?. Diameter of the beam was also arranged as 1 cm because it
was aimed to illuminate 4 wells of 96 well plate at the same time (Figure 3.5). Besides,
a black cover was settled to minimize emerging of light beam to other regions of the 96
wells. Since MC540 and ZnPc has absorptions around 540 nm and 660 nm respectively,

irradiation was employed in the dark.

Black Cover Laser Light

1 I - P4

Control Group é(i){:)oo

OOGOOO

Different Conc.
Drak Toxicity

Figure 3.5 Schematic illustration of in vitro experiments.
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To initiate the experiments, PC-3 cells were seeded into 96 well and they were
incubated for 24 hours to settle down them. Different concentrates of nanoplatforms
between 25 pg/mL to 2000 pg/mL were implemented for two hours. As a next step, the
cells were irradiated with 980 nm (CW) by exploiting the established optical system.
Then, cells were waited in incubator for additional 24 hours because PDT effect could
not be observed as soon as the experiment was performed. Lastly, the percentage of
cell viability was quantified via MTT assay and micro-plate reader. Absorption of
formazan crystals was evaluated by taking the difference at 570 nm and 760 nm. All

results were normalized with respect to the control group.

3.8 Statistical Analysis

It was crucial to determine the obtained results statically. Therefore, IBM SPSS
Statistics (Version:25) program interface was used to calculate data groups significance
between each other. Firstly, data sets were entered into the program. Then, Shapiro-
Wilk test was implemented to decide whether the values were normally distributed or
not. Since all the measured data sets were normally distributed in this study, one-
way ANOVA (Analysis of Variance) with Tukey’s HSD (honestly significant difference)
post hoc test was utilized to observe significantly different groups. Both *P<0.05 and

**P<0.01 levels were calculated.
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4. RESULTS OF MATERIAL CHARACTERIZATION

In this section, it was aimed to present the produced nanoplatforms properties.
They were synthesized in multiples steps as given in Figure 4.1. Firstly, upconversion
nanoparticles, possessing transducer feature as able to alter near-infrared light to visible
light, were developed in uniform and hexagonal form. Secondly, their surface was
modified to allow them usable in biological applications. Mesoporous silica coating,
amine (NH,) modulation, and gold nanoparticles conjugation were the main processes
during surface modifications. Lastly, two different photosensitizers, MC540 and ZnPc,

were loaded to activate PDT mechanisms of nanoplatforms.

O :Yb/Er doped UCNP

NIR (980 nm)
E—c i
-—h-oo (7 :Gold (Au) NP
© znPcPs L

Mesoporous

Silica Coating < > { ) :MC540PS

UCNP@mSIO, UCNP@Au PSs loaded
UCNP@AuU

Figure 4.1 Synthesis steps of nanoplatforms.

Characterizations were necessary to fully comprehend the nanoplatforms fea-

tures while producing, thereby;



41

e The size, shape, and morphology of nanoparticles were evaluated with dynamic
light scattering (DLS), scanning electron microscope (SEM), and thermal electron

microscope (TEM).

e To understand the fluorescence of UCNP under 980 nm wavelength, the nanopar-

ticles were examined optically.

e The photosensitizers were physically encapsulated in porous silica, so the mech-

anism of this process was studied by appealing absorption properties of PS.

e Chemical characteristic of nanoplatforms were also measured in each synthesize
step by using fourier transform infrared spectroscopy (FTIR) and energy disper-

sive spectroscopy (EDS).

4.1 Dynamic Light Scattering (DLS)

It is a technique that is used to determine the nanoparticles sizes in liquid media.
The background theory depends on two assumptions: particles has Brownian motion,
and Tyndall effect (scattering) [111]. Therefore, an optical set up, including a laser
and photomultiplier, can detect the scattered light from 90 ° angle. Although electron
microscopes are applicable to observe the sizes of small nanoparticles, they require
dry specimens for imaging that can prone to structural differentiation, aggregation,
and growth due to larger surface area against volume [112|. Thus, DLS measurement
advantageous because it can give mean estimates of nanoparticles sizes in suspensions

with fast data procurement.

DLS measurements were attained with Malvern ZS-Zetasizer which able to ob-
tain the sizes of 0.3 nm-10 pm particles. Both UCNP and UCNP@mSiO, nanoparticles
DLS results were given in Figure 4.2 and Figure 4.3. Following synthesize protocols of
them, 30 pL. of UCNP and UCNP@mSiO, were added to a glass cuvette with 3 mL
cyclohexane and DI water, respectively. The cuvette and dissolvent optical properties

entered to DLS device. Afterwards, measurement were acquired.
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According to the presented data for UCNP, the hydrodynamic sizes were around
40.26 nm. Besides, they were well distributed because received three different measure-
ments were detected their diameter at the same range. When UCNP@QmSiO, in water
was considered, the nanoparticles diameter increase was found to 71.82 nm. Silica
surface provided nanoparticles to be solvable inside water but they were not as well as
distributed UCNP. Some aggregation was detected during the acquisition of the three

measurements.

Before coating nanoplatforms with gold nanoparticles, produced gold seeds were
initially evaluated with DLS measurements. The citrate stabilized gold seeds were
actually usable for only three hours after their synthesize as mentioned in literature
[97]. Additional applications are necessary because they are too small and start to
aggregate very fast. This situation was observed as demonstrated in Figure 4.4. When
the first data was obtained in DIS, they were in 3.396 diameter, however; the second
and third measurements showed that sizes of gold seeds were changed to 6.76 and 6.941

in a few minutes.
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Figure 4.4 DLS measurements of gold (Au) seeds.
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4.2 Scanning and Transmission Electron Microscope (SEM and

TEM)

SEM and TEM systems can create images for observing the morphology of ma-
terials [113]. While SEM is capable of detecting scattered electrons by an electron
detector and photomultipliers, TEM capture transmitted electrons passing through an
object and provide images with a charged-coupled device (CCD) camera. The major
differences are TEM measure smaller particles with higher spatial resolution (SEM res-
olution: 10-100 nm, TEM resolution:1 nm-100 nm) but operating SEM is used easier
than TEM. The images of nanoparticles were taken with scanning electron microscopy
(SEM, thermoscientific and Zeiss Evo LS15), and transmission electron microscopy
(TEM, Thermoscientific Talos L120C, 120 kV). The developed nanoparticles 1 pL were
firstly dried on a carbon grid (Lacey, 200 mesh), and placed into the electron micro-

scopes. Then, measurements were acquired for nanoparticles as revealed in Figure

4.5.

