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NANOPARÇACIK ORTAMLI HISTOTRİPSİ İÇİN FONKSİYONEL AJANLAR 

OLARAK BİYOKONJUGE β-SİKLODEKSTRİN-PERFLOROHEKZAN 

NANOKAP KÜMELENMELERİ 

ÖZET 

Cemran Toydemir 

Biyomedikal Mühendisliği ve Biyoenformatik, Yüksek Lisans 

Tez Danışmanı: Prof. Dr. Yasemin Yüksel Durmaz 

Ağustos, 2022 

Yeni nesil nanoparçacık ortamlı histotripsi (NMH) ajanı olarak nanokap kümeleri (NCC), 

önceden tasarlanmış nanodamlacıkların (ND) sınırlamalarına cevap vermektedir. NCC, 

FDA onaylı siklodekstrinler (CD) ve uygun perflorokarbonların (PFC) karıştırılmasıyla 

elde edilebilen daha küçük boyutlu ve PFH miktarı saptanabilir kattılardır. NCC’ler 

depolanabildiklerinden ve gerektiğinde yeniden dağıtılabildiğinden saklama koşulları 

açısından daha kararlıdır. Yakın zamanda gerçekleştirilen deneysel ve hesaplamalı 

çalışmalar, NCC'nin, serbest PFC damlacıkları etrafındaki CD ve PFC konuk-konak 

komplekslerinin bir organizasyonu olduğunu ve bunların kümelenme davranışının, 

PFC'nin CD’nin iç kavitesindeki lokalizasyonuna ve CD türevlerinin suda çözünürlüğüne 

bağlı olduğunu göstermiştir. Beta-siklodekstrin (βCD) ve perfloroheksanın (PFH) 

etkileşiminden oluşan NCC’nin, test edilen çeşitli CD'ler ve PFC türevleri arasından 

yüksek PFC içeriğine sahip, toz olarak elde edilebilen en iyi NCC adayları olduğu 

kanıtlanmıştır. Bu çalışma, in vitro ve in vivo çalışmalarda kullanılabilecek, fonksiyonel 

ve yeni özelliklerin de yapıya dahil edilmesine olanak sağlayacak şekilde en iyi NCC 

kompozisyonunun fonksiyonlandırılmasına ve biyokonjugasyonuna odaklanmaktadır. 

Hedefleme, PEG’leme ve floresan etiketleme gibi en sık kullanılan biyokonjugasyon 

örnekleri üzerinden NCC'nin biyokonjugasyon potansiyelinin gösterilmesi 

amaçlanmaktadır. Bu amaçla, yapı bloğu olarak βCD, “click” reaksiyonu ve EDC/NHS 

çapraz bağlanması gibi etkin reaksiyonlar verebilen azit, alkin ve amin gibi gruplarla 

fonksiyonlandırılmıştır. Bu tek gruplu fonksiyonel βCD'ler PFH varlığında fonksiyonel 

NCC'ler elde etmek için yapı taşı olarak βCD ile birlikte kullanılmışlardır. 

Biyokonjugasyon örnekleri hedefleme ajanı olarak sıklıkla kullanılan folik asit (FA) ve 

daha spesifik hedefleme ajanı olarak peptit bazlı EPPT1 ile birlikte PEG’leme ve FITC 

ile floresans etiketleme seçilmiştir. Elde edilen biyokonjugatlar, hem yapısal olarak hem 

de etkinliklerini doğrulamak için in vitro test edilmiştir. Son olarak elde edilen bu 

NCC’ler kullanılarak gerçekleştirilen NMH kavitasyon eşik basıncı belirleme 

çalışmalarında tüm biyokonjugatların kavitasyon eşik basıncını başarılı bir şekilde 

düşürdükleri gösterilmiştir. Genel olarak bu çalışma elde edilen NCC’ler kullanılarak 

sadece NMH’deki kavitasyon eşik basıncının düşürülmesi değil aynı zamanda NMH 

çalışmasını geliştirmek için ihtiyaç duyulabilecek biyokonjugasyon araçlarının yapıya 

dahil edilebileceği ve etkin bir şekilde çalıştıkları ortaya koymuştur.  

Anahtar sözcükler: Histotripsi, Nanoparçacık Ortamlı Histotripsi, Siklodekstrin, 

Perflorokarbon,  Nanokap Kümelenmesi, Biyokonjugasyon.
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CLUSTERS AS FUNCTIONAL AGENTS FOR NANOPARTICLE MEDIATED 

HISTOTRIPSY 

ABSTRACT 

Cemran Toydemir 

MSc in Biomedical Engineering and Bioinformatics  

Advisor: Prof. Dr. Yasemin Yüksel Durmaz  

August, 2022 

Nanocone clusters (NCC) as new generation agent of nanoparticle mediated histotripsy 

(NMH) successfully addressed all the limitations of previously designed nanodroplets 

(NDs). NCC can be obtained by simply mixing of FDA-approved cyclodextrins (CDs) 

and suitable perfluorocarbons (PFCs) resulted smaller size aggregates, detectable PFC 

amount and more stable for long term storage since obtained powder can be stored and 

redispersed when it is needed. Previous experimental and computational studies showed 

that NCC is an organization of inclusion complexes of CD and PFC around free PFC 

droplets and their aggregate behavior depend on the localization of PFC in the cavity and 

the water solubility of CD derivatives. It has been proved that beta-cyclodextrin (βCD) 

and perfluorohexane (PFH) are best candidates for NCC cluster that can be isolated as 

powder with high PFC content among various CDs and PFCs derivatives that are tested. 

This study focuses on further development of the selected best NCC composition to have 

advanced tools for in-vitro and in-vivo study. It is aimed to show the bioconjugation 

potential of NCC through the example of most commonly used functionalization such as 

targeting, PEGylation and fluorescent labeling. For this purpose, βCD as building block 

was monofunctionalized with the groups like azide, alkyne and amine that are capable for 

effective coupling reactions such as “click” reaction and EDC/NHS coupling. These 

monofunctional βCDs were used as building blocks of NCC in the presence of PFH to 

obtain functional NCCs as precursors of bioconjugation. EPPT1 as peptide based more 

specific and folic acid (FA) as most commonly used targeting agent along with 

PEGylation have been successfully showed as bioconjugation examples. Lastly, 

fluorescently labeled NCC was obtained via FITC and alkyne functional NCC reaction 

through propargyl amine and isothiocyanate group reaction. The obtained bioconjugates 

were tested in vitro to validate the conjugation and finally, their ability to lower cavitation 

threshold pressure on NMH were shown. All obtained bioconjugates not only 

successfully lowered the cavitation threshold pressure but also they were perfectly acting 

on desired bioconjugation tools to enhance the NMH study. 

 

 

Keywords: Histotripsy, Nanoparticle Mediated Histotripsy, Cyclodextrin, 

Perfluorocarbon, Nanocone Cluster, Bioconjugation. 
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CHAPTER 1 

1.  INTRODUCTION 

Histotripsy is a non-invasive and non-thermal technique that performs mechanical tissue 

ablation by creating an acoustic cavitation mechanism with high-pressure, short-term, and 

focused ultrasound (US) pulses [1]–[3]. In this technique, US signals interact with small-

sized gas bubbles which are dissolved in the tissue to form bubble clouds [4], [5]. These 

gas bubbles are transformed into highly energetic microbubbles that can expand to a size 

greater than 50 μm with the help of high negative pressure of US signals [2], [6], [7]. This 

process is called cavitation and the energy released as a result of this cavitation caused 

the tissue to get fractionated and completely liquefied that can finally be eliminated by 

the body without causing any metastasis [1], [3], [8]–[10]. Therefore, there is no solid 

waste generation and heat output in this technique. Although histotripsy has promising 

potential for many clinical applications, including benign prostatic hyperplasia, deep vein 

thrombosis, congenital heart disease, and cancer ablation, the efficiency of this technique 

is limited in some cases [8], [10]–[13]. One of these limitations is that it requires high-

pressure values of 25-30 MPa to produce the desired cavitation in the tissue. Thus, high 

pressure value may cause cavitation of any tissue outside of the focused area if it is not 

properly applied. For this reason, histotripsy should be supported by a secondary imaging 

system to minimize the damage of the healthy neighboring cell and to completely scan 

the targeted area. Additionally, the effectiveness of this technique is limited to the ability 

to identify and image a single target tumor before the treatment. Therefore, it is not 

appropriate for the treatment of micrometastases or multiple tumor nodules.  

For the purpose of addressing these limitations of selectivity, targetability, and high 

cavitation pressure, nanoparticle-mediated histotripsy (NMH) has been developed as a 

novel ablation method which combines histotripsy with acoustically active nanoparticles 

[14]–[21]. The feasibility of this method in reducing high-pressure cavitation energy has 
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been initially demonstrated by using perfluorocarbon (PFC) encapsulated nanodroplets 

(ND) as a histotripsy agent and it has been shown that the use of NDs as the cavitation 

nuclei substantially reduced the cavitation threshold pressure [15]–[18]. Moreover, it 

became possible for cavitation to occur selectively only in regions where NDs are 

localized [18]. Although NDs address the selectivity and high cavitation pressure 

limitations of histotripsy, there are some limitations in their usage as histotripsy agent. 

For instance, ND synthesis consists of several steps that require expertise in polymer 

chemistry and does not allow for determining the encapsulated PFC amount in the core. 

Moreover, their long-term stability is very low which requires cold storage. Due to these 

shortcomings of NDs, nanocone clusters (NCC) have been developed in our laboratory 

as a new generation agent for NMH [14], [19]–[21]. The building blocks of NCC is the 

inclusion complex of cyclodextrin and PFC [20]. As well known in the literature, 

cyclodextrins (CDs) have a conical structure with a hydrophobic inner cavity and 

hydrophilic outer surfaces and have a tendency to form inclusion complexes with 

hydrophobic compounds to increase the solubility, bioactivity, and stability of many 

hydrophobic molecules. It is also frequently reported that CDs have a tendency to form 

aggregates in irregular size and arrangements by themselves or through their inclusion 

complexes [22]. NCC is simply an aggregate of CD and PFC inclusion complexes around 

PFC nanodroplets based on the experimental and computational studies on NCC 

formation that was recently reported by our group [20]. The study proved that all CD 

derivatives except alpha-cyclodextrin (αCD) and high degree methylated gamma-

cyclodextrin (HMγCD) can form inclusion complexes with PFC derivatives and these 

complexes can organize (cluster) around a hydrophobic PFC core. The size of the 

hydrophobic cavity of cyclodextrin derivatives and the localization of PFC in this cavity 

dictates the stability of complex and further cluster formation. If formed inclusion 

complex provides a chance for gest PFC to interact with free PFC, a more compact and 

stable NCC can form. It was also shown that water solubility of CD derivatives and how 

it interacts with PFC determines whether formed NCC can be obtained as precipitate for 

further use. For instance, hydroxy propylated β-cyclodextrin (HPβCD) derivative can 

make inclusion complex with PFC derivatives however PFC in the cavity does not 

interact with free PFC due to the elongated cavity result more loose interaction between 

core and surrounded inclusion complexes [20]. Moreover, HPβCD has best water 

solubility which lowers the precipitation potential of any formed clustering. Given the 

fact that PFC derivatives used for this application is volatile, it is almost not possible to 
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obtained NCC including PFC as ultrasound active part without direct precipitation. 

Although the mentioned studies address that beta-cyclodextrin (βCD), low degree 

methylated beta-cyclodextrin (LMβCD) and gamma-cyclodextrin (γCD) can form NCC 

as precipitate for further use, only βCD and LMβCD NCC showed good potential for 

desired application and βCD was selected for further use because it is most commonly 

used CD derivatives, commercially available, FDA approved and does not require any 

further modification [20]. It was also reported that both perfluoropentane (PFP, b.p. 29 

°C) and perfluoreohexane (PFH, b.p. 56 °C) as PFC can be used as the acoustically active 

liquid that are transferred from liquid to gas through acoustic droplet vaporization [19]. 

However, histotripsy cavitation threshold pressure study showed that PFH containing 

NCC produced more compact bubble cloud without scattering indicating the better 

reagent for nanoparticles designed for NMH [21]. 

Even though the ability of lowering cavitation threshold using NCC as nanoparticles for 

NMH has been effectively shown using tissue mimicking phantom [6], [12], in-vivo NMH 

study is needed to show the efficiency of NCC mediated NMH in the body and it is crucial 

for NCC to have some bioconjugation such as targeting agent for cell specific treatment 

or fluorescent labeling to follow up cellular uptake and biodistribution of the particles. 

The ability of practically decorating the surface of nanoparticles that is planned to 

circulate in the blood system before site specific tumor accumulation is very important 

and desired tool for developed NCC. This study aims to show the potential way of having 

functional NCC that allows required bioconjugation through commonly used and 

effective coupling reactions. On this regard NCC has an advantage of having βCD as 

building block since βCD contains seven glucopyranose units including primary hydroxyl 

group at the primer edge that allows chemical modification on the surface [22]. This is 

another reason that makes βCD as better candidate for desired application. There are 

several examples in the literature that use the hydroxyl group of βCD to conjugate 

different biological moieties including peptides, antibody fragments, fluorophore, drug 

etc., [23]–[26]. The desired chemical modifications can be either done for all the hydroxyl 

at the primary surface or it can be done on a single hydroxyl group which provides more 

side specific functionalization [23]–[25], [27], [28]. For example, Hu and coworkers 

conjugated folic acid to single amine functional, drug loaded βCD through EDC/NHS 

coupling to use it as targeted drug delivery system [23]. Lartia et al. alkyne functional 

peptide to single azide functional βCD via 'click' chemistry as another example [24]. 
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In this study, it was aimed to show the bioconjugation potential of NCC through the 

example of most commonly used functionalization such as targeting, PEGylation and 

fluorescent labeling. For this purpose, monofunctionality like azide, alkyne or amine was 

obtained at the surface of βCD as first step to have functional precursor for future 

conjugation using effective coupling reactions. These monofunctional βCDs were used 

as building blocks of NCC in the presence of PFH to obtain functional NCCs as 

precursors. While folic acid (FA) as most commonly used targeting agent was conjugated 

to amine-NCC using EDC/NHS coupling reaction, EPPT1 as peptide based more specific 

targeting agent were conjugated through the azide-alkyne 'click' reaction between azide 

functional EPPT1 peptide and alkyne-NCC.  Similar method was used for PEGylation 

which is one of the common conjugations for nanoparticles to increase biocompatibility 

and blood circulation time. In this case, alkyne-PEG or alkyne-PEG-EPPT1 is conjugated 

to azide-NCC to have either PEGylated NCC or targeted PEGylated NCC. Lastly, 

fluorescently labeled NCC was obtained via FITC and alkyne-NCC reaction through 

propargyl amine and isothiocyanate group reaction [29]. Even though these 

bioconjugations were selected based on the NMH studies that they have been on progress; 

they are commonly used and easily adaptable any required system. The role of obtained 

bioconjugates were tested in vitro to validate the conjugation and finally, their ability to 

lower cavitation threshold pressure on NMH were shown. 
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CHAPTER 2 

2.  THEORETICAL PART 

2.1. Cyclodextrins (CDs) 

 

Figure 2.1: a) The structure of cyclodextrins. ‘n’ represent number of units. b) The 

general cartoon picture of cyclodextrins [30]. 

FDA-approved cyclodextrins are biocompatible, nano-sized molecules composed of 

glucopyranose units and are known as oligosaccharides, which consist of different 

numbers of cyclic sugars [31], [32]. They take different names according to their carbon 

numbers and accordingly their sizes vary (Table 2.1). They are found in nature and are 

formed by the enzymatic degradation of starch. Cyclodextrins, which are used in many 

different areas, have hollow conical shapes with hydrophilic outer surfaces and 

hydrophobic inner surfaces [33]. The main factor in this difference of hydrophobicity is 

the configuration of the hydroxyl groups [34]. This difference between the surfaces makes 

it possible to use cyclodextrins especially as carrier agents, and it is one of the first 

molecules that come to mind in increasing the solubility of hydrophobic materials, 

improving their bioactivity and stability by forming a guest-host complex [33], [35], [36]. 

There is no covalent bond for this complex, rapid equilibrium occurs between the CD and 

the hydrophobic molecule because of the hydrophobicity. The potential to form stable 
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inclusion complexes gives an opportunity to use CDs in pharmaceutical applications [37]. 

Studies have shown that the size of the PFC chains is effective in forming inclusion 

complexes with βCD and PFC, especially due to its compatibility with the internal space 

of the cyclodextrin [38]. 

Table 2.1: Basic properties of natural cyclodextrins [33], [34], [37]. 

 α-cyclodextrin β-cyclodextrin γ-cyclodextrin 

n* 6 7 8 

Chemical Formula C36H60O30 C42H70O35 C48H80O40 

Structure  
  

Inner Cavity Diameter 

(nm) 
0.53 nm 0.65 nm 0.83 nm 

Outer Cavity Diameter 

(nm) 
1.46 nm 1.54 nm 1.75 nm 

Solubility (mg/mL) 130 18.5 249 

*n: repeat unit of glucopyranose 

Cyclodextrins are basically found in 3 different ways. These are alpha-cyclodextrins, 

beta-cyclodextrins, and gamma-cyclodextrins. As indicated in Table 2.1, varying carbon 

numbers make a difference between their solubility, as well as the size change mentioned 

above [34]. Having lowest solubility is βCD, with a solubility of 18.5 mg/mL [37]. 

Although this poor solubility negatively affects the complexation efficiency, the 

complexes it forms more stable structures. For an efficient study, conjugations were tried 

to increase the solubility of the complex made using βCD, since both are important 

properties. As can be seen in Table 2.2, the addition of functional groups had positive 

effects on solubility. 

It was initially thought that there should be a secondary material for aggregates formed 

by CDs. Further studies revealed that CDs were able to form aggregates spontaneously, 

without the need for a secondary material. It is known that CDs can remain in aggregate 

form due to the hydrogen bonding [39], [40]. In addition, since the inner parts of CDs 

have hydrophobic properties, they can take hydrophobic materials into the core of the 
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aggregates they form. When the aggregates formed only by CDs and made by putting 

hydrophobic material inside the CDs were examined, it was determined that tendency to 

form aggregates was higher when hydrophobic material was added [41], [42]. Because of 

the solubility decreasing after the aggregation, functional groups or other solubility 

enhancing effects are used for to increasing solubility [41], [43]. 

Table 2.2: Solubility properties of cyclodextrin derivatives [37], [44], [45]. 

Cyclodextrin 

Derivatives 
Abbreviation Precursor *n 

Solubility 

(mg/mL) 

High Degree 

Methylated Beta 

Cyclodextrin 

HMβCD βCD 7 > 600 

Hydroxypropyl Beta 

Cyclodextrin 
HPβCD βCD 7 > 600 

High Degree Methylated 

Gamma Cyclodextrin 
HMγCD γCD 
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230 

Hydroxypropyl Gamma 

Cyclodextrin 
HPγCD γCD 8 >500 

*n: repeat unit of glucopyranose 

There are many examples of modification of cyclodextrins in the literature. Some of them 

modify all existing hydroxyl functions, while others target one or more groups, either 

selectively or non-selectively [27], [46]–[48]. These modifications can be used directly 

or for the purpose of polymerization or bonding to a polymer [28], [43], [46], [49], [50]. 

As mentioned above, cyclodextrins, which are widely used to carry hydrophobic drugs, 

serve as carrier agents of many drugs, especially cancer, by attaching a targeting agent 

for this purpose or by taking advantage of the enhanced permeability and retention (EPR) 

effect [23], [51]–[56]. Mohammed et al developed an active transportable drug delivery 

system by targeting siRNA-containing cyclodextrins infused with doxorubicin in this 

direction [56]. In another example, the complex formed obtained between doxorubicin 

and albumin conjugated trimer-βCD was used in targeted drug for cancer cells [54]. 

2.2. Perflourocarbons (PFCs) 

As known for their hydrophobicity, chemically inert structure, and rigid molecular 

skeleton, perfluorocarbons (PFCs) are synthetic molecules consist of carbon and fluorine 

atoms with different numbers [57]–[60]. Thanks to these feature, PFCs can used in not 
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only industrial but also biomedical applications like oxygen carrying agent, diagnostic 

ultrasound imaging, and pulmonary drug and gene delivery [61]–[64]. Studies about these 

area show us to PFCs ability of binding and carrying with oxygen 50 times more than 

hemoglobin [65], [66]. Because of strong hydrophobicity, a carrier is needed to increase 

the water solubility especially in medical application [67]. Loading into micelles and 

forming inclusion complexes are the most common methods for increasing water 

solubility for PFCs [68]–[74].  

PFCs that are made of carbon and fluorine, are chemically inert molecules. The low 

boiling point property of PFCs makes them ideal US imaging agents. When US pulses 

are present this property enables them to convert them from liquid to gas phase. Their 

boiling point increases with increasing of number of carbons. For example boiling point 

of decafluorobutane that is consist 4 carbon atoms, is -2 ◦C, but the boiling point of 

perfluopentane that consists 5 carbon atoms, is 29 ◦C. Similarly, number of carbon dictates 

the dimension of molecule and how perfectly they will fit into hydrophobic cavity of  

cyclodextrins [75].  

Table 2.3: Perfluorocarbons with their properties [76]–[78]. 

Chemical 

Formula 
Name Structure Mw (g/mol) 

Boiling 

Point (◦C) 

C3F8 Octafluoropropane  118 -36.7 

C4F10 Perfluorobutan  238 -1.7 

C5F12 Perfluoropentan  
288 

29 

C6F14 Perfluorohexan  338 56 

C7F16 Perfluoroheptane  388 84 

2.3. Cyclodextrins and Perfluorocarbon Inclusion Complexes 

As it was mentioned in previous section, PFC has several biomedical application such us 

US imaging and US carryings agent due to the their chemically inert nature. These 

specific PFCs don’t metabolize in the body and can be removed by simple inhalation after 

they are administered into body. However, these features cannot be attributed to all PFC 

derivatives which they might include different functional groups and different fluorinated 
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chain length. Besides biomedical applications, PFCs are known as persistent organic 

pollutants [79]–[81]. They are formed via by-products of fluoropolymer and 

fluorotelomer synthesis. For this reason, it has been detected in drinking water, in the 

body of animals and also humans, and in many consumer products [81]–[84]. It is known 

that such PFCs, which have serious toxic effects on living things even exposed to very 

low amounts, cause cancer, thyroid, infertility, and infantilism [84]–[87]. Many methods 

have been tried for PFC removal including the use of activated carbon, adsorption, 

nanofiltration, advanced oxidation, and ultrasonic degradation [88]–[90]. Due to their 

stable structure, it was thought that adsorption rather than chemical degradation could be 

a more effective way to remove this pollution. For this purpose, the idea of removal by 

trapping with a host material is generally preferred. Therefore, the interaction between 

cyclodextrins and PFCs can be used as a trapping method. Studies with CDs have 

demonstrated the ability to remove many pollutants such as phenols, dyes, 

pharmaceuticals, and heavy metals in aqueous media [91]–[95]. In a study by Weiss-

Errico et al., the interaction of CDs with polluting materials in different water qualities 

was investigated. These water results revealed that the structures designed using CDs 

could be promising agents for decontamination removal [96]. These studies were the 

initial examples of inclusion complex formation between CD and PFCs. 

More relevant and inspiring examples for the use of PFCs and CDs is imaging. Molecular 

imaging systems such as ultrasound (US), computed tomography (CT), and magnetic 

resonance imaging (MRI) are known as noninvasive imaging systems. In these systems, 

contrast agents are used to provide a diagnosis[97]. Even though there are many other 

usage areas for nanoparticles and microparticles, they can also be utilized as diagnostic 

materials [98], [99]. It is known that PFC-based agents can be clinically used in multiple 

imaging modalities. Since they are known to be both lipophilic and hydrophobic, they are 

insoluble in aqueous systems. In other words, they are immiscible with biological fluids 

in cellular and biological environments. For this reason, modification is required for the 

use of these chemicals for biological applications. Host-guest complexes formed by CDs 

and PFCs have been considered as viable and promising systems. As an example, Yao et 

al. developed an agent to be used to increase ultrasound imaging contrast. In this study, 

FC-77 was chosen as a PFC model that can be employed in clinical studies. In order to 

increase the stability and bioavailability of FC-77, the inclusion complex was prepared 
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using βCD and created an agent that can be put to use as a contrast agent that increases 

the contrast in ultrasound imaging [100]. 

As the last example, the CD and PFC inclusion complex was used as histotripsy agent to 

reduce the cavitation threshold pressure of nanoparticle mediated histotipsy. A brief 

explanation will be given in the next chapters. The new generated US active agents were 

named nanocone which was formed by mixing CDs and PFCs in certain proportions in 

the aqueous media. The histotripsy efficiency and biological compatibility of this new 

agent produced were examined [21]. 

2.4. Ultrasound (US) Based Ablation Treatment 

Due to the new diseases that occur in response to the increasing human population, new 

treatment methods need to be developed. Even though it is known that the most common 

therapy method is surgery, new medical technologies are creating for treatment because 

of having risks and limitations of surgery like tolerating elderly, comorbid patients, long 

recovery time, complications etc., [101]–[104]. One of these new methods is minimal 

invasive (laparoscopy, endoscopy etc.) that is preferred to standard open-surgeries for 

many cases. Especially ablation that is to disintegrator the target tissue, is one of the most 

common minimal invasive method the way of using radiofrequency, microwaves, laser 

energy, freezing [105]–[107]. Because of being an advantage for the patient that had 

unsuccessful chemotherapy, radiotherapy or surgical, tumor ablation is generally used via 

minimally invasive ablation technique in the tumor tissue of liver, kidney, bone and lung 

[108]. Proton beam, X-ray or gamma radiation and focused ultrasound are the way of 

non-invasive ablation method that have been used clinical [109]–[111]. 

One of the non-invasive medical application is ‘High Intensity Focused Ultrasound’ 

(HIFU). HIFU, which is clinical thermal ablation technique, is focused to damage of 

targeted tissue using ultrasound beam (Figure 2.2) [112]. HIFU, is used on benign and 

malignant tumors in kidney, liver and prostate cancer, is came forward as being non-

invasive from other thermal ablation techniques like radiofrequency (RF) or laser ablation 

[112]–[115]. Even though offering so many benefits, HIFU is also limited as requires real 

time imaging like magnetic resonance imaging thermometry (MRI) and quantitative B-

mode imaging for feedback of treatment during the long treatment times [106], [112]. 

Also in this technique, temperature is carried above 55 °C and retain for a second before 

the decreasing the temperature to body temperature. This situation can cause 
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unpredictable thermal injury margin and even can lead to thermal injury in near the target 

tissue [1]. Because of these limitations, histotripsy, that is non-invasive and non-thermal 

treatment method, were developed. 

 

Figure 2.2: High intensity focused ultrasound (HIFU) therapy system [116]. 

Histotripsy is a mechanical ultrasound ablation method using with high acoustic pressure 

and short pulses at microseconds. After these high pressure, and short term pulses, 

microbubbles cluster (bubble cloud) are generated and microbubbles collapse with high 

energy and fragment adjacent cell into subcellular debris [3], [117]–[121]. 