(d)

Figure 4.5 SEM and TEM images of (a) Yb/Er doped UCNP in 200 nm scale, (b) mesoporous
silica coated UCNP in 200 nm scale, (c) amine conjugated UCNP@mSiO- in 1 pm scale, and gold
nanoparticle coated UCNP@QAPTES (d) 200 nm scale, and (e) 50 nm scale.
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Upconversion nanoparticles SEM view showed that they were around 40 nm, and
in hexagonal shape (Figure 4.5 (a) and 4.6 (a)). The crystal lattice of fringe distances
were 0.512 pm, provided inset picture (Figure 4.6 (a)), that can be (100) plane of § -
NaYF, (hexagonal shape) as discussed before in literature [114]|. Porous silica coated
UCNP was become approximately 80 nm in diameter. Amine connected nanoparticles
were in uniform circular shape as demonstrated in SEM measurements (Figure 4.5 (¢)).
It was also valid for gold seed coated particles (Figure 4.5 (d-e), and Figure 4.6 (b). The
sizes of gold nanoparticles were determined around 4 nm (Figure 4.5 (e) and Figure 6
(b)). DLS and SEM-TEM results in a manner of size measurements were summarized

in Table 4.1.

Porous
Silica
Gold NP ’[ UCNP

" 'Pororus
B Silica

(b)

Figure 4.6 Visualization of (a) UCNP@mSiOs (inset image: d-spacing of UCNP in 2 nm scale), and
(b) UCNP@Au with TEM measurements (20 nm scale)

Table 4.1
Sizes of nanoparticles with DLS and SEM-TEM measurements.

Nanoparticles DLS (nm) SEM-TEM (nm)
UCNP 40.26 £11.37 40.30 £3.52
UCNP@mSiOq 71.82 £33.21 77.49 £12.96
UCNP@QAPTES || not measured 67.33 £15.94
Au np 3.40 £1.05 3.88 +0.85
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4.3 Optical Properties of Materials

Light and nanoparticles interactions were studied by performing fluorescence
measurements with them. The transducer property of UCNP, which converts 980 nm
to higher energy wavelengths in green, red and NIR regions, was recorded with a
spectrophotometer (Ocean Optics 4000) at 90 ° degree. When UCNP were faced with
980 nm light illumination, it revealed four sharp emission peaks: in green fluorescence
band 532 nm, and 552 nm peaks appeared due to 2Hyyjo - *I152, and 4S5 - 21150
transitions; in red emission, 670 nm, emerged because of electrons motion from *Fj /2
to 4115 /2 excitation bands; and in NIR region 830 nm was observed as a result of 4 /2 to
*115/2. These measurements and related Jablonski energy diagram were demonstrated

in Figure 4.7.
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Figure 4.7 (a) Fluorescence of UCNP under 980 nm wavelength, and (b) the Jablonski diagram for
this process.

Whereas, mesoporous coated UCNP exhibited less fluorescence intensity as given
in Figure 4.8. All emission bands were decreased around 80 %, which was an expected
result. The inset digital photographs in Figure 4.8 was taken for both dried and dis-
solved UCNP@QmSiO,. The fluorescence intensity of nanoparticles visually decreased

considering the snapshot of UCNP (in cyclohexane, Figure 4.7 (a-inset)). Furthermore,
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MC540 and ZnPc photosensitizers’ absorption around green and red region was con-
firmed with absorption spectrophotometer as provided in Figure 4.9 (a). Additionally,
the absorbance of gold seeds (Figure 4.9 (b-inset)) were detected near green spectra

(Figure 4.9 (b)). These absorptions matched well with the emission bands of UCNP.
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Figure 4.8 UCNP@mSiO, behaviour with 980 nm light irradiance.
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Figure 4.9 Emissions of UCNP and the matching absorption peaks of (a) photosensitizers, and (b)

Au nanoparticles.
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4.4 Loading Photosensitizers and Leakage

Two photosensitizers, MC540 and ZnPc, were encapsulated into the designed
nanoplatforms because both emission peaks in visible range, around 540 and 660 nm,
wanted to be utilized. Merocyanine 540 is an anionic lipophilic (affinity for a lipid
medium) dye that has been applied for leukemia, colorectal carcinoma, or treatments
of virus-infected cells [115, 116]. For instance, in 2014, Wang’s group was merged
UCNP with only MC540 and evaluated its effect on breast cancer cells [117]. On the
other hand, Zinc (IT) phthalocyanine (ZnPc) was attracted many researchers attention
due to its high quantum yield, being around 0.70 [118]. However, it is not soluble in

water so it needs a delivery system such as nanoparticles [119].

The loading amount of both photosensitizers were determined from the super-
natant of solutions. Herein, the necessity to measure how PS absorption changes
according to the amount has emerged. Thus, concentration against absorption curves
were measured for MC540 (Figure 4.10 (a)) and ZnPc (Figure 4.10 (b)). Then, the
absorption peaks allowed us to calculate any amount of PS from the absorptions with

the reached linear line equations (Figure 4.10 (inset graphs)).
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Figure 4.10 Absorptions of (a)MC540, and (b) ZnPc in different concentrations.

In Table 4.2, measured and calculated loading amounts were presented for

different situations. When both PS were encapsulated with UCNPQAPTES and
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UCNP@Au, it was noticed that UCNP@Au was managed to load higher PS. To add,
ZnPc encapsulation was greater than MC540. Besides, these photosensitizers combi-

nation with UCNP@Au one by one resulted in less PS loading.

The leakage of PS was also examined as demonstrated in Figure 4.11 (a-b).
UCNPQ@QAPTES and UCNP@Au were investigated for 48 hours after PS loading. For
both nanoparticles, ZnPc was not detected in the supernatant, but MC540 was escaped
from the pores of silica of particles. That is, 10 % of MC540 for UCNP@QAPTES, and
5 % of MC540 for UCNP@QAu was leaked.

Table 4.2
Loading amount of photosensitizers.