As seen by Figure 2.2, ultrasound transducer is focused in the target tissue using with 

concave shaped small ultrasound transducers called ‘histotripsy transducers’. These 

transducers contain also an ultrasound imaging probe that is a necessary equipment for 

targeting and also guidance. Since imaging and therapy system were created using these 

equipments, targeting tissue, that is guidance with US imaging, mediated with high 

pressure on the target tissue because of the focusing via shape of transducers. For a 

successfully treatment, US transducers should be manually located to the target area by 

clinician. During the treatment, US pulses interact with already existing dissolved gas 

bubbles in the target tissue. These gas bubbles usually smaller than 10 nm can be 

expended to a bubble cluster more than 50 µm and form the highly energetic 

microbubbles. Eventually they collapse (cavitation) and release energy to neighboring 
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cells that caused mechanical fragmentation in the tissue. Because of the high-amplitude 

ablations happen so short time but repeatedly, bubble clouds expand and contract. This 

mechanical push causes the disintegration of tissue to a subcellular level [1], [2], [122], 

[123]. 

 

Figure 2.3: Set-up summary of histotripsy treatment [114]. 

To ablate a soft tissue using histotripsy, a cavitation threshold pressure around 25-30 MPa 

is needed. The high pressure causes the explosion of bubble clouds in the focused region. 

In Figure 2.3 is shown an example of the target tissue ablation by histotripsy. Since there 

are minimally harmful against the neighboring healthy cell, it is thought histotripsy is 

noninvasive treatment method. The most popular areas used histotripsy are obstruction 

treatment, fetal septal defects treatment, kidney stones treatment, hepatocellular 

carcinoma treatment etc., [12], [124]–[126]. This method is not only treatment of soft 

tissue, but also opens up new treatment method for urinary calculi and some type of 

cancer treatment [127]. In 2010, in-vivo activity of histotripsy was shown on VX-2 tumor 

tissue that is known a malignant cancer cell line of rabbit kidney, and the result of this 

study showed to histotripsy is a potential cancer treatment method [8]. 
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Figure 2.4: An example of targeted tissue ablation using histotripsy treatment a) B-mode 

ultrasound imaging with histotripsy generated cavitation, b) ‘M’ shape histotripsy lesion, 

c) MR imaging with histotripsy generated cavitation [119]. 

As it can be understood from the information mentioned so far, although histotripsy 

provides many new possibilities as a treatment method, there are still issues that need to 

be developed. Firstly, the difficulty of application on irregular shape and arrangement of 

cancer tissue.  This may prevent focus and successful ablation of these type of tumors. In 

addition, taking into account the fact that this is achieved by the technician, the risk of 

misapplication of the treatment and ablation of the healthy cells, which are around the 

tumor tissue, increases due to human errors.  In addition to these problems, ultrasound 

imaging used in histotripsy is not useful for each tumor. It is almost impossible to detect 

metastatic cancer cells with ultrasound, because the size of these cells is very small. For 

these reasons, it was aimed to develop a more effective treatment method with less side 

effects and nanoparticle mediated histotripsy (NMH) was discovered which uses the 

nanoparticles as cavitation nuclei to lower cavitation threshold pressure to have more 

selective ablation at the location that nanoparticles were accumulated [21].  

2.5. Nanoparticles Mediated Histotripsy (NMH) 

2.5.1. Nanodroplet mediated histotripsy 

Nanoparticle mediated histotripsy (NMH) is focused to generate a histotripsy treatment 

method with lower pressure cavitation, targetability and selectivity. NMH uses the 

ultrasound active nanoparticles as cavitation nuclei instead of already existing gas pocket 

in the body. These nanoparticles contain the ultrasound active agent and they can make 

phase transition and form gas bubble to initiate cavitation under the US signals. 

Moreover, these nanoparticles have a tendency to selectively accumulate on tumor tissue 
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through EPR effect due to the size. Since they can accumulate and their concentration can 

locally increase, they can be active at only the location even if it is scanned a wider area 

by ultrasound which still create safer environment for neighboring healthy cells. In the 

early stage of the NMH research, nanodroplets (NDs) were developed as first nanoparticle 

for NMH. NDs are polymeric micelle containing ultrasound active agent in the core. For 

ultrasound active agent, perfluorocarbons are chosen because of the one of the best option 

for filled the NDs (see Perfluorocarbons section) [18]. As first agent of NMH, tri-block- 

amphiphilic co-polymer was synthesized. Since this co-polymer exhibits self-assembly 

properties because of having both hydrophilic and hydrophobic parts, hydrophobic PFC 

derivatives were encapsulated in the hydrophobic core of micelle in the aquatic 

environment. Their size was determined to be approximately 200 nm (Figure 2.5 a) that 

is sufficient for it to reach the tissues by entering the gap known as EPR effect seen in the 

tumor tissues. NDs made in the form of micelles with PFCs, which are known to have a 

low boiling temperature, passed from the liquid phase to the gas phase with US pulses 

and behaved like nanobubbles (Figure 2.5 a). Effective results were seen at much lower 

pressures, as it was intended to evaporate PFCs. In other words, even the cells around the 

tumor tissue i.e., neighbor cells of the targeted cells, will not be affected because of the 

low pressure of US pulses (Figure 2.6) [16]–[18], [128]. Previous studies have shown 

that PFC nanodroplets act as sustainable cavitation nuclei in the presence of multiple 

pulses. Additionally, they obtained well-defined and consistent fractionation even below 

the intrinsic threshold of the pressure levels of histotripsy in the tissue phantoms [15], 

[18]. 
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Figure 2.5: a) Cartoon picture of nanodroplet, nanodroplet after affected from US, graph 

of nanodroplets size at different concentration, b) A picture of selective nanodroplet 

cavitation in agarose tissue phantom [6]. 

Although NDs addressed the limitation of histotripsy and effectively lowered the 

cavitation threshold pressure, NDs had limitations as well. Some of these limitations are 

the undetectability of PFCs and their varying amount in each NDs. For creating an 

effective treatment method, these two factors are so important because losing PFCs or 

loading low concentration PFCs are directly related to the efficiency of treatment. In 

addition, maintaining the stability of NDs is another limitation because they should be 

stored in a cold environment. Another constraint is that for co-polymer synthesis, a 

competent person should synthesize the polymer with complex and multistep 

experiments. For this reason, there is a need for a practical, stable, and biocompatible 

agent with more comfortable storage conditions, in which the amount of PFC can be 

determined [21]. 
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Figure 2.6: Efficiency of nanodroplet mediated histotripsy at different pressure with and 

without nanodroplet applied at the agarose tissue phantom. a-e) Efficiency of nanodroplet 

applied NMH on agarose tissue phantom, f) Efficiency of NMH on empty agarose tissue 

[18]. 

2.5.2. Nanocone mediated histotripsy (NMH) 

It is aimed to develop a new agent due to the above mentioned limitations of NDs. For 

this reason, PFCs, which are known to be ultrasound active and mentioned in the previous 

sections, are intended to form inclusions complexes with cyclodextrins. This new 

structure was named ‘nanocone’ (NC) (Figure 2.7 b), based on the conical shape of the 

cyclodextrins [75]. Cyclodextrins were chosen for the 'host-guest' interaction with the US 

agent, both because the inner surface is hydrophobic and the interior volume is suitable 

for the localization of PFCs. The fact that it is FDA-approved and functions with many 

different reactions in the literature has also shed light on further studies and the 

possibilities of its development have been considered [14], [19], [21]. More detailed 

information about both PFC and CD can be found under their own headings. 
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Figure 2.7: a) Nanodroplet used as US active agent for NMH, b) Nanocone used as US 

active agent for NMH [16]. 

In case of nanocone, PFCs are intended to penetrate the hydrophobic core of cyclodextrins 

by exploiting the hydrophobicity difference. For this reason, it must be prepared in water 

in order to create a hydrophilic environment. PFC is stabilized in the cavity of 

cyclodextrins due to the host-guest interaction and it is also ensured that they are obtained 

in solid form from the water mixed at a certain rate with the help of filtration. Storage 

conditions and stability of NCs has been naturally simplified compared to NDs because 

it is obtained in solid form. The amount of PFC in NCs can be determined by gas 

chromatography (GC) in anisole and trifluoroacetic acid (TFA) medium. Great advances 

have been made in terms of ease of synthesis and purification and also protection of the 

US agent. In addition, histotripsy studies were performed and it was still found to be an 

effective agent for NMH (Figure 2.8 a).  In addition, PFC containing NCs were resulted 

smaller size than NDs that are suitable for tumor accumulation (Figure 2.8 b). Precursor 

cell studies of NCs have been carried out with CDs, which are currently FDA-approved 

and have many studies in the literature. At this study, hemolytic activity on fresh red 

blood cells and cell viability on HEK-293T healthy kidney cells were performed with 

NCs as new histotripsy agent. The obtained results are very promising as well as the 

pioneer of many new studies [14]. 
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Figure 2.8: a) Generation of bubble cloud with and without NCs in the agarose tissue 

phantom, b) Size measurement using DLS device comparison of empty βCD, methylated-

βCD, and NCs prepared at 0.1 mg/mL [17]. 

Recently, more effort has been shown to determine the most effective cyclodextrin and 

PFC combination. Following this purpose, the complex of cyclodextrins (βCD, LMβCD, 

HMβCD, HPβCD, αCD, γCD, HPγCD, HMγCD), and PFCs (PFP, PFH) were 

computationally and experimentally tested with different ratio. It has been shown that 

almost all CD derivatives form inclusion complexes with PFC except  αCD and HMγCD 

because the interior space of αCD is not enough for inclusion complex formation and very 

wide cavity can not hold the PFC in case of HMγCD. Complexes formed with 

cyclodextrin derivatives with high solubility could not be precipitated which precipitation 

is an effective way to obtained this ultrasound active agents as powder for further use. As 

a result of the studies, it was revealed that the complex made with βCD and PFH was the 

most ideal combination in terms of both stability and precipitation. Another important 

point that emerged in this study is the examination of the behavior of CDs and PFCs. 

While it was previously thought that one PFC was inserted into each CD molecule, 

computational data suggested another hypothesis. Accordingly, it showed that there are 

free PFCs located in the core surrounded by CDs and inclusion complexes of CD and 

PFCs. This structure was named the nanocone cluster (NCC), the clustering made out of 

inclusion complexes of cyclodextrin and PFC (nanocones) that is organized around free 

PFC core [20]. 
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2.6. Bio-conjugation  

Unraveling the diversity of living things and the complexity of their metabolism was one 

of the first research subjects that attracted the attention of scientists, and even today, 

studies on this subject continue with many unknown subjects. Discovering the importance 

of genes and proteins in living things was a very important step in these researches and 

revealed many new different research topics [129]–[131]. For this reason, research has 

been deepened and fast and reliable methods have been sought; bioconjugates have been 

discovered as a solution [132]. 

Bioconjugation is a type of conjugation in which at least one of the combining elements 

is a biomolecule, at least two molecules combine with a covalent bond to form a 

conjugate. The activity of the elements of bioconjugation is preserved as a result of 

conjugation, and the product formed as a result of the combination can create an effect 

that the components cannot do separately. In other words, the elements of bioconjugation 

have different functions. When these elements are combined, they can both fulfill these 

purposes and also can be used for a new purpose as a result of their combination. 

Functional groups are fundamental in the combination of these elements. These functional 

groups can be formed by modifications or present in their natural structure. These groups 

are linked with each other by compatible and complementary groups that are situated on 

the surface of the bioconjugation elements. The final biomolecule is synthesized with this 

binding. Intracellular mechanisms, diagnosis of diseases, and discovery and development 

of drugs; requires perfectly synthesized biomolecules, and need to be biocompatible, 

innovative, easy to penetrate, and traceable within the body [132], [133]. 

Bioconjugation is vital both for the understanding and recognition of proteins and living 

metabolism, and because it is one of the foundations of steps towards solving various 

problems [132]. During to bioconjugated materials, cellular events can be monitored, 

modifying proteins in this area is a very useful way. For example, when a fluorescently 

active structure binds to a protein, the position of the protein can be determined [134]. In 

another application, we can provide selective delivery of the drug to the cell by attaching 

a suitable protein to a material that we want to be delivered to a particular cell, for 

example, a cancer drug, to the targeted cell [135]–[137]. 

Generally, bioconjugates are formed by the covalent bonding of molecules from a 

biological and non-biological source. There are many different methods for 
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bioconjugation that can be formed with one biological source and one synthetic source, 

or with two biological sources [132]. A wide variety of bioconjugates can be synthesized, 

depending on the purpose and mechanism of usage. The elements of bioconjugation are 

chosen as polymer-drug, polymer-polypeptide, polymer-protein, polymer-nanoparticle, 

protein-protein, antibody-drug(ADC), lipid-drug, liposome-nanoparticle, nanoparticle-

antibody, fluorescence imaging agent-drug, etc., [54], [132], [133], [138]. Polymers can 

be either synthetical or natural polymers [133]. 

 

Figure 2.9: Some bioconjugates that are used commonly in literature. A)strepvidin-

enzyme conjugation, b)ligand-particle conjugation, c)fluorescent labeled oligo molecular 

beacon probe, d)fluorescently labeled strepvidin, e)ligand conjugated particle, 

f)biotinylated enzyme, g)antibody-ennzyme conjugation, h)fluorescently labeled 

antibody, i)biotinylated oligo probe, k)antibody-drug conjugation, l)chelate modified 

dendimer- folate conjugation [132]. 