Loading Amount (%) MC540 ZnPc

ZnPc & MC540 Loaded UCNP@QAPTES || 0.465 +0.02 | 1.540 +0.08

ZnPc & MC540 Loaded UCNP@Au 0.550 £0.03 | 2.475 +0.31

ZnPc Loaded UCNPQ@QAu - 2.355 +0.25

MC540 Loaded UCNP@Au 0.350 +0.02 -

15} ‘ : 15} ‘ .
NH, - UCNP@mSiO, aljiciciseg UCNP@Au I

-
o
T
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Figure 4.11 Photosensitizers’ leakages from (a) UCNPQAPTES, and (b) UCNPQ@QAu.
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4.5 Fourier Transform Infrared Spectroscopy (FTIR)

Infrared region, including between the 4000 and 400 cm™1 portion of electro-
magnetic spectrum, is very handy to find out mostly unknown organic chemicals of
any material [120]. In fact, molecules can absorb and then convert infrared radiation
into vibration, rotation, and bending. Thus, an infrared spectrum appear depending
on the characteristic of the atom or molecule of materials. In this work, the chemical
properties of the newly produced nanomaterials were discussed with FTIR measure-

ments.

In Figure 4.12, the obtained FTIR spectra during synthesis of nanoplatforms
were given for UCNP, mesoporous silica coated UCNP, APTES coated UCNP@mSiOs,
and UCNP@Au. UCNP was prepared with oleic acid organic compound so infrared
spectrum of UCNP comprise the motions of chemicals in oleate: CH,; symmetric
stretching at 2851 cm ™!, CH, antisymmetric stretching at 2922 cm~!, C=C stretching
at 1653 cm ™!, and C-H vibration at 1449 cm™! [120, 121]. When the FTIR spectrum of
UCNP@mSiO, was assessed, the peaks were appeared because of strong absorption of
Si-O bands between 830 and 1110 cm ™!, and SiOH group presence at 3312 cm™! (OH
absorbance) [120]. Amine (NHy) functionalized UCNP showed peaks in FTIR were:
N-H stretching at 3327 cm™', N-H bending at 1450 cm™' [120]. When the surface of
UCNP merged with Au was finalized, FTIR can successfully detect organic molecules,
citrate (CsHs07?, in Au: O-H stretching vibration at 3300 - 2500 cm™!, O-H bend-
ing vibration at 1440 - 1395 cm™!, C=0O stretching vibration at 1653 cm™!, and C-O
stretching vibration at 1309 cm™' [120]|. The cyanine dyes ZnPc and MC540 FTIR
spectra was given with both PS loaded UCNP@QAu in Figure 4.13. ZnPc and MC540
were displayed similar behavior with application of infrared light. In fact, they contain
benzene rings so the spectrum showed the following peaks: a strong C-O stretching
at 1042 cm ~! (possible to observe between 1260 - 1000 cm™!), O-H bending with
C-H wagging vibrations at 1320, 1407, and 1436 cm™! [120]. After these dyes encap-
sulation, the observed peaks of benzene ring was disappeared. The noticed peak for

1

nanoplatform at 3338 cmm™" was because of the solvent, water.
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4.6 Energy Dispersive Spectroscopy (EDS)

EDS uses X-rays, highly energetic photons, from the electromagnetic spectrum.
Generally, accelerated electrons introduce to a targeted specimen and this causes elec-
tron shifts from the shells of materials which regulates a characteristic X-ray emission

[122|. These emissions can appear because of K-shell, L-shell, or M-shell. The gener-

ated X-rays allow to determine the elements inside an unknown material.

The synthesized nanoparticles were evaluated with SEM-EDS (EDAX METEK)
system (Figure 4.14). 10 nL of UCNP@Au (10 mg/mL) was placed on a glass substrate,
and dried for 2 hours. Then, measurement was acquired. Elemental mapping demon-

strated that N, O, F, Na, Si, Er, Yb, Y, and Au elements were inside the nanoplatforms.

The percentages of elements were also presented in Figure 4.14.
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Figure 4.14 FElemental map analysing of UCNPQAu.
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5. RESULTS OF APPLICATIONS

In this part of study, the efficiency of nanoplatforms were examined for biolog-
ical applications. Firstly, possible thermal differentiation, and reactive oxygen species
generation capability of base nanoplatform UCNP@QAu, and MC540 & ZnPc loaded
UCNP@Au was evaluated. Visible and near-infrared light entrance to a tissue was
studied with simulation. Afterwards, in vitro results were presented for imaging, dark

toxicity and photodynamic therapy.

5.1 Thermal Change

When optical window of tissue, between 600 and 1300 nm, is considered, using
980 nm for PDT is very advantageous due to the less absorption coefficients of tissue
constituents like hemoglobin, fat, elastin, and collogen [123|. However, one of the
primary element of tissue, water, has higher absorption coefficient at this wavelength.
For this reason, it is essential to understand laser thermal effect. In this study, 980 nm
laser was used with 1 W /cm? power so only light thermal influence was measured on cell
complete medium as given in Figure 5.1 (black line). Light resulted in approximately

14 °C heat rise.

The nanoplatforms can also have the photothermal (PTT) effect due to the
presence of photosensitizers. Especially, ZnPc is able to mediate PTT alongside pho-
todynamic therapy. For instance, Yu’s group published recent article indicated that
nanocapsulated ZnPc include not only PDT but also PTT behavior on orthotopic hep-
atocellular carcinoma [124|. They demonstrated 20 °C thermal increase and decrease
possibility at 10 minutes interval under 730 nm radiance. Therefore, we measured the
heat change for different amounts of MC540 & ZnPc loaded UCNP@QAPTES. The de-
tected temperature rise was around 4-5 °C with the concentrations between 0.025 to 2

mg/mL.
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Figure 5.1 Thermal differentiation of MC540 & ZnPc loaded UCNPQ@QAPTES.

Furthermore, MC540 & ZnPc loaded UCNP@Au nanoplatforms involve 4 nm
diameter gold nanoparticles. The gold nanoparticles can actually provide three different
mechanisms to the designed system. Firstly, metallic nanoparticles can trigger PTT
because of their plasmonic property [125|. However, hot electrons mostly appear with
pulsed laser light applications. Previously, Pitsillides’” group showed that 10-15 nm gold
np can be reached 2000 K with a fluency of 0.5 J/cm? (532 nm laser) [126]. Second,
there is a non-thermal pathway by which reactive oxygen species can arise with Au np
[127]. Lastly, Au can enhance optical property of UCNP as demonstrated before by
Lv’s group in 2020 [92].

In order to analyze the gold np thermal effect in the system of MC540 & ZnPc
loaded UCNP@Au, temperature measurements were performed. The concentrations of
0.02, 0.1, 0.5, and 2 mg/mL nanoplatforms were prepared inside cell culture medium.
Then, their thermal change was detected three times with an inserted thermocouple

into the solution. 4-6 °C heat rise was detected as presented in Figure 5.2.
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Figure 5.2 Thermal differentiation of ZnPc & MC540 loaded UCNP@Au.