There are many reasons why bioconjugation is needed. These may be to increase the 

solubility of the molecule in water, to follow the molecule, to ensure that the molecule is 

transported to the cell, to ensure that the molecule is attached to the cell, and even to 

protect it from enzymatic effects [23], [56], [134], [137], [139]. For these reasons, 

bioconjugates of natural and synthetic molecules have many applications in health 

research and bioengineering. Proteins are one of the most used structures, especially in 

the treatment of diseases that require selective transport [26], [132]. Protein 

bioconjugation can be done by many methods. There are many examples of modifications 

of cysteine and lysine in the literature. Thiol groups in cysteine can react with disulfides 
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to 'disulfide exchange', with α,b-unsaturated carbonyl compounds to 'Michael addition', 

with alkyl halides to 'alkylate' [140]. Lysine, on the other hand, can react with activated 

esters, sulfonyl chlorides, isocyanates and isothiocyanates. As a result, amides, 

sulfonamides, ureas and thioureas can be formed, respectively [141]. 

2.6.1. Bioconjugation reactions 

Bioconjugation studies, which have many examples and are still under development, are 

in an endless process of creation. There are many bioconjugates that can be used for 

different purposes and are still being created. The most important thing during 

bioconjugate selection is the purpose of the study and the most precise and short-cut 

solution that can be achieved with this study. For this reason, the bioconjugation elements 

must also vary [132]. When examined comparatively, different transport and release 

systems are needed for cancer and hormone therapy. Firstly, cancer treatment is 

considered. One of the most common cancer drugs in the literature, doxorubicin, which 

is known to be extremely toxic, is targeted to be transported to the cancerous cell directly. 

A system that will not release doxorubicin until the drug enters the cancerous tissue and 

transport it to the targeted tissue very quickly is required for this transport system [54]–

[56], [135]. On the other hand, the drugs used in hormone therapy should be released 

slowly and it should be left at an equal level until the next drug vaccination. If the system 

used in doxorubicin is used in hormone therapy, the patient will be exposed to the 

hormone drug on a high surface in a short time, and then the drug will be rapidly excreted 

from the body [142]–[144]. For this reason, it is very important to form bioconjugates 

following the purpose. In this context, appropriate elements should be selected according 

to the intended goal and the application field. Another important point is to combine these 

selected elements without toxic effects on the body. Therefore, many different 

bioconjugation reactions can be used [132]. 

Even though the variable parameters in bioconjugation reactions bring possible risks with 

itself, in general there are points to be considered in a bioconjugation reaction. The first 

point is that while the bioconjugates react with each other, they should not affect the 

intrinsic activity of the biomolecules. Otherwise, even if the aimed reaction is done, the 

treatment will not be effective because the biomolecule will lose its functionality. The 

second important point is the determination of conjugated biomolecule amount onto the 

drug after obtaining the bioconjugation reaction. In this way, a useful treatment method 
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can be developed by preventing possible non-binding of bioconjugation elements, 

increased toxic properties, and failures in the delivery/targeting system. Another 

important feature is that the bioconjugates and the bonds formed as a result of 

bioconjugation should be stable in physiological conditions. It is obvious that an effective 

treatment drug, that cannot maintain its stability after being treated in the body, cannot 

come through. In some cases, it can even lead to life-threatening situations. As an 

example, a toxic cancer drug loses its stability in the non-targeted tissue and becomes 

active, creating a destructive effect on healthy tissues. Bioconjugation reactions should 

be controllable in aqueous media and the reaction must be rapid and stoichiometrically 

efficient [132]. Biomolecules should be easily incorporated onto the structure during 

synthesis [133]. Various elements that can cause degradation of the biomolecules 

involved in the structure (such as oxidizers, reducers, etc.), should not be present. Finally, 

bioconjugates should not form non-targeted bonds with any structure in the biological 

system. Binding of drug delivery agents to a tissue, other than the targeted tissue, may 

lead to unsuccessful therapy, and in some cases may affect cell activity [132]. 

Highly preferred functional targets for creating bioconjugates are; amino acids, peptides, 

proteins, sugars, polysaccharides, glycoconjugates, nucleic acids and oligonucleotides. 

The most used reactions during bioconjugation are amine reactions (carbidiimides, 

anhydrides, NHS esters, tosylate esters, etc.), thiol reactions (vinyl sulfone derivatives, 

thiol-disulfide exchange reagent, aziridines, haloacetyl and alkyl halide derivatives, etc.), 

carboxylate reactions (N'-N'-carbonyl diimidazole, diazoalkanes and diazoacetyl 

compounds, carbodiimides), hydroxyl reactions (epoxides and oxiranes, alkyl halogens, 

isocyanates, etc.), aldehyde and ketone reactions (hydrazine and hysrazide derivatives, 

reductive amination, mannich reaction) , etc.), photochemical reactions (benzophenones, 

diazirine derivatives, etc.), cycloaddition reactions ( diels-alder reactions, click chemistry, 

etc.) [52], [53], [132], [134], [141], [145]. The topics of the wide variety of bioconjugation 

reactions that are important to this article are described below. 

2.6.1.1. Amine and carboxylic acid group reaction: carbodiimide 

Amine and carboxylic acid reactions, which are bioconjugation reactions between the 

amine and carboxyl group, were chosen as most commonly used example. EDC and NHS 

are used as catalysts in the reaction between the primary amine and the active carboxyl 

group (Figure 2.10). Amine-acid reactions are essential for bioconjugation, as it contains 
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especially amine groups which is generally main reactive group for bioconjugation 

reactions. 

 

Figure 2.10: The mechanism of carbodiimide reaction between carboxylic acid and 

primer amine reaction using EDC-NHS catalyzed. 

Antibodies are suitable agents for the drug delivery system as they have a specific and 

strong binding affinity. An antibody offers many flexible options for the bioconjugation 

reaction. Wang et al. studied the possible bioconjugation reactions that can occur between 

antibodies and nanocarriers (Figure 2.11). One example of this conjugation is the reaction 

between antibodies and nanocarriers. For this purpose, the acid terminated antibody is 

first activated with EDC. This intermediate product is formed put into reaction with the 

NHS and then active NHS-IgG antibodies are obtained. NHS-IgG antibodies react with 

the primary amine-terminated nanocarrier; Cs-NH2. As a result of this study, the 

conjugation between the antibody and nanocarrier were successfully achieved by this 

amide bond synthesis [138]. 
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Figure 2.11: Synthesis of antibody conjugation onto nanocarriers using carbodiimide 

reaction [138]. 

Another example, it can be given to conjugation between folic acid (FA) with CDs, which 

are used for drug delivery system and this thesis too. As a first step, the carboxyl group 

in FA was activated with NHS and EDC catalyze system and an intermediate form was 

obtained. This intermediate form was mixed with commercial cyclodextrin with one 

hydroxyl group changed to amine, and conjugation was accomplished in high yield in a 

short time. The potential cancer drug, docetaxel, was cavitated into the interior of the CD 

and then entry into FA-active cells was studied. The result of the study was promising 

both in terms of conjugation and its effect on cells [23]. 

 

Figure 2.12: The synthesis of FA conjugated cyclodextrin [23]. 
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As Hermanson clearly states in his book 'Bioconjugation Technique', the two-stage 

EDC/NHS catalyzed conjugation reaction happens with high yield. Although there are 

problems such as rapid collapse-precipitation during the binding of proteins, the fact that 

it is realized with high efficiency and the problems encountered are solvable have made 

this mechanism very useful [132]. 

2.6.1.2. Copper-catalyzed azide-alkyne cycloaddition: click chemistry 

Click chemistry is a type of conjugation that is widely used especially in organic 

chemistry and polymer chemistry and is known for its speed and high efficiency (Figure 

2.13). It is divided into two as Copper Free and Copper Catalyzed. Copper-catalyzed 

versions can be realized in organic solvents, or the solvent can be used as water. It is 

necessary to use suitable catalysts according to the solvent structure. Cu(I)-containing 

catalysis is usually carried out in organic solvent using the degases mechanism called 

'Freeze-Pump-Thaw'. The reactions that take place in the aquatic environment, on the 

other hand, generally prefer the inert gas bubble as degases in Cu(II) catalysis [146]. 

Click chemistry is used a lot in the field of polymer and organic synthesis, as well as in 

bioconjugation. An azide-terminated protein can be attached to an alkyne-terminated 

target and vice versa. Organic chemistry synthesis basis is used during the construction 

of this reaction, which takes in high yield. There are numerous examples in the literature; 

there are many types among these, such as protein-target conjugation, PEGylation, 

imaging agent conjugation, enzyme-enzyme conjugation [52], [145]–[150]. 

 

Figure 2.13: General equation of copper catalyzed ‘click’ chemistry. 

In the study of Zhang et al., potential inhibitor pairs were combined with copper-catalyzed 

azide-alkyne 'click' for conjugation of enzymes (Figure 1.14). When the appropriate pairs 

of synthesized enzymes conjugated, they combined with the enzyme through two 

different pathways and inhibited the enzyme. As in many similar studies, copper-

catalyzed azide-alkyne 'click' conjugation is carried out with high efficiency and 

reliability [146]. 
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Figure 2.14: A Bioconjugation application of ‘click’ reaction [146]. 

PEGylation is the most widely used bioconjugation method. By this means, the water 

solubility of many drugs is increased, their excretion from the body is facilitated and their 

toxic effects are reduced. 'Click' conjugation is one of the most used methods in 

PEGylation. For this reaction, an azide or alkyne-linked PEG polymer is synthesized and 

then attached to the target. One of the studies on this subject is Antoniuk et al. 

Accordingly, as a first step, a cyclodextrin with a mono azide at the end was synthesized. 

Then, PEG with an alkyne group at the end was conjugated. As a result of this reaction, 

the analyzes were completed and it was shown with analysis that pure PEG-CD was 

obtained. Increasing the water solubility of CD, which tends to form aggregates, is a very 

important parameter. Studies carried out in this direction have resulted in success [151]. 
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CHAPTER 3 

3.  EXPERIMENTAL PART 

3.1. Materials 

Materials used were imidazole (Sigma-Aldrich, 99%), p-toluene sulfonyl chloride 

(Sigma-Aldrich, 98%), sodium hydrogen carbonate (NaHCO3, Alfa Aesar, 99%), sodium 

sulfate anhydrous (Fisher Bioreagents, 99%), sodium hydroxide (NaOH, Merck ,98%), 

beta cyclodextrin (βCD, Sigma-Aldrich, 97%), ammonium chloride (Sigma-Aldrich, 

99%), sodium azide (NaN3, Sigma-Aldrich, 99%), 1,1,2,2-tetrachloro ethane (Sigma-

Aldrich, 98%), propargylamine (Sigma-Aldrich, 98%), copper (I) bromide (CuBr, Sigma-

Aldrich, 98%), N,N,N’,N’”,N”-pentamethyldiethylenetriamine (PMDETA, Sigma-

Aldrich, 99%) triphenylphosphine (Ph3P, Sigma-Aldrich, 99%), N3-EPPT1-FAM (NH2-

5-FAM-AHX-YCAREPPTRTFAYWGK-azido-homoalanine, 95.18% Primm SRL, 

Italy), EPPT1 (YCAREPPTRTFAYWG, C terminus capped, N terminus free >95%, 

Metabion International AG, Germany), alkyne-PEG-NHS (3000 g/mol, Rapp Polymere), 

methoxy capped-PEG (2000 g/mol, Sigma Aldrich), copper(II) sulfate pentahydrate 

(Sigma-Aldrich, 98%),   sodium L-ascorbate (Sigma-Aldrich, 99%), folic acid (Sigma-

Aldrich, >97%), N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC, 

Sigma-Aldrich), N-hydroxysuccinimide (NHS, TCI, 98%), fluorescein isothiocyanate 

(FITC, Sigma-Aldrich, >90%), Pierce™ Coomassie (Bradford) Protein Assay Kit 

(23200, Thermo Fisher Scientific), Hoechst 33342 (H3570, Invitrogen™), 

perfluorohexane (PFH, Sigma-Aldrich, 99%),  aluminum oxide (neutral, Sigma-Aldrich), 

dimethyl sulfoxide anhydrous (DMF, Sigma-Aldrich, 99.8%), acetone (Sigma-Aldrich, 

99.5%), diethyl ether anhydrous (Sigma-Aldrich, 99%), acetonitrile (Rankem, 99%), 

tetrahydrofuran, anhydrous (THF, Sigma-Aldrich 99%), triethylamine (TEA, J.T.Baker, 

>99.5%), diethyl ether anhydrous (J.T.Baker, 99%), dichloromethane anhydrous (DCM, 

Sigma-Aldrich, 99%), hexane (Sigma-Aldrich, >95%) were used as received. 
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3.2. Characterization 

1H (500 MHz) and 13C (125 MHz) spectra were recorded using an Agilent VNMRS 500 

instrument in CDCl3, d-DMSO, and D2O with Si(CH3)4 as internal standard. The particle 

size and zeta potential of NCC derivatives were determined in distilled water by dynamic 

light scattering (DLS) using Malvern Zetasizer Nano ZSP. PFH amount inside of NCC 

were detected using gas chromatography (GC) Agilent Technologies 7820A GC system 

using previously published method [20]. Fourier transform infrared (FTIR) spectra were 

recorded on an Agilent Technologies Cary 630 FTIR instrument using attenuated total 

reflectance (ATR) mode, over the range 4000-400 cm-1. For SEM imaging, samples were 

prepared by mounting them on double adhesive carbon-coated tape on aluminum stubs. 