5.2 Reactive Oxygen Species Measurement

The potential of nanoplatforms in PDT is a critical issue before beginning to
examine their in vitro responses. There are many methodologies to measure reactive
oxygen species (ROS) in literature [128]. For example, 'O, has an emission band at
1270 nm, thus; it can be detected with expensive equipment and infrared detectors
[129]. However, this direct method is not used to prefer. Mostly, chemo-luminescence
probes having fluorescence or absorbance properties employ upon reactions of PDT.
In this study, the well-known chemical fluorescence probe 1,3-diphenylisobenzofuran
(DPBF) was utilized to determine the ability of the nanoplatforms to generate ROS,
such as singlet oxygen (*Os), hydroxyl radical, or hydrogen peroxide (H»O5) [130].

The principle of DPBF relies that upon interactions with ROS, endoperoxide
appear with ,2 + ;4 cycloaddition reaction [128|. The colorless product, endoperoxide,
cannot absorb light or contribute fluorescence. Therefore, DPBF bleaching can be

monitored around 410 - 430 nm. Although it is an indirect technique to detect ROS,
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DPBF used to prefer in many studies due to being an easy method. We also detected
ROS formation with DPBF in this study.

As given in Figure 5.3 (a), DPBF incubated with ZnPc & MC540 loaded
UCNPs@QAu was efficiently produced ROS. While the bleaching of DPBF without
nanoplatforms (0 mg/ml) was negligible, the other groups consumed DPBF efficiently.
While the concentrations 0.025 mg/mL and 0.1 mg/mL were resulted in 25 % of DPBF
absorption decrease, 0.5 mg/mL and 2 mg/mL were diminished the absorbance ap-
proximately 40 % and 50 %, respectively. The significant differences were not detected
between 0.025 and 0.1 mg/mL but the other concentration groups showed significant

difference (p<0.05).

The degradation of DPBF was also examined for the base nanoplatform UCNP@Au
(without PS loading) as demonstrated in Figure 5.3 (b). Combination of citrate sta-
bilized gold nanoparticles well matched absorbance with the fluorescence of UCNP
around 530 nm was resulted in significant ROS generation. In fact, the concentrations
between 0.025 and 2 mg/mL induced about 20 % absorbance reduction. On the other

hand, the absorbance of DPBF did not change significantly when the concentration of
UCNP@Au was raised.
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Figure 5.3 Photobleaching of DPBF under 980 nm laser irradiation ( 1W/cm?) in the presence of
UCNP@Au nanoplatforms (a) with PS and (b) without PS.
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5.3 Light - Tissue Interaction: Simulation

Most photosensitizers, especially those with high quantum efficiency, can be
activated by visible light, and this is the most bottleneck issue of photodynamic therapy.
Penetration depth of visible light is actually restricted within a few millimeter to tissue.
Increasing wavelength of light increases the tendency of beam entrance due to the

decreased absorbance coefficients biological constituents except water [131].

Utilizing near-infrared region at 980 nm to activate PS was one of the main
purpose of this study, which can allow PDT occurrence in deeper tissue region. In fact,
the commercially available ZnPc and MC540 photosensitizers can be activated with
660 and 540 nm, respectively. In order to examine the light penetration depth with
980 nm, 660 nm, and 540 nm, a simulation was performed with Monte Carlo method.
Indeed, Monte Carlo, a stochastic model, depends on the fact that expected value of
combinational several random variables is equivalent to the value of a physical quantity
wanted to be determined. Thus, expected values can be estimated with the average of
multiple random variables [132|. This approach has been carrying out for modelling
light behavior in biological environment since the development of the C code for photon

transport in turbid tissues by Wang in 1992 [133].

In order to calculate fluence rate of 980 nm wavelength light with respect to
distance from the source the optical parameters of biological tissue (dermis) is de-
termined from the literature (Figure 5(a)) [134]. Monte Carlo simulation begins by
inserting photons above the tissue at a location defined by x, y, z coordinates and then
the photons interact with the tissue according to the selection of a random number [0,1]
distance. The weight of the photon reduces by absorption with each photon steps. The
non-absorbed photons travel based on a scattering function. The calculated results for
penetration depth of 540 nm, 660 nm, and 980 nm was given in Figure 5 (b). It showed
that while 540 nm and 660 nm wavelengths can penetrate 0.6 and 0.8 cm into tissue,

980 nm entrance depth is around 1.5 cm.
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Figure 5.4 (a) Optical parameters of biological tissue (dermis) and (b) Relative fluence rate of
penetrated light into dermis tissue for different wavelengths.

5.4 Imaging Cells

Although photosensitizers delivery with nanoparticles is very advantageous be-
cause of especially the additional features of np, cellular interaction of NP include
various mechanisms. The physicochemical properties of nanoparticles such as size,
morphology (shape), charge (negative, or positive), hydrophobicity / hydrophilicity or
surface functionality effect their behavior with respect to cell type [135]. It is possible
that nanoparticles can contact with cells through the inner internalization (endocytic

pathways) or outer cell membrane (exocytic pathways) [136].

In this study, the produced nanoparticles’ surface was decorated with gold
nanoparticles which had the greatest influence on cells when the other elements, rare-
earth elements, silica, amine (NH,y) were thought. Gold np have been searched in
biological studies extensively in literature and their low toxicity as drug delivery com-
ponent was demonstrated before [137]. Regarding these researches, 40-50 nm gold
spheres uptake to cells was higher if they are compared with other diameters [138|.
Besides, negative surface functionalization generally gives better internalization to Au

for prostate cancer cell line, PC-3 [137].

PC3 cells were visualized with optical microscope under bright field mode and



59

980 nm laser illumination to understand placements of nanoplatforms upon cellular
interactions. In Figure 5.5 (a-c), images of control group was given. 980 nm (500
mW /cm?) did not cause any fluorescence from the cells or other regions of culture
medium. On the other hand, nanoplatforms applied at different concentrations pre-
sented the Figure 5.5 (d-i) results. Firstly, cells were waited inside 0.1 mg/mL and 0.5
mg/mL MC540 & ZnPc loaded UCNP@Au concentrations for 2 hours, and then incu-
bated in complete medium for additional 24 hours. For both concentrations, nanoplat-
forms emitted visible lights with 980 nm radiation. The merged images exhibited that

nanoplatforms were internalized or adsorbed by PC3 cells.

Bright Field 980 nm Laser Merge

(b) (©)

(@)

(h)

Figure 5.5 Images of PC-3 cells with optical microscope: (a-c) control group, (d-f) 0.1 mg/mL
loaded nanoplatforms group, and (g-i) 0.5 mg/mL loaded nanoplatforms group.



60

5.5 Photodynamic Therapy Results

5.5.1 Cytotoxicity of Photosensitizers

Both MC540 and ZnPc toxicity were evaluated for their various amounts in
cellular medium. The photosensitizers were introduced to PC-3 cells for 2 hours, and
24 hours later MTT assay was exerted to find out the survived cells. Cells viability (%)
were calculated by considering the control group and all measurements were repeated

at least three times.

The dark toxicity of MC540 was measured between 10 and 50 pg/mL as dis-
played results in Figure 5.6 (green bars). No significant data were reached with these
concentrations. Thus, it can be stated that they are highly biocompatible for in wvitro
PC-3 applications. However, the MC540 has a very low quantum efficiency for singlet
oxygen formation, which is between 0.002 and 0.06 according to the literature [115]. In
2014, Wang’s group connected UCNP with MC540 for cell imaging and PDT under 980
nm laser exposure (2 W/cm?, 30 minutes) [117]. The developed novel nano-system was
unfortunately required very high power and long time illumination due to insufficient

singlet oxygen property of MC540.

Furthermore, the assessed ZnPc photosensitizers’ results were demonstrated dif-
ferent behaviour, as given in Figure 5.6 (red bars). Although the concentrations 0.06
and 0.3 pg/mL were drawn from the same population with control group; 0.6 pg/mL
(p<0.05) and between 3 - 6 pg/mL (p<0.01) groups were significantly different from
the control group. Indeed, ZnPc toxicity is high in biological environment for even with
very small amounts but they have high quantum yields under 660 nm light. In order
to ascertain PDT efficiency of ZnPc, PC-3 cells were additionally radiated with 660
nm laser (400 mW, 5 minutes) following incubation with ZnPc for 2 hours (Figure 5.7).
Since 0.6 pg/mL concentration was significantly toxic, the used highest concentration
was 0.5 pg/mL in this experiment. According to the measurements, about 40 % of
cells could not survive due to PDT with 660 nm laser light for 0.25 and 0.5 pg/mL.
Other groups did not lead to PDT significantly.
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5.5.2 Only 980 nm Laser Application

It was already mentioned that near-infrared region can result in heat rise be-
cause water has increased absorption in this range. Besides, measurements in 'thermal
change’ part of this study proved this possibility. Indeed, two critical things should be
considered at the same time: (I) the highest PDT efficiency needs to be reached, and
(IT) the unwanted temperature increase require to be prevented. Therefore, appropri-
ate power and duration of laser were determined via 980 nm light exposure to PC-3

cells.

Confluence cells in flask were tyripsinized, and counted for experiments. 8000
cells/well were settled into 96-wells with 100 nl. complete medium and then they were
waited inside incubator for 24 hours. To add, the design of seeding was important
because light should not effect other groups on the 96-well. Since light output was
aligned as 1 cm, four wells was irradiated at the same time. Meanwhile, 980 nm laser
exposure intensities were arranged as 0.4, 0.6, 0.8, 1, and 1.2 W/cm? by power-meter.
Cells were illuminated with these powers for two particular duration times, 5 and 10
minutes. After waiting cells for 24 hours in incubator, alive/death percentage was
measured and calculated as depicted in Figure 5.8 ((a) 5 minutes, and (b) 10 minutes

laser exposure).

The laser output power can cause an undesirable temperature increase around
the cells, and it is known that heat increases with the laser light intensity rise. High heat
decreased cell viability as obtained in this experiment for both 5 and 10 minutes light
irradiance at 1.2 W/cm?. When cells were exposed light for 5 minutes, cells viability
were decreased below 80 % with 1.2 W /cm ? power but the intensities between 0.4 to 1
W /em? did not change the number of cells. The similar result was also acquired for 10
minutes light radiance. As a further note, 10 min. time duration was decreased cells

viability to 90 % but its data were not significantly different from the control group.
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Figure 5.8 PC-3 cells viability upon 980 nm light exposure with different powers and duration; (a)
5 minutes, and (b) 10 minutes. P value: *P<0.05.

5.5.3 Base Nanoplatform: UCNP@Au

The designed base nanoplatform, UCNP@Au, include rare-earth elements, pos-
sessing ability to transform 980 nm to 660 and 540 nm lights, and gold nanoparticles,
owning absorption feature around 530 nm to generate SPR. Note that gold np were too
small in diameter and ROS formation feature was not detected before. Besides, dark
toxicity of nanoplatforms expected to be minimal for even their high amounts usage

against to cells. Thus, an experiment was done with these foreseen facts.

UCNP@Au, between 0.025 and 0.2 mg/mL concentrations, were employed to
cells with and without light exposure as displayed in Figure 5.9. There was no signifi-
cant data group with these concentrations in dark, means that they are biocompatible
against to cells. When laser sustained results were measured and calculated, it was de-
tected that 0.2 mg/mL group was capable to initiate PDT. In fact, gold nanoparticles
were very small to generate ROS but they managed to kill approximately 20 % of cells.
All experiments were repeated for three times and 5 minutes applied light had 980 nm

wavelength with 1 W /cm? intensity.
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Figure 5.9 UCNP@Au (without PS loading) dark toxicity and PDT property under 980 nm laser (
1 W/cm?, 5 minutes). P value: *P<0.05.

5.5.4 MC540 & ZnPc Loaded UCNP@Au

As final experiments both MC540 and ZnPc encapsulated UCNP@QAu was car-
ried out for not only dark cytotoxicity but also photodynamic therapy. Prostate cancer
cell line , PC-3, was cultured into 96 well plate, firstly. Afterwards, they were incu-
bated with nanoplatforms in 0.025, 0.05, 0.1, 0.5, 1, and 2 mg/mL concentrations for
two hours in dark. In Figure 5.10, (- laser) data were attributed to the dark toxicity
experiments. It was seen that 0.025 and 0.05 mg/mL groups did not demonstrate any
toxicity, on the other hand, 0.1, 0.2, 0.5, 1, and 2 mg/mL concentrations were signif-
icantly different from the control group. However, between 0.1 and 2 mg/mL groups
were drawn from the same population, that they were not killed cells more than 20
%. Besides, concentrations of ZnPc and MC540 photosensitizers were also calculated
inside these amounts of nanoplatforms (Table 5.1). The given corresponding amounts

helped to determine bare PS and loaded PS dark toxicity on PC-3 cells.
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Photodynamic therapy action of the same amounts of nanoplatforms with light
application revealed the outcomes in Figure 5.10 (+ Laser). Although light transported
to the control group (0 mg/mL np) at a wavelength of 980 nm (1 W/cm? intensity, 5
min) did not kill any cells, it significantly reduced cell viability in the other groups.
That is, the presence of photodynamic therapy was demonstrated with the whole con-
centrations. Cell viability was around between 60 % and 70 % for the concentrations
0.025 - 0.5 mg/mL, 50 % for 1 mg/mL, and 30 % for 2 mg/mL. All measurements were

repeated three times.
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Figure 5.10 Dark toxicity and PDT (980 nm laser with 1 W/cm? and 5 minutes application)
measurements for various concentrations of ZnPc and MC540 loaded UCNP@Au. P values: *P<0.05,
and **P<0.01.