Samples were coated with Gold/Palladium for 10s and then introduced to Gemini 500 

SEM with EDX detector. SEM images were taken at 50,000 X at 5 kV whereas Carbon 

(C), Oxygen (O) and Fluorine (F) elemental percentages were measured at 1000 X at 20 

kV with C and F traces shown as vital elements in EDX analysis. Thermogravimetric 

analyses (TGA) were done by using TGA 8000, Perkin Elmer instrument, under N2 

atmosphere with 10 °C per minute heat rate, between 30-800 °C. UV-Vis absorption 

measurements were recorded using Shimadzu UV-1800 spectrophotometer in CH2Cl2 

wherein particles were exited at 345 nm and emission recorded. SpectraMax® i3, 

Molecular Devices LLC plate scanners were used for spectroscopic analysis of 96 well 

plates. The mass spectra were recorded using a Shimadzu LC-MS 2040 C mass 

spectrometry system equipped with an Electrospray Ionization (ESI) source operating in 

positive mode (Kyoto, Japan). 

3.3. Synthesis of βCD Derivatives 

3.3.1. Synthesis of tosyl cyclodextrin (Ts-βCD) 

3.3.1.1. Synthesis of tosyl imidazole (Ts-Im)  

Imidazole (12 g, 0.17 mol), p-toluene sulfonyl chloride (35.3 g, 0.18 mol) and 100 mL 

DCM were mixed in an erlenmeyer with a magnetic stirrer. TEA (2.69 ml, 0.02 mol) is 

added the mixture after the addition of the 200 mL aqueous NaHCO3 (18.5 g, 0.22 mol) 

solution. The reaction mixture was stirred for 24 h at room temperature before the 

separated with separation funnel and dried with sodium sulfate anhydrous. The DCM was 

removed with evaporator from the resulting solution and hexane was added for the 
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crystallization in fridge. The final product, dried under reduced pressure, was obtained as 

yellow-white solid.   

3.3.1.2. Synthesis of tosyl cyclodextrin (Ts-βCD) 

βCD (10 g, 9 mmol) and 250 mL deionized water were mixed at 60 °C in a round-

bottomed flask with a magnetic stirrer until turned to clear solution. After the cooling 

down, tosyl imidazole (7.83 g, 0.035 mol) was added and unclear solution was mixed for 

2 hours at room temperature. The mixture of 4.58 g NaOH and 25 mL deionized water 

was added to the reaction solution using with dropping funnel. After the adding 

ammonium chloride (11.78 g, 0.22 mol), reaction solution was mixed overnight at room 

temperature. The resulting solution was filtered and washed with cold water and cold 

acetone. The final product, dried under reduced pressure, was obtained as white solid.  

3.3.2. Synthesis of mono-6-deoxy-6-aminopropargyl-cyclodextrin (alkyne-βCD) 

Ts-βCD (200 mg, 0.155 mmol) was solved with DMF under inert atmosphere in a round 

bottom flask with magnetic stirrer at room temperature. Propargyl amine (377.6 uL, 5.89 

mmol) was added and mixed with condenser at 60 °C for 24 h. The resulting solution was 

precipitated with acetonitrile at several times. The final product, dried under reduced 

pressure, was obtained as white solid.  

3.3.3. Synthesis of mono-6-azido-6-deoxy-cyclodextrin (azide-βCD) 

Ts-βCD (4.48 g, 3.47 mmol), NaN3 (4.52 g, 69.4 mmol) and 300 mL deionized water 

were mixed in a round bottom flask with magnetic stirrer and condenser at 100 °C for 24 

h. After the filtration of solution at room temperature, the filtered solution was 

concentrated to 30 ml. 1,1,2,2-tetrachloroethane (5.46 g, 51.61 mmol) was added the 

solution with dropping funnel and mixed the solution for 1 hour. The resulting solution 

was centrifuge at 4 °C, 3500 rpm for 25 minutes and take the white phase. The final 

product, dried under reduced pressure, was obtained as white solid.  

3.3.4. Synthesis of mono-6-amino-6-deoxy-cyclodextrin (amine-βCD) 

N3-βCD (1g, 0.862 mmol), PPh3 (0.25g, 0.948 mmol) and 25 mL DMF were mixed at 3 

h under inert atmosphere at room temperature in a round bottom flask with magnetic 

stirrer. 1 mL deionized water was added the system and mixed the reaction solution at 90 

°C at 3 h with condenser. After the removing water using with N2 gases, acetone was 
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added the system and cooled down in the fridge for 15 min. For the separation of phases, 

resulting product was centrifuged. The final product, dried with freeze drying machine, 

was obtained as white solid. 

3.4. Synthesis of Functional Nanocone Clusters (NCC) 

Alkyne-NCC, azide-NCC, and amine-NCC were synthesized as functional NCC. 20 mg 

(20% w/w) monofunctional-βCD (azide-βCD or alkyne-βCD or amine-βCD), 80 mg 

(80% w/w) βCD were solved in double-distilled water (5 mL for βCD, 5.5 mL for alkyne-

βCD, 6 mL for azide-βCD, and 5.5 mL for amine-βCD) at 60 °C stirring at 1,000 rpm to 

ensure the solubility of monofunctional- βCD derivatives. After obtaining a clear 

solution, it was allowed to reach room temperature in order to prevent the evaporation of 

PFH once it is added. After PFH (86.3 μL for alkyne-NCC, 87.3 μL for azide-NCC, and 

89.3 μL for amine-NCC) was added to the solution and stirred overnight in an ice bath, 

the solution was taken and centrifuged at 4 °C. The supernatant was decanted, and the 

resulting solid was dried under vacuum. Non-functional NCC using native βCD was 

prepared as a control based on previously published protocols [19], [21], and 

characterized with FTIR, DLS, MS, TGA, SEM, and EDAX. Yield of alkyne-NCC: 60%, 

the yield of azide-NCC: 66%, yield of amine-NCC: 64%. 

3.5. Synthesis of Bio-Conjugated Nanocone Clusters (NCC) 

3.5.1. Synthesis of folic acid conjugated nanocone cluster (FA-NCC) 

For the preparation of 2.5% folic acid-conjugated NCC, it was assumed that all amine-

βCDs are in NCC as 20% (w/w) and 2.5 mol percent of the amine groups were targeted 

for conjugation. The procedure shared previously by Hu et al. was modified [23]. Folic 

acid (FA) (2.5 eq., 0.0734 mg) was dispersed in 600 μL double-distilled water. Then, 

EDC (3 eq., 0.04 mg) and NHS (6 eq., 0.046 mg) were added to the solution and it was 

stirred at 1000 rpm for 2 h in the dark at room temperature to activate the carboxyl groups 

of FA. The synthesized amine-NCC (100 eq. corresponds to amine mole of 20% (w/w) 

amine-βCD in NCC, 40 mg) was added to the system and the resulting reaction mixture 

was allowed to proceed for 4 h. Then, the solution was centrifuged at 9,600 rpm for 1 min 

to collect FA-NCC as precipitated and wash out the other reagents. The precipitate was 

washed several times with small amount of double-distilled water and centrifuged. FA 
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conjugated NCC was collected as yellow precipitate and dried under vacuum and 

characterized by UV-Vis spectroscopy and FTIR (Yield: 50%). 

3.5.2. Synthesis of EPPT1 peptide conjugated nanocone cluster (EPPT1-NCC) 

FAM-labeled, azide end functional EPPT1 peptide is conjugated into alkyne-NCC via 

'click' reaction. Different mol percent (1, 2.5, 5 and 10) EPPT1 peptide were aimed to 

conjugate on alkyne-NCC by considering the total mole of alkyne-βCD thought to be in 

NCC. To target 1% EPPT1 on NCC; alkyne-NCC (100 eq., corresponds to alkyne mole 

of 20% (w/w) alkyne-βCD in NCC, 50 mg) was dispersed in double-distilled water (500 

μL) at room temperature and azide-EPPT1 peptide (1 eq., 0.168 mg), CuSO4 (1.5 eq., 

0.025 mg) and sodium ascorbate (1.5 eq., 0.02 mg) were added on this dispersed solution 

and degassed by nitrogen bubbling. The solution was stirred for 4 h at room temperature 

in the dark. After completion of the 'click' reaction, the reaction mixture was centrifuged 

at 9,600 rpm for 2 min to precipitate the product and CuSO4 /sodium ascorbate system 

was removed from the solution by washing several times with small amount of double-

distilled water. EPPT1-conjugated NCC was obtained as yellowish solid powder and was 

dried under vacuum (Yield: 60%). 

3.5.3. Synthesis of PEGylated nanocone cluster (PEG-NCC) 

Alkyne-PEG2000 was synthesized via esterification reaction of methoxy capped-PEG and 

4-pentynoic acid based on previously published protocols [17]. 2.5 mol percent of azide 

was aimed to be conjugated with PEG in azide-NCC. Alkyne-PEG2000 (2.5 eq., 0.41 mg), 

azide-NCC (100 eq. corresponds to azide mole of 20% (w/w) azide-βCD in NCC, 61 mg), 

CuSO4 (2.5 eq., 0.051 mg), and sodium ascorbate (2.5 eq., 0.04 mg) were dissolved in 

500μL double-distilled water at room temperature and degassed by nitrogen bubbling. 

After 4 h of stirring at room temperature, the solution was centrifuged at 12,600 rpm at 5 

min at 4 °C. The precipitate was washed several times with 100 μL double-distilled water 

and centrifuge. The precipitate was dried under vacuum overnight and characterized 

(Yield: 37%). 

3.5.4. Synthesis of EPPT1 peptide-PEG conjugated nanocone cluster (EPPT1-

PEG-NCC) 

Alkyne-PEG-NHS (1.1 eq, 16.35 mg), NH2-EPPT1 peptide (1 eq, 9 mg), EDC (1 eq, 0.95 

mg), and NHS (0.5 eq, 0.29 mg) were dissolved in pH 8.2 PBS solution and stirred for 24 
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hours at 37 °C. After 24 hours, reaction mixture was transferred into a dialysis bag with 

1 kDa cut-off value and dialyzed against first PBS solution to remove unreacted EDC and 

NHS from the system then dialyzed against water to remove salts from PBS solution. The 

resulting solution was lyophilized and characterized by 1H-NMR spectroscopy (Yield: 

92.4%).  

Azide-NCC (100 eq. corresponds to azide mole of 20% (w/w) azide-βCD in NCC, 50 

mg) was dispersed in double-distilled water (500 μL) at room temperature. Alkyne-PEG-

EPPT1 (2.5 eq., 0.78 mg), CuSO4 (2.5 eq., 0.04 mg) and sodium ascorbate (2.5 eq., 0.033 

mg) were added on this dispersed solution respectively, and degassed by nitrogen 

bubbling. The solution was stirred for 4 h at room temperature. After completion of the 

reaction the solution was centrifuged at 9,600 rpm for 2 min to precipitate the EPPT1-

PEG-NCC and the catalytic system was removed by multiple wash and centrifugation 

steps. EPPT1-PEG-NCC was obtained as white solid powders and was dried under 

vacuum (Yield: 25%). 

3.5.5. Synthesis of FITC labeled nanocone cluster (FITC-NCC) 

Alkyne-NCC (100 eq. corresponds to alkyne mole of 20% (w/w) alkyne-βCD in NCC, 

60 mg,) was dispersed in 1 mL double-distilled water, and FITC (2.5 eq., 0.087 mg) was 

added to the NCC suspension. After 4 h stirring, centrifugation at 9,600 rpm was done, 

and the precipitate was washed with 200 μL double-distillated water several times to 

remove non-reacted FITC and catalyst system. The resulting precipitate was dried under 

vacuum and protected from light exposure (Yield: 60%). 

3.6. Determination of Peptide Percentage on the Targeted NCCs 

3.6.1. Determination of peptide percentage via Ellman’s assay 

The percent of conjugated EPPT1 was calculated using Ellman’s reagent that uses the 

thiol group in the peptide to quantify the peptide amount in the system. 50 µL, 50 µM 

DTNB solution, 100 µL 1 M Tris solution, and 840 µL double distillation water were 

mixed with EPPT1 peptide as different EPPT1 peptide concentration (0-10 µL/mL). After 

5 minutes incubation in room temperature, 200 µL mixture was seeded 96 well plate as 

triplicate, and measured the absorbance at 412 nm to create calibration curve at different 

EPPT1 peptide concentration. As the same method, EPPT1-NCCs were prepared as 5 
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µg/mL solution, and UV-Vis absorption of each well was measured and collected data 

were used for determination peptide amount onto the NCCs. 

3.6.2. Determination of peptide amount via Bradford assay 

Other detection method of peptide was Bradford Assay. 660 µL Bradford Reagent was 

mixed with different amount of EPPT1 peptide solutions (0-10 µL/mL) that were already 

solved with PBS solution to create the calibration curve at different free EPPT1 peptide 

concentration. After 10 minutes incubation in room temperature, 200 µL of the mixture 

was seeded 96 well plate as triplicate, and measured the absorbance at 595 nm.Bradford 

reagent was added to EPPT1-NCCs prepared as 13.2 µg/mL solution, and UV-Vis 

absorption of the solution was measured and collected data were used for determination 

of peptide amount on the NCCs. 

3.7. Determination of FITC Percentage on the Fluorescence Labeled NCCs 

1 mg FITC was solved 10 mL PBS as stock solution and different concentrations (0-15 

µM) FITC solution were obtained by dilution. Each concentration seeded as 200 µL into 

the 96 well plate as triplicate and measured the absorbance at 490 nm to build a calibration 

curve for free FITC. To determine the FITC or FAM concentration in labeled FITC-NCCs 

and EPPT1-NCCs, their 0.5 µg/mL solution in PBS were prepared and UV-Vis 

absorptions were measured. The collected data were used for determination of FITC 

amount in the related NCCs. 

3.8. Determination of PFH Amount in the NCCs 

The amount of PFH was detected using GC based on previously published method [20]. 

Initially, a calibration curve using different amount of PFHs in 400 µL TFA and 4 µL 

anisole were build. Known concentration of NCC solution were prepared in same solvent 

system and injected into system. Detected PFC signal was compared with anisole signal 

as internal standard to quantify the amount of PFC in each mg of NCC.   

3.9. Cell Culture Procedure  

Healthy human fibroblast lung cell line (MRC-5), human epithelial cervical carcinoma 

cell line (HeLa) and human epithelial breast cancer cell line (MCF-7) were maintained in 
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DMEM medium which supplemented with 10% fetal bovine serum (FBS), 1% MEM 

non-essential amino acids, 1% Penicillin/Streptomycin and incubated 37 °C with 5% 

CO2. Human epithelial breast cell line (MCF-10A) was cultured by using mammary 

epithelial cell growth basal medium (MEBM™) and Single Quots™ kit at physiological 

conditions. All cell lines were cultured in T75 flasks, once 70-80% confluency is reached 

cells were washed with PBS and passaged by Trypsin/EDTA solution. Cells were counted 

by using trypan blue staining with a hemocytometer and seeded into required dish in 

accordance with the assay protocols. 

3.9.1. Hemocompatibility of functional and bioconjugated NCCs 

Hemolytic activities of the NCC were tested on red blood cells (RBC). 5 mL whole blood 

that is donated by a volunteer was centrifuged for 5 min at 3500 rpm, serum was removed, 

and equal volume of an isotonic saline solution (0.15 M) was added. Solution was 

centrifuged under these conditions and the process was repeated 3 times. RBC were 

diluted 10 folds using to PBS at pH 7.4, and 108 cells were obtained in 200 µL solution.  

Stock solutions of NCCs were prepared in PBS and mixed with 200 µL of RBC at 0.01 

0.1 and 0.5 mg/mL concentrations in a total volume of 1 mL in micro tubes as triplicates. 

After incubation at 37 °C for 1 hour, tubes were centrifuged at 13,000 rpm and 200 µL of 

supernatants were transferred to a 96-well plate followed by absorbance reading of each 

well at 541 nm. While 1% Triton X-100 solution treated cells used as positive control, 

untreated RBCs were used as negative control. Percent hemolysis induced by NCCs were 

calculated by equation below (3.1). 

𝐻𝑒𝑚𝑜𝑙𝑦𝑠𝑖𝑠 % =
𝑇𝑒𝑠𝑡 𝑊𝑒𝑙𝑙 − 𝑁𝑒𝑔𝑎𝑡𝑖𝑣𝑒 𝐶𝑜𝑛𝑡𝑟𝑜𝑙

𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝐶𝑜𝑛𝑡𝑟𝑜𝑙 − 𝑁𝑒𝑔𝑎𝑡𝑖𝑣𝑒 𝐶𝑜𝑛𝑡𝑟𝑜𝑙
𝑥100 (3.1) 

3.9.2. The effect of functional and bioconjugated NCCs on cell viability  

MTS ([3-(4,5-dimethylthiazol-2-yl)-5-(3- carboxymethoxyphenyl)-2-(4- sulfophenyl)-

2H-tetrazolium]) assay was used to determine the cell viability of lung fibroblast (MRC-

5) and breast epithelial (MCF-10A) cells against NCCs. 10,000 cells were seeded in the 

96-well plate and incubated for 24 h at 37 °C with 5% CO2. NCCs stock solutions were 

prepared in PBS and diluted with FBS free growth medium at 0.01 mg/mL, 0.1 mg/mL, 

0.2 mg/mL, and 0.5 mg/mL concentrations in triplicates and incubated on the seeded cells 

for 24 h under physiological conditions. After incubation time NCCs containing medium 
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was removed, cells were washed with PBS then 10 µL MTS reagent was applied on the 

cells in 100 µL culture medium, incubated for 2 hours. Untreated cells incubated with 

MTS reagent was used as positive control where reagent free untreated cells used as 

negative control. For obtaining viability data, UV absorption of each well was recorded 

at 490 nm and collected data were used for calculation of cell viability by the equation 

that given below (3.2). 

𝐶𝑒𝑙𝑙 𝑉𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦  % =
𝑇𝑒𝑠𝑡 𝑊𝑒𝑙𝑙 − 𝑁𝑒𝑔𝑎𝑡𝑖𝑣𝑒 𝐶𝑜𝑛𝑡𝑟𝑜𝑙

𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝐶𝑜𝑛𝑡𝑟𝑜𝑙 − 𝑁𝑒𝑔𝑎𝑡𝑖𝑣𝑒 𝐶𝑜𝑛𝑡𝑟𝑜𝑙
𝑥100 (3.2) 

3.9.3. Cellular uptake using confocal fluorescence microscopy 

The cellular internalization of FAM labeled targeted EPPT1-NCC and FITC labeled non-

targeted FITC-NCC into MCF-7 cancer cells and MCF-10A healthy cells were evaluated 

using confocal microscopy for different mole % conjugation at different concentrations. 

200,000 cells were seeded in glass bottomed 35 mm petri dishes and incubated for 24 h 

at 37 °C and 5% CO2. Since FAM and FITC show identical optical absorption, different 

mole % FAM labeled EPPT1 conjugated EPPT1-NCC and FITC conjugated NCC were 

dispersed in PBS solution at the equal FAM or FITC fluorophore concentration and 

applied in fresh medium onto the cells. After 4 h incubation, free materials in the medium 

were removed and the cells were washed with PBS for two times. Hoechst dye was 

applied in 1 mL fresh medium onto the cells for 10 minutes to stain the nucleus. The 

images were collected by using Zeiss Plan-Apochromat 40x/1.3 oil objective and 

analyzed by Zeiss Zen Lite 3.3 Software (FAM/FITC λEx/λEm=495/519 nm, Hoechst 

λEx/λEm=348/455 nm). 

3.9.4. Cellular uptake using flow cytometry 

Cellular uptake of EPPT1-NCCs were determined by flow cytometry analysis. Cellular 

entry of EPPT1-NCC into MCF7 were analyzed by comparing it to non-targeted FITC-

NCC at the equal number of fluorophores. MCF-7 cancer cells were seeded in 6 well 

plates at a density of 300,000 cell/well in growth medium and incubated overnight for 

adherence. Following day NCCs at different percantage were applied in fresh medium 

and incubated for 4 hours. Following incubation time cells were washed twice with PBS 

and detached by Trypsinization for 5 minutes. Detached cells were collected with medium 

and washed with PBS, after centrifugation cells were dispersed in 2% FBS containing 

PBS, passed through 40 µm cell strainer into a tube and stored on ice in dark. Cell 
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suspensions were analyzed by BD Influx™ cell sorter device and their FITC fluorescence 

intensities were recorded for 10,000 events.  

3.9.5. Cellular uptake using lysis method 

HeLa and MCF-7 cancer cell lines were chosen as folate receptor active and inactive cells, 

respectively. The cells were seeded in 6 well plates at a density of 300,000 cell/well in 

growth medium and incubate 24h at 37 °C in 5% CO2. FA-NCCs that were prepared in 

PBS as having same folate concentration, were applied onto the cells with fresh medium 

and incubated at 4 hours. Following incubation time, cells were washed twice with PBS 

solution and trypsinized for 5 minutes then detached from dish surface and collected with 

growth medium into centrifuge tubes. Then the cells were washed with PBS and 

centrifuged one more time. Supernatant was removed from the tubes and cells pellets 

were dispersed in %1 Triton X-100 solution in PBS. Tubes were incubated 15 min at 

room temperature to complete lysis and centrifuged at 13,000 rpm to remove cell debris. 

Supernatant was transferred into a 96 well plate and their UV absorption at 250 nm were 

recorded as triplicates and cell contains FA concentrations were determined by using a 

calibration curve made based on the absorption of free FA at different concentration.  

3.10. Histotripsy Cavitation Threshold Study 

Previously described tissue mimicking agarose phantom was used to test the histotripsy 

efficiency [6], [15]. To determine the cavitation threshold pressure of functional and 

bioconjugated NCC for NCC-mediated histotripsy, NCCs were embedded into agarose 

phantom at same PFH concentration. First, air free 1% w/v agarose phantom was prepared 

by mixing agarose powder (Type VII-A, Sigma Aldrich, St. Louis, MO, USA) and saline 

solution at 70 °C until obtained clear mixture and 20.5 mmHg vacuum was applied at 

40°C for 30 minutes. NCCs dispersed in PBS were added to agarose solution once it has 

cooled down to 37°C. The prepared agarose mixtures were poured into rectangular 

polycarbonate holders and sustained at 4 °C. As a control empty tissue phantom was used 

and prior the experiment agarose tissue phantom was warmed up body temperature. 500 

kHz histotripsy transducer applied pressure as a single cycle with a pulse reputation 

frequency of 0.5 Hz over a range of peak negative pressure from 0 to 31.6 MPa. 
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CHAPTER 4 

4.  RESULTS AND DISCUSSION 

4.1. Synthesis of Monofunctional βCD Derivatives 

It has been shown that NCCs are made of inclusion complexes of CD organizes around 

PFH droplets and they are effective at lowering cavitation threshold of histotripsy [20]. 

This promising agent might have the potential of bringing different tools to structure or 

even allow to combine histotripsy with other treatment, if they allow for bioconjugation 

to functionalize the surface of NCC with desired agent such as fluorophore, targeting 

agent and PEG chain. It was obvious that if NCCs are wanted to be functionalized, βCD 

as building block is supposed to be began and functionalize with commonly used 

functional groups that can give reaction with high yield in aqueous medium. For this 

purpose, βCD was mono functionalized as shown in Figure 4.1.  

 

Figure 4.1: Synthesis of monofunctional azide-βCD, alkyne-βCD and amine-βCD. 

In literature, so many different methods were shown for mono-functional βCD, di-

functional βCD, and heptakis-functional βCD. In this study, it is aimed to functionalize 

single hydroxyl group because functionalizing of single hydroxyl group out of 7 primary 

face hydroxyl group not only provides enough functional group but also substantially 

protect the βCD characteristics. As can be seen in Figure 4.1, tosylated-βCD (Ts-βCD) 

was synthesized as an intermediate structure due to the versatile structure that can be 

easily converted because of stabilization the negative charge via resonance of sulfonate 
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ions, to different functional groups such as alkyne, azide and further amine. Following 

this purpose, tosyl imidazole (Ts-Im) was synthesized and characterized with 1H-NMR 

(Figure 4.2 b). Protons of tosyl group were detected at 2.39 ppm, 7.50 ppm, and 7.96 

ppm while imidazole protons were detected 7.14 ppm, 7.74 ppm, and 8.37 ppm. After the 

obtaining high quality Ts-Im; βCD and Ts-Im was reacted to obtain Ts-βCD, with 97% 

yield. The molar mass of Ts-βCD was measured 1289 g/mol by MS spectroscopy. 

Successful synthesis of Ts-βCD was confirmed using 1H-NMR (Figure 4.2 d) that shows 

characteristic aromatic protons of tosyl groups appeared at 7.50 ppm and 7.96 ppm. 

Additionally, methyl proton of tosyl group were observed at 2.39 ppm while all the 

imidazole signals were disappeared (8.37 ppm, 7.74 ppm, and 7.14 ppm). Supporting to 

1H-NMR spectrum, in FTIR spectrum, 3270, 2924 and 1025 cm-1 signals were indicated 

the existing of βCD, while 1151 cm-1 signal that is specific O=S=O signal, indicated that 

there was a tosyl group attached to the βCD. These highly reactive intermediate was used 

to obtain functional groups on βCD such as azide-βCD, alkyne-βCD and amine-βCD 

(Figure 4.1). 

 

Figure 4.2: a) Synthesis of Ts-Im, b) 1H-NMR spectrum of Ts-Im, c) Synthesis of 

monofunctional Ts-βCD, and d) 1H-NMR spectrum of Ts-βCD. 

Alkyne-βCD was synthesized using Ts-βCD and propargyl amine with 87% yield and its 

structure was confirmed by 1H-NMR spectrum (Figure 4.3 b). While all the protons of 

tosyl group were disappeared at 7.96 ppm, 7.50 ppm, and 2.39 ppm, alkyne proton at 2.08 

ppm was appeared along with characteristic βCD protons. Mass spectroscopy was also 

confirmed the molecular weight as 1172g/mol. Additionally, specific alkyne peak at 2971 

cm-1 and specific βCD signals were detected in the FTIR spectrum of the alkyne-βCD 
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(Figure 4.3 c). In the light of this information, it can be understood that the alkyne group 

was attached instead of the tosyl group. 

 

Figure 4.3: a) Synthesis of monofunctional alkyne-βCD, b) 1H-NMR spectrum of 

alkyne-βCD, and c) FTIR analysis of βCD, alkyne-βCD and its functional and 

bioconjugated NCCs. 

Similarly, azide-βCD was synthesized with sodium azide using sodium azide with high 

yield (90%). The mass of azide-βCD was measured and founded 1159 g/mol using the 

MS spectroscopy. Since methylene proton neighboring the azide group overlaps with 

βCD’s protons, 1H-NMR analysis did not provide clear evidence (Figure 4.4 b), however 

FTIR spectrum showed that azide substitution was achieved (Figure 4.4 c). 2121.5 cm-1 

peak at FTIR spectrum was confirmed the presence of azide group. Following of these 

information, it was understood that the tosyl group was removed from structure and the 

azido group was attached instead of the tosyl group.  
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Figure 4.4: a) Synthesis of monofunctional azide-βCD, b) 1H-NMR analysis of azide-

βCD, and c) FTIR analysis of βCD, azide-βCD and its functional and bioconjugated 

NCCs. 

Finally, obtained azide-βCD was transformed to amine-βCD in the presence of PPh3 in 

DMF at 90 oC with 90% reaction yield. 1H-NMR spectrum (Figure 4.5 b) supported 

general structure and azide groups were disappeared in FTIR spectrum even though N-H 

stretching at 3300 cm-1 was overlapping with O-H stretching of βCD (Figure 4.5 c). Final 

structure of amine-βC was confirmed using mass spectroscopy giving its molecular 

weight as 1134 g/mol. 