Table 5.1

Corresponding concentrations of photosensitizers inside UCNP@Au.

Concentrations of Nanoplatforms

Concentrations of MC540

Concentrations of ZnPc

0.025 mg/mL
0.05 mg/mL
0.1 mg/mL
0.2 mg/mL
0.5 mg/mL

1 mg/mL

2 mg/mL

0.15 pg/mL
0.3 pg/mL
0.6 pg/mL
1.2 pg/mL
3 pg/mL
6 ng/mL
12 pg/mL

0.5 png/mL
1 pg/mL
2 pg/mL
4 pg/mL
10 pg/mL
20 pg/mL
40 pg/mL

66
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6. DISCUSSION

Photodynamic therapy is a light, and photosensitizer mediated technique (with
the presence of oxygen) to remove unwanted region or tissue in a body. Although light,
photosensitizer, or oxygen have no / minimal effect to a biological environment one by
one, their combination is lethal for lesions like tumors. In fact, connecting light and PS
results in reactive oxygen species generation which trigger cell death mechanisms, i e.
apoptosis, necrosis, or autophagy activation. When PDT treatment is compared with
the conventional methods such as chemotherapy, radiotherapy, or surgical dissection;

the followings are the main advantages:

e PDT treatment offers selective photosensitizers accumulation and localized light

application so that the systemic side effects of chemotherapy can be avoided.

e [t does not damage the surrounding healthy tissue, such as radiotherapy or sur-

gical dissection.

e PDT can deal with especially resistance cancer cells to chemotherapeutic drug

or radiotherapy.

Nevertheless, PDT did not still take a place among standard modalities because
it still requires some improvements. The existing some drawbacks of PDT can be

shortly ordered as followings:

e Most photosensitizers are not appropriate for direct biological usage because of

their chemical formulations.

e Photosensitizers activation depends on the energy of light and visible wavelength
range is the best region for the commercially available PS. Unfortunately, visible

wavelength penetration to tissue is superficial.
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e Cancer tissues are usually less oxygenated and oxygen is one of the important

component of PDT.

e Metastatic cancer lesions cannot be treatable with the current PDT technology.

In this study, it is aimed to develop photodynamic therapy treatment by uti-
lizing nanoparticle technology. A nano-deliver system was designed and synthesized
to allow deep-penetration treatment with near-infrared light activated PDT. Besides,
photosensitizers were combined with the highly biocompatible nanoplatforms to pro-
tect not only PS but also biological environment. Then, their activity was discussed

for PC-3 prostate cancer cell lines.

Since most conventional photosensitizers activation is in visible wavelength range,
and visible light penetration is superficial; nanoparticles possessing transducer prop-
erty were produced in the first place. The transducers, was also used to named as
upconversion nanoparticles in this study, have the ability to convert near-infrared light
to visible lights. During synthesize, Ostwald ripening method allowed growing smaller

particles to larger particles with heat and appropriate conditions.

Ytterbium (30 %) and Erbium (3 %) were doped into NaYF, matrix to fabricate
UCNP with rare earth elements. The size measurements with SEM showed that they
had approximately 40 nm diameter (Figure 4.2 and Figure 4.5(a)). Besides, UCNP
was well distributed in cyclohexane with respect to DLS results because three different
measurements gave the similar size peaks in minutes. The hexagonal shapes (Figure
4.5 (a)) and lattice fringe (512 pm, Figure 4.6 (a-inset)) of UCNP indicated that they
were in crystalline beta-phases and thus, high emission peaks in visible range could be

detected.

980 nm laser irradiation to UCNP was resulted in naked-eye observable fluo-
rescence as presented in Figure 4.7 (a-inset). As an efficient transducer, UCNP was
transformed lower energy NIR light (980 nm) to higher energy emissions in red, green,

and near-infrared regions. UCNP was monitored with fluorescence spectroscopy and
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the resultant sharp-intensities were at 532 nm - 552 nm (green), 670 nm (red), and
830 nm (NIR). In fact, a protocol similar to that in the literature was used with small
alterations to synthesize UCNP [82]. According to the fluorescence measurement re-
sults obtained by Gnanasammandhan M. K. and et al., UCNP can generate emissions
at blue, green and red regions. On the other hand, blue emission was not detected in
this study but instead NIR (830 nm) intensity was monitored. At this point, it can
be concluded that very small changes in synthesize can differentiate the transducer

properties of UCNP.

UCNP was actually stabilized with oleic acid, as evidenced by its FTIR spectra
(Figure 4.12), which inhibited water solubility of the nanoparticles. Therefore, surface
modifications were proceeded to make UCNP hydophilic, and more biocompatible. In
addition, it was also crucial that the photosensitizers and UCNP must be linked in
order to receive the visible light emitted by UCNP. The preferred and applied design
for surface modification have three main stages in this research: (i) mesoporous silica
coating (UCNP@mSiO,), (ii) amine functionalization (UCNP@QAPTES), and (iii) gold
np conjugation (UCNP@QAu);

e UCNP@mSiO,: Porous silica was coated around UCNP with silica precursor

TEOS. While hydrodynamic size measurements with DLS displayed the new
PS sizes become 71.82 £33.21 nm (Figure 4.3), TEM results showed they were
around 90 nm in diameter (Figure 4.6 (a). Both measurements were supported
each other. According to the TEM images UCNP@QmSiO,, no UCNP was ob-
served as uncoated but a few only mesoporous silica nanoparticles formation was
detected. Since silica has better biocompatibility than rare-earth elements, it
would not cause significant problems in biological applications. Moreover, hydro-
dynamic distribution of UCNP@QmSiO, was not as well as oleic stabilized UCNP
because zeta potential of porous silica is very close to zero with respect to lit-
erature [139]. It means higher coagulation can occur for UCNP@QmSiO, when
compared with UCNP distribution. Furthermore, after mesoporous silica coating

around UCNP was caused fluorescence of UCNP decrease because most part of
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emissions were trapped inside nanoparticles. FTIR analysis were also demon-
strated surface of UCNP@mSiO, have SiOH groups presence. That is, porous
silica was efficiently combined with UCNP.