 

Figure 4.5: a) Synthesis of monofunctional amine-βCD, b) 1H-NMR analysis of amine-

βCD, and c) FTIR analysis of βCD, amine-βCD and its functional and bioconjugated 

NCC. 
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4.2. Synthesis and Characterization of Functional NCCs 

Nanocone cluster (NCC) is made out of inclusion complexes of CD and PFC organize 

around PFC droplets. It was initially hypothesized that functional CD derivatives can be 

used as host molecules for PFC to form functional NCC instead of βCD itself. However, 

functional groups lowered the solubility of βCD in aqueous environment and resulted 

heterogeneous solution even if it is in high volume of water. Hypothesis was revised like 

using certain percentage of functional βCD along with native βCD can provide us not 

only functional NCC for further bioconjugation but also allow to have more 

biocompatible product by lowering the cytotoxicity of functional groups. Since most of 

the bioconjugated molecules appears at the surface for limited number instead of surface 

saturation, using certain portion of functional βCD sounds preferable method for 

functional NCC. Based on the solubility of functional βCD derivatives, βCD and 

functional CD were decided to mix 80/20 w/w in water to have enough functional group 

in homogeneous solution. PFH was selected as most effective PFC for histotripsy 

application [20], and it was added into the solution as 5 fold excess to ensure enough PFC 

even after post functionalization (Figure 4.6). Relatively lower solubility of functional 

βCDs enhances the chance of being in the cluster along with native βCD.  

 

Figure 4.6: Synthesis of functional NCC. 

Presence of functional group in obtained NCC were initially confirmed with FTIR 

because of the characteristic signals of azide, alkyne and amine groups. Broad OH 

stretching of βCD did not allow to observe the alkyne peak at around 3000 cm-1 however 

NH group of propargyl amine fragment was clearly observed in 3677 cm-1 for alkyne-

βCD and alkyne-NCC (Figure 4.3 c) Like alkyne-NCC, azide-NCC and amine-NCC 
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were reviewed as lower specific peak intensity that was chosen the 2121.5 cm-1 for azide-

NCC (Figure 4.4 c) and 1656.8 cm-1 for amine-NCC (Figure 4.5 c).  

Thermal Gravimetric Analysis (TGA) was chosen as the first proof of the existence of 

PFH. In this form of analysis, the mass change in the material is measured against 

increasing temperature. As it is already known to have a low boiling point, it was 

considered a suitable method to prove the presence of PFH. As seen in Figure 4.7, mass 

change was observed in the whole NCC at temperatures where it could not damage βCDs. 

While this is evidence of PFH in NCC, it is an inadequate method for quantifying PFH. 

For this reason, other methods have been tried to determine the amount of PFH. 

 

Figure 4.7: Change of weight of functional NCC and their bioconjugated products at the 

a) βCD and βCD-NCC, b) alkyne-βCD, alkyne-NCC and its bioconjugated derivative, c) 

azide-βCD, azide-NCC and its bioconjugated derivative, and d) amine-βCD, amine-NCC 

and bioconjugated derivative. 

Additionally, EDX elemental mapping was confirmed the functional groups through their 

nitrogen content (Figure 4.8). Atomic percent of N in alkyne-NCC, azide-NCC and 

amine-NCC were 0.72%, 0.94% and 0.77% whereas it was 0.07% in βCD itself 

supporting the presence of functional group in functional NCC. The content of PFH as 

another important component of the system was mainly determined using gas 

chromatography (GC) based on previously published method. According to GC results, 

the PFH amount onto NCCs were calculated 0.15 µL/mg, 0.29 µL/mg, and 0.25 µL/mg 

for alkyne-NCC, azide-NCC, and amine-NCC, respectively. EDX analysis was also 

supported the presence of PFH in NCC. Atomic percent of F in alkyne-NCC, azide-NCC 

and amine-NCC were determined as 8.17, 9.14, 6.45 compare to 10.57% of nonfunctional 

NCC (βCD-NCC) (Figure 4.8). Despite this slight decrease on atomic percent of F 
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comparing the nonfunctional one, functional NCC still contains enough PFH to be 

sufficient in histotripsy as it will be discussed later.  

 

Figure 4.8: Elemental mapping of βCD-NCC, alkyne-NCC, azide-NCC, and amine-NCC 

using EDX analysis. 

NCCs are a kind of nanoparticles consist of inclusion complex of CD derivatives around 

free PFH droplets. Their size is an important property in terms of tumor accumulation 

through enhanced permeability and retention effect (EPR). The size, size distribution and 

zeta potential and functional NCC were measured and represented in Figure 4.9. While 

βCD-NCC has the size of 169 nm, alkyne-NCC, azide-NCC and amine-NCC has the size 

of 316, 343 and 304 nm, respectively. The size of functional NCC was increased 

compared to βCD-NCC due to the low solubility of the functional βCDs. Moreover, 

nature of βCD and PFH provided negative surface charge which further increased for 

functional NCC (Figure 4.9).   
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Figure 4.9: Size, size distribution and zeta potential of functional NCC and their 

bioconjugated products at the concentration of 0.01 mg/mL. a) alkyne-NCC and its 

bioconjugated derivatives, b) azide-NCC and its bioconjugated derivatives, and c) amine-

NCC and its bioconjugated derivatives. 

4.3. Bioconjugation of NCCs 

As intended, obtained functional NCCs were used for bioconjugation which includes the 

strategies that commonly used in nanoparticles-based treatment system such as targeting, 

PEGylation, fluorophore tagging. For example, folic acid (FA) was chosen as most 

commonly use targeting agent and EPPT1 peptide was selected as more specific peptide-

based targeting agent which is selective against uMUC receptor which is overexpressed 

on breast cancer cells. Poly(ethylene glycol) (PEG) as hydrophilic and water soluble 

polymer chain are used to increase the biocompatibility of nanoparticles by lowering the 

opsonization and increasing the blood circulation time. Florescence tagging is most of the 

time a necessity to track the nanoparticle in the cell and fluorescein isothiocyanate (FITC) 

is most commonly used fluorophore for labelling. While selection of these molecules for 

bioconjugation functional groups that is reactive against the functionality of NCC were 

considered as well. For instance, EPPT1 (NH2-5-FAM-EHX-YCAREPPTRTFAYWGK-

azido-homoalanine) peptide has the azide end to conjugate on alkyne group of alkyne-

NCC while folic acid has carboxylic acid group to react with amine group of amine-NCC. 

Another aspect that was considered for successful bioconjugation to obtain optimum 

properties of final product was feeding ratio of bioconjugation (1%, 2.5%, 5%). Since the 

conjugates has different hydrophilicity or hydrophobicity, the degree of conjugation 

might potentially affect the stability and water dispersibility of the product.   
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Figure 4.10: Bioconjugation examples using functional NCC. 

Figure 4.10 shows the bioconjugated NCC using functional NCC as precursor. First, 

azide terminated EPPT1 peptide was conjugated to alkyne NCC initially with the ratio of 

1%, 2.5%, and 5% through “click” chemistry in aqueous environment in the presence of 

CuSO4/sodium ascorbate. Precipitated EPPT1-NCC was centrifuged and washed several 

times to remove the catalyst and unreacted peptide from the system. The conjugated 

EPPT1 percent was calculated using Ellman’s reagent that uses the thiol group in the 

peptide to quantify the peptide amount in the system as well as Bradford assay. The results 

showed that increasing feeding percent of peptide increases the conjugation of EPPT1 up 

to 5% and further increase to 10% did not result higher conjugation of peptide on NCC 

based on Ellman’s reagent assay (Table 4.1). The assay used for determination of the 

peptide were consistent at low feeding ratio (1.2 vs 1.1% for 1 % feeding ratio and 1.4 vs 

1.4 for 2.5% feeding ratio) however they fluctuated for 5 % feeding ratio. The calculated 

peptide % was decreased for 10 % compared to %5 feeding ratio for only Elman’s reagent 
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analysis. Even though it increased based on Bradford analysis, it did not increase 

drastically compared to 2.5% feeding ratio.  

This finding was confirmed by EDX analysis of EPPT1 conjugated NCC which clearly 

showed the change on atomic percentage by increasing the atomic percent of N up to 5% 

feeding ratio (Figure 4.11). Further increase to 10% feeding ratio did not result increase 

on N content which is proportional with the peptide content in the structure showing that 

there is a saturation points that does not allow further functionalization due to the 

increasing hydrophobicity of the NCC. Moreover, the amount of conjugated EPPT1 was 

indirectly calculated based on the absorption of FAM labeling that is already exists on the 

peptide (Table 4.1). Since FITC and FAM has identical spectral characteristics, the 

amount of FAM on NCC was determined using FITC calibration curve. As it was shown 

in Table 4.1, even though calculated about was slightly higher that the calculated amount 

of peptide because of the difference of analysis technique, ıt was still consistent with 

calculated peptide amount. 

Table 4.1: Feature of alkyne-NCC and its bioconjugated NCCs. 

Name of 

Sample 

Feeding 

%a 

Calc. 

EPPT1, %b 

Calc.  

EPPT1, 

%c 

Calc. 

FITC %d 

Calc. 

FA %e 

PFH 

(µL/mg)f 

alkyne-

NCC 
- -  - - 0.15 

EPPT1-

NCC 
1 1.2 1.1 1.5 

- 

 

 

0.14 g 

EPPT1-

NCC 
2.5 1.4 1.4 1.7 - 0.15 

EPPT1-

NCC 
5 1.9 0.9 1.1 - 0.14 g 

EPPT1-

NCC 
10 1.5 1.5 1.8 - 0.14 g 

FITC-

NCC 
2.5 - - 1.6 - 1.62 g 

FITC-

NCC 
5 - - 1.9 - 1.62 g 

azide-

NCC 
- - - - - 0.29 

PEG-

NCC 
2.5 - - - - 0.27  

PEG-

NCC 
5 - - - - 0.27 

EPPT1-

PEG-

NCC 

2.5 1.6 1.5 - - 0.29 
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EPPT1-

PEG-

NCC 

5 0.9 0.8 - - 0.19 g 

amine-

NCC 
- - - - - 0.25 

FA-NCC 2.5 - - - 1.4 0.24 

FA-NCC 5 - - - 1.2 0.24 

a The feeding percent for functionalization.  
b Percent EPPT1 in bioconjugated NCC calculated by Ellman's assay. 
c Percent EPPT1 in bioconjugated NCC calculated by Bradford assay. 
d Percent FITC in NCC calculated by fluorecense spectrometer using free FITC calibration curve. 
e Percent FA in NCC calculated by fluorecense spectrometer using free FA calibration curve. 
f PFH amount in NCC calculated by GC. Analyzing of bioconjugated NCC is not possible because of 

increasing molecular weight of building block for GC. It is assumed that PFH amount is same with its 

precursors.  
g Samples were prepared from different batches. 

 

Figure 4.11: Elemental mapping of alkyne-NCC, EPPT-NNC (1, 2.5, and 5%) and FITC-

NCC (2.5 and 5%) using EDX analysis. 
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FITC was conjugated to alkyne-NCC to not only show labeling of NCC for fluorescence 

imaging but also to use it as non-targeted NCC while it is aimed to investigate the 

targeting potential of EPPT-NCC. Previously published reaction between propargyl 

amine and isothiocyanate group was adapted to FITC conjugation on alkyne-NCC which 

its alkyne group was generated through propargyl amine [29]. Structural analysis of 

FITC-NCC was performed using 1H-NMR analysis and FITC protons were observed with 

low intensity because of low conjugation percentages. The methylene protons of N and S 

containing ring formed between propargyl amine and isothiocyanate group was traced at 

4.99 ppm indicating suggested conjugation (Figure 4.12). Similarly, the amount of FITC 

that is conjugated to NCC was calculated using calibration curve that is made using free 

FITC. The percentage of FITC conjugation was calculated 1.6% and 1.9% for 2.5 and 

5%, respectively. 

 

Figure 4.12: 1H-NMR spectrum of 2.5% conjugated FITC-NCC (complex includes βCD 

(400 eq), alkyne-βCD (100 eq), FITC-βCD(2.5 eq)). 

FA as small targeting molecules with carboxylic acid group was conjugated to amine-

NCC through EDC/NHS coupling with the feeding ratio of 2.5% and 5%. FA-NCC 

exhibited characteristic FA peaks at 1683.2, 1605.5, and 1509.4 cm-1 in FTIR spectrum 

(Figure 4.5 c). EDX analysis of FA-NCC showed that N content of FA contributes on 

atomic percent of N compared to amine-NCC and it also preserves its fluorine content 

(Figure 4.13). As it was shown in Table 4.1, FA % in NCC was calculated as 1.4 and 

1.2% for 2.5 and 5% feeding ratio, respectively, based on the calibration curve made out 
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of fluorescence absorption of free FA at different concentration. These results also 

supported that at low feeding ratio results higher functionalization. 

 

Figure 4.13: Elemental mapping of amine-NC and FA-NCC (2.5 and 5 %) using EDX 

analysis. 

PEGylation of NCC was performed through two different strategies. In the first way 2 

KDa alkyne-PEG was conjugated to NCC to obtained just PEGylated NCC. Second way 

EPPT1 targeted alkyne-PEG-EPPT1 conjugated to azide NCC to have targeted, 

PEGylated NCC. Both strategies are commonly used in nanoparticles preparation for long 

term blood circulation. Presence of PEG on PEG-NCC was confirmed through the 

degradation of PEG at different temperature than βCD-NCC during thermal gravimetric 

analysis (Figure 1.7). Moreover, EDX analysis after the conjugation of PEG and PEG-

EPPT1 reflected the results of successful conjugation. PEG conjugation did slightly 

change the C/O ratio and PEG-EPPT1 conjugation contributed on increasing the N 

content (Figure 4.14). Atomic content of percent F in the PEG-NCC decreased with the 

increasing of percentage of PEG conjugation. This is most probably because of solubility 

contribution of hydrophilic PEG chain that might cause unbalancing of the NCC 

precipitate. 
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Figure 4.14: Elemental mapping of azide-NCC, PEG-NCC (2.5, 5 and 10 %) and EPPT1-

PEG-NCC (2.5 %) using EDX analysis. 

The size and surface charge of all the bioconjugated NCC were analyzed and compare 

with their pristine NCC in Figure 4.9. The size of 1 and 2 % EPPT1 targeted NCC was 

measured as 362.3 nm and 399.6 nm, respectively and it is slightly higher than its 

precursor (alkyne-NCC) which was measured as 316 nm. Further 5% peptide conjugation 

into NCC surface caused significant size increase such as 564.1 nm (Figure 4.9 a), since 

increasing peptide content decreases the water dispersibility properties of the NCC. This 

statement was also supported with the size measurement of 10% EPPT1 conjugated NCC 

mentioned in Table 4.1 which was obtained as 1084 nm. However, this problem can be 

solved by conjugation EPPT1 peptide and PEG together on NCC (Figure 4.9 b) which 

provides well disperse solution with NCC that contains hydrophilic and hydrophobic 

segments together to have a balance. Especially 2.5% PEG-NCC and EPPT-PEG-NCC 

showed size as 240.6 nm and 211.6 nm, respectively. Once feeding ratio was increased 

to 5% for PEG-NCC and EPPT1-PEG-NCC, size also kept decreasing to 231.5 and 201.0 

nm, respectively, which clearly indicates that PEGylation caused size decrease. On the 

other hand, FA has more hydrophobic feature and the size increase can be expected as 

natural as well as with increasing feeding percent. The result supported this expectation 

and was measured as 468.0 nm for 2.5 % FA-NCC and 504.4 nm for 5% FA-NCC (Figure 

4.9 c). 
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Due to the nature of βCD and PFH the NCC shows the negative surface charge. EPPT1 

peptide conjugation initially increased the negative surface charge which followed by 

decrease on it because of dispersion problem. Conjugation of PEG on NCC surface is 

supposed to expected to increase in negative surface charge due to the negatively charged 

PEG, however increasing in the PEG content shows decrease on negative charge which 

might be a signed of leaving of PEG-βCD fragment from NCC because of increasing 

solubility and leaving the native βCD-NCC behind. Once PEG is balanced with 

something hydrophobic, charged has balanced and increase to -39 mV indicating the 

stability potential of the particle.  

Overall, even though the size of some bioconjugated NCC have a tendency to be higher 

than 300 nm, it is possible to obtain targeted NCC at around 200 nm by tuning the surface 

hydrophilicity and hydrophobicity.  Although endocytosis is not required for NMH 

treatment and it can be effective as long as there is enough NCC accumulated in the tumor 

tissue, it is accepted that smaller size is better for tumor accumulation and there is chance 

to tune the bioconjugated NCC’ size by tuning the surface properties. 

4.4. Biocompatibility Evaluation of Bioconjugated-NCCs 

Since it is preferred to inject intravenously, the hemocompatibility of bioconjugated 

NCCs is important. Red blood cell interaction of different surface functional NCC and 

their precursors were investigated at three different concentration against Triton X-100 

as positive control (Figure 4.15). All NCC derivatives did not show hemolytic activities 

which was below 7% and bioconjugation lowered the hemolytic activity as expected. 

βCD and functional NCC showed the hemolytic activity within the range of 6.0-6.7% for 

the higher concentration and it decreased by concentration to the range of 5.5-6.2% 

(Figure 4.15 a). FITC and FA and conjugated NCC followed same concertation 

dependent trend on hemolytic activities within lower range as 4.5-5.9% (Figure 4.15 b). 

Similarly, but with lower hemolytic activities, PEG-NCC generally showed decreased in 

red blood cell interaction and hemolysis percent was lower than 5% for all concentration.  
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Figure 4.15: Hemolytic activities of a) functional NCC, and b) and c) bioconjugated 

NCC at different concentration under physiological conditions. Statistically significant 

differences were evaluated using the two-way ANOVA plus Tukey’s posthoc comparison 

test. All samples were compared with untreated cells (top of each bar) and also between 

each other (showing using pair representation). Symbols that are assigned to each 

concentration denote p≤ 0.1 for *, p≤ 0.01 for , p≤ 0.001 for , and p≤ 0.0001 for . 

Although the low hemolytic activity is a good indicator for the biocompatibility of NCC 

derivatives, how do they interact with healthy cell is another important aspect of 

biocompatibility since the histotripsy itself does not harm the healthy cells and used agent 

for histotripsy is expected to be non-cytotoxic. Due to the fact that fibroblast cells are 

most abundant cell and be made of basic framework of tissue and organs, MRC-5 healthy 

lung fibroblast cells were used to scan all functional NCC and bioconjugated NCC at 

different concentration range from 0.01 µg/µL to 0.5 µg/µL using MTS assay (Figure 

4.26). In general, functional NCC showed cell viability higher than 81% at concentration. 

As expected bioconjugation did not change this behavior and bioconjugated NCC even 
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showed slightly higher cell viability comparing to their functional precursors tested 

especially for EPPT1, PEG and EPPT1-PEG conjugated NCC. This trend was more 

visible for PEGylated NCC and targeted PEGylated EPPT1-PEG-NCC.  

 

Figure 4.16: Cell viability study of a) functional NCC, and b) and c) bioconjugated NCC 

on MRC-5 cells using MTS Assay. Statistically significant differences were evaluated 

using the two-way ANOVA plus Tukey’s posthoc comparison test. All samples were 

compared with untreated cells (top of each bar) and also between each other (showing 

using pair representation). Symbols that are assigned to each concentration denote p≤ 0.1 

for *, p≤ 0.01 for , p≤ 0.001 for , and p≤ 0.0001 for . 

Even though it is not significant, it was interestingly noticed that cell viability generally 

increases with increasing concentration especially for the highest concentration of EPPT1 

and FITC containing samples. This might be due to the overlapping of optical absorbance 

of FITC and MTS reagent at measurement wavelength which may contribute positively 
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to cell viability. To address this concern, the cell viability experiment was repeated using 

Resazurin assay which has the optical absorbance at different wavelength than FITC. 

Results showed that the cell viability did not significantly change but it showed more 

noticeable trend on decreasing cell viability with increasing NCC concentration (Figure 

4.17). Still, bioconjugated NCCs showed cell viability higher than 82%. 

 

Figure 4.17: Cell viability study of a) functional NCC, and b) and c) bioconjugated NCC 

on MRC-5 cells using Resazurin Assay. Statistically significant differences were 

evaluated using the two-way ANOVA plus Tukey’s posthoc comparison test. All samples 

were compared with untreated cells (top of each bar) and also between each other 

(showing using pair representation). Symbols that are assigned to each concentration 

denote p≤ 0.1 for *, p≤ 0.01 for , p≤ 0.001 for , and p≤ 0.0001 for . 

EPPT1 recognizes the uMUC1 receptor at the surface of breast cancer cells which 

overexpresses the receptor more than 90% comparing the healthy cells. In order to show 

the treatment potential and targeting ability of EPPT1-NCC or EPPT1-PEG-NCC, the 

interaction with health breast cell is supposed to be investigated to show their 
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biocompatibility against healthy cells. Figure 4.18 shows the results of cell viability 

assessment of MCF-10A as human epithelial breast cell line. More than 80% of the cell 

were alive when they treated with precursors that used to obtain either EPPT1-NCC or 

EPPT1-PEG-NCC. EPPT1 targeted and FITC-NCC as nontargeted did not showed 

different behavior except EPPT1-PEG-NCC as targeted, PEGylated NCC which 

increased the cell viability more than 90% indicating that PEGylated, targeted NCC might 

be better candidate with better biocompatibility. 

 

Figure 4.18: Cell viability study of a) functional NCC, and b) and c) bioconjugated NCC 

on MCF-10A cell line using MTS Assay. Statistically significant differences were 

evaluated using the two-way ANOVA plus Tukey’s posthoc comparison test. All samples 

were compared with untreated cells (top of each bar) and also between each other 

(showing using pair representation). Symbols that are assigned to each concentration 

denote p≤ 0.1 for *, p≤ 0.01 for  , p≤ 0.001 for  , and p≤ 0.0001 for . 

Next concern was the explore the efficiency of applied bioconjugation which indirectly 

shows the successful conjugation and the usability for desired treatment. General practice 
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for targeted nanoparticles in the literature is either compare targeted and nontargeted 

particles internalization into cancer cells or compare the cellular entry of targeted particles 

into cancer and healthy cells to show the selectivity of targeting agent to the cell surface. 

Both strategies were followed in this study, and results represented in Figure 4.19. To 

examine the contribution of EPPT1 in cellular uptake, different percentage EPPT1 

containing NCC were compared, and their fluorophore concentrations were tuned to be 

at the same concentration (16 µg FITC/mL) on nontargeted FITC-NCC in order to 

compare the fluorescence intensity inside the cells using confocal microscopy. After 

incubating targeted and nontargeted NCC with the cells for 4 h, the nucleus was blue 

colored with Hoechst dye. Figure 4.19 a shows that EPPT1 targeted particles showed 

brighter green fluorescence than nontargeted FITC-NCC which also supported with 

quantitative analysis of the images (Figure 4.19 c). 1% EPPT1-NCC showed the higher 

cellular uptake on MCF-7 cancer cells and followed by 2.5% EPPT1-NCC, however 

further increase on EPPT1 percent on NCC did not result with increase in cellular uptake 

most probably because of poor dispersibility properties of the NCC. %5 feeding ratio was 

determined as limit of surface functionalization since fluorescence intensity in the cell 

stayed at the same level even if feeding ratio is increased up to 10%. The efficacy of 

EPPT1 dependent cellular internalization into cancer cells was validated repeating the 

experiment using healthy MCF-10A cells under same condition. The result showed that 

targeted EPPT1-NCC were not selective against MCF-10 A cells (Figure 4.19 b) 

comparing to nontargeted FITC-NCC which showed almost same level fluorescence 

intensity for both cancer and health cells (Figure 4.19 d).  
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Figure 4.19: Confocal fluorescent images showing internalization of EPPT1-NCC and 

FITC-NCC into a) MCF-7 human breast cancer cells, and b) MCF-10 A human health 

epithelial breast cells. The green fluorescent originates from FITC conjugated EPPT1-

NCC and FITC-NCC NCC derivatives where Hoechst dyed nucleus shows blue 

fluorescence (Scale bar: 50 μm). Quantitative evaluation of fluorescence intensity for c) 

MCF-7, and d) MCF-10A cells were achieved by normalizing fluorescence intensity of 

internalized FITC against Hoechst fluorescence. (*p≤ 0.1, **p≤ 0.01, ***p≤ 0.001, 

****p≤ 0.0001). 

Selective cellular internalization of EPPT1-NCC derivatives was additionally verified by 

comparing fluorescent intensities of NCCs treated and untreated MCF-7 cells that are 

examined using a flow cytometer. FITC fluorescence of each tubes was recorded by 

10,000 events as seen in Figure 4.20 a, untreated MCF-7 cells show negligible 

fluorescence when compared to NCC treated cells. Non-targeted FITC-NCC exhibited 

almost identical fluorescence with untreated cells indicating the lowest cellular entry 

while 1 % EPPT1-NCC showed the highest profile that is followed by 2.5 % EPPT1-
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NCC. In parallel to the confocal microcopy results represented in Figure 4.19, 10 % 

EPPT1-NCC showed close and slightly lower cellular internalization than % 5 EPPT1-

NCC. All these data collectively indicated that lower feeding percentage allows more 

controlled functionalization at the surface with better dispersibility properties as a 

requirement of effective targeted nanoparticles. 

As commonly used targeting agent, the targeting potential of FA was also investigated. 

Cellular internalization of FA-NCCs could not be conducted by using flow cytometer due 

to the lack of compatible light source on the device. Therefore, cell lysis experiment was 

selected as commonly used method in the literature to show the cellular internalization 

differences between folate receptor positive HeLa and negative MCF-7 cancer cells. FA-

NCC (2.5 and 5 %) were incubated for 4 hours with these cell lines and lysed with Triton 

X-100 to read the absorbance of supernatant at 250 nm which is associated with FA 

absorbance. The results showed that FA receptor negative MCF-7 cells did not show any 

selectivity against FA-NCC (Figure 4.20 b), whereas FA receptor positive HeLa cells 

exhibited clear difference on internalization on the cell (Figure 4.20 c). 2.5% FA-NCC 

significantly showed the better internalization compared to untreated cells as well as 5% 

FA-NCC. These data consistence with the data presented in Table 1 since 5% feeding 

ratio of FA did not resulted higher functionalization than 2.5% feeding ratio. This 

supported the idea that increasing number of FA at the surface increases the 

internalization. Given the fact that FA receptor negative MCF-7 did not show any 

selectivity, this internalization happens through FA receptor as FA selective.  
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Figure 4.20: a) Histograms showing fluorescent intensities of EPPT1-NCC, FITC-NCC 

derivatives treated and non-treated cells against 10.000 events (Ex/Em:488/530 nm). 

Quantitative evaluation of fluorescent intensity using Lysis Method in b) MCF-7 and c) 

HeLa. FA was detected at 250 nm in FA-NCC treated cells. Statistically significant 

differences were evaluated using the two-way ANOVA plus Tukey’s posthoc comparison 

test. All