e UCNP@APTES: Since photosensitizers was aimed to load into porous of silica

without chemical linkage, they could escape outside during biological implemen-
tation if a gate system was not used. Thus, APTES was conjugated around the
silica with direct mixing under heat. It is known that APTES molecule has two
general groups as Si-O and NHy. While Si-0 heads can easily be connected with
silica, NHy groups stay outside of nanoparticles. In fact, APTES can inhibit PS
efflux and conversely allow the movement of generated ROS into the biological en-
vironment. In this study, amine conjugation was evaluated with SEM and FTIR
measurements. SEM demonstrated that nanoparticles were not aggregated and
were still in 90 nm diameter (Figure 4.5 (¢)). On the other hand, FTIR spectra
of UCNPQAPTES showed that the successful junction with the detected N-H
bending and stretching under infrared light (Figure 4.12).

e UCNP@Au: Plasmonic metal nanoparticles were combined with NHy head groups
in order to improve UCNP optical efficiency in PDT practice. Before starting con-
jugation with UCNP, citrate stabilized gold seeds were synthesized. DLS analyse
of Au np as given in Figure 4.4 showed that their hydrodynamic differentiation
was too fast to detect them in similar sizes. Indeed, Au seeds tend to coagu-
late immediately due to the high surface energy. However, no aggregation was
observed as soon as they were combined with UCNP (Figure 4.6 (b)). Besides,
UCNP@Au FTIR spectra provided additional measurement with the detected
citrate molecules on the surface means that Au was successfully attached to the
UCNP@APTES (Figure 4.12). Moreover, UCNP emission spectrum at green re-
gion matched well with gold np absorption as demonstrated in Figure 4.9 (b),

thus plasmonic activity of Au can be achieved under 980 nm irradiation.

In order to finalize nanoplatform synthesize, both ZnPc and MC540 were encap-
sulated into porous part of nanoparticles. UCNP@QAu and PS were mixed for 24 hours

to load ZnPc & MC540. Loading amount was determined by measuring supernatant
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part of the np-including solution. According to the presented results in Figure 4.11
(a), uploading ZnPc & MC540 into UCNP@Au is higher than UCNP@QAPTES. The
hydrophobicity of UCNP@QAPTES may be the main reason why both PSs do not allow
to penetrate the pores as in UCNP@QAu. Besides, loading both PS at the same time
elevated the encapsulation quantity because interactions between ZnPc and MC540
possibly not let their departures from the pores of silica after entrance. Furthermore,
ZnPc encapsulation was highly different than MC540 and it can be evaluated as; ZnPc
chemical structure is much more compact than the complex element ordering of MC540,
so ZnPc entrance to pores was probably easier than MC540. To add, higher amount of
ZnPc could be preferred due to their higher quantum yield if compared with MC540.
However, MC540 photosensitizers high biocompatibility cannot be underestimated and
MC540 might also prevent quenching of ZnPc. When the leakage of PS was examined
additional surface functionalization with Au to nanoparticles was lessen escape of PS
from the pores (Figure 4.11(b-c)). Therefore, Au was not only increased the amount

of loading but also prevented leakage of them.

The designed novel nanoplatforms, ZnPc & MC540 loaded UCNP@QAu, were
examined generally in a manner of temperature change, ROS generation, and in vitro
PDT applications. 980 nm laser (Continuous wave, CW) was determined for possible
overheating issue, high penetration depth property, and potential in vitro light damage.
Thereby, PDT features of both nanoplatforms and light were managed to discuss in

different view points.

In this study, it was worrying that overheating can be a problem because of the
preferred intensity of laser, 1 W /cm?, which is higher than the maximum permissible
exposure for skin according to American National Standard [140]. Thus, an experiment
was performed to observe heat change of cellular medium under 980 nm (continuous
wave, CW) laser for 5 minutes (Figure 5.1 and 5.2). As an expected and unlucky result,
light was caused 14 °C temperature differentiation. However, no cellular damage was
monitored when laser light was applied to PC-3 cells at the same intensity for 5 minutes
(Figure 5.8). If the laser power was 1.2 W/cm?, viable cell amount would have been

decrease significantly as demonstrated in Figure 5.8. Hence, it was considered that
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exposing cells with 1 W/cm? laser intensity for 5 minutes is safe.

As an another view of point, the achieved results in cellular experiment with both
nanoplatform and light might not be attributed only to PDT. Photosensitizers and gold
nanoparticles might have triggered photothermal therapy. In order to understand the
underlying mechanism, possible thermal change of base nanoplatforms (UCNP@QAu)
and PS encapsulated UCNP@QAu were evaluated with experiments (Figure 5.1 and
Figure 5.2). The observed heat rise due the presence of both nanoplatforms was around
5 °C (when only laser illumination heat rise was excluded) and it was discussed that
heat transfer property of the small nanoparticles was responsible from this. Similar

conclusion was also observed in literature [141].

Additionally, under light radiation gold nanoparticles might behave in two sep-
arate ways: (i) they can initiate PTT or (ii) ROS can be generated via non-thermal
route. It is well known that when gold nanoparticles are irradiated with pulsed laser
light hot electrons may appear and trigger ROS photogeneration. On the other hand,
continuous wave (CW) light cannot yield hot electrons (except primary hot electrons)
as a result of the rapid electronic relaxation but CW light can interestingly produce
ROS and induce cell death. In 2016, Chadwick's group showed that citrate stabi-
lized 15 nm spherical gold nanoparticles'temperature is only 80 mK higher than the
surrounding (produced hot electrons cause 10 K rise but energy lose occur in a few
picoseconds due to the electron-phonon scattering) under light illumination and able
to produce ROS [127]. In this study, we did not detect significant thermal change with
UCNP@Au nanoparticles. Nevertheless, UCNP@QAu revealed reactive oxygen species
(Figure 5.3 (b) and these nanoplatforms were even activated the cell death mechanism

(Figure 5.9).

Although it has been mentioned in the literature that light penetration depth
of visible range cannot be as well as NIR light, 980 nm wavelength was compared with
660 nm and 540 nm by utilizing a general simulation for light-tissue interaction. The
calculated results with Monte-Carlo proved that 980 nm light entrance to tissue is

almost twice of red and green wavelength (Figure 5.4). Therefore, PDT would affect
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deeper cancerous cells with the help of UCNP.

Once 980 nm were absorbed by UCNP, they can generate visible wavelengths of
light. Thus, as another feature of the nanoplatform-light system, cells can be visualized
if ZnPc & MC540-UCNP@Au internalization /adsorption to cells is provided. Experi-
ment with this point of view was successful as shown in Figure 5.5. This suggests that

visualization and photodynamic therapy can be applied simultaneously.

In this research, the used conventional photosensitizers are merocyanine-540 and
zinc phthalocyanine because their absorption fit appropriately UCNP emissions at 540
and 660 nm (Figure 4.9 (a) and Figure 4.10). When their dark cytotoxicity examined
on PC-3 cells, MC540 can employed with higher concentrations than ZnPc (Figure 5.6).
That is, 50 pg/mL concentration of hydrophilic MC540 did not result any significant
cell death but 0.6 pg/mL of hydrophobic ZnPc was toxic to cells. On the other hand,
ZnPc has better quantum yield than MC540 and PDT property of ZnPc were detected
for even 0.25 pg/mL concentration. Upon both PS were loaded into UCNP@QAu, dark
toxicity of nanoplatforms were measured between 25 and 2000 pg/mL concentrations.
In this experiment, no significant cell death was observed up to a concentration of 100
ng/mL, meaning that the 50 pg/mL nanoplatforms were actually non-toxic to cells.
50 pg/mL nanoplatforms were actually including 0.3 pg/mL MC540 and 1 pg/mL
ZnPc concentrations. Therefore, it can be concluded that encapsulating PS allow us to
use them in higher concentrations because encapsulated 1 pg/mL ZnPc did not show
any toxicity but bare 0.6 pg/mL ZnPc significantly caused cell death. Furthermore,
nanoplatforms possessing 100 and 2000 pg/mL concentrations were not developed any
significant data between them and cell viability were still above 80 % (Figure 5.10). If
the nanoplatforms having 2 mg/mL concentration is discussed, 12 pg/mL MC540 and
40 pg/mL ZnPc were implemented to cells. ZnPc amount was extremely higher than

its possible bare-application (0.6 pg/mL) to cells.

Photodynamic therapy was evaluated with the base nanoplatform UCNPQAu
and ZnPc & MC540-UCNP@Au as presented in Figure 5.9 and 5.10. UCNP@QAu did

not demonstrate any dark toxicity between 0.025 and 0.2 mg/mL concentrations but
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significant PC-3 cells viability decrease was detected at 0.2 mg/mL. Au nanoparticles
around UCNP@QAPTES probably triggered ROS generation by the non-thermal path-
way previously measured with the DPBF probe (Figure 5.3 (b)). It should be noted
that PDT with Au having 3-4 nm sizes was not measured before on cells as far as
we know. Lastly, ZnPc & MC540-UCNP@Au of PDT efficiency was evaluated. All
concentrations between 0.025 and 2 mg/mL reduced cancerous prostate cells signifi-
cantly. While 0.05 mg/mL concentration, possessing no dark toxicity, killed around
40 % of cells; 2 mg/mL concentration, having slight dark toxicity, decreased viable
cells amount to approximately 35 %. It can be said that the newly developed ZnPc
& MCH40-UCNP@Au nanoplatforms that can be activated by NIR light show very
effective photodynamic therapy on PC-3 cells.
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7. CONCLUSION

Advances in photodynamic therapy, like the published study from this thesis,
may allow a less invasive treatment method to become conventional [142]. Although
traditional techniques such as chemotherapy, radiotherapy, or surgical dissections are
serving people well today regarding the cancer type/degree, it is clear that these ap-
proaches are not sufficient and require replacement or development (e g. combined
therapy) with fresh/less harmful methodologies. Fortunately, the progresses on nan-
otechnology and lasers give a hope that PDT’s most critical limitations (i e. photosen-

sitizers delivery and light penetrations) may be resolved over time.

Since different properties can be added to nanoparticles thanks to nanotechnol-
ogy, a successfully designed system for necessary biomedical application can provide
efficient outcomes. In the light of recent improvements on PDT, near-infrared light can
be used to activate traditionally available photosensitizers if a transducer-like nanopar-
ticle can be merged with PS. For this study, a nanoparticle system was engineered to

improve PDT treatment on cancerous cells.

The nano-design shortly included four main elements; upconversion nanoparti-
cles, porous silica region, gold nanoparticles, and two different photosensitizers (MC540
and ZnPc). While upconversion nanoparticles was converting 980 nm wavelength light
to visible ranges at around 540, 660 and 830 nm due to anti-stokes property of UCNP,
the coated porous silica around UCNP supplied an opportunity for PS merging with
nanoparticles. Thus, emitted light by UCNP can be collected with MC540 and ZnPc.
Moreover, gold nanoparticles in 4 nm size were bound to the surface of porous sil-
ica following amine functionalization. The amine molecules contributed in forming a
gate system in the open portions of the silica to prevent PS leakage. Au np added
three important features to nano-system; (i) biocompatibility, (ii) enhanced UCNP

luminescence, and (iii) ROS generation with non-thermal pathway.
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Afterwards, MCb540 & ZnPc - UCNP@Au, possessing strong features, were eval-
uated for PDT applications. Thermal change, reactive oxygen species production, bare
photosensitizers (MC540 and ZnPc) cytotoxicity, and PDT efficiencies were examined.
As a conclusion, the experiments exhibited that the designed and successfully synthe-

sized nanoplatforms showed impressive PDT results on PC-3 cells.

As future works, MC540 & ZnPc - UCNP@Au nanoplatforms can be employed
in vivo experiments. However, before starting these experiments, further development
of nanoplatforms would be better. The synthesized NaYF,: Yb, Er (UCNP) can be
converted to the core-shell type so that less light intensity will be sufficient to trigger
them. Thus, generated heat due to the high laser intensity can be avoided. Moreover,
different types of drugs, i e. curcumin, chemotherapeutic/immunotherapeutic drugs,
might be loaded into the pores of silica. Cell targeting properties, such as ph-targeting,
folic acid, can also be added to these nanoplatforms. On the other hand, it would be
very intresting to understand cellular death mechanisms with these nanoplatforms be-

cause it might help to decide which types of features should be added to nanoparticles.
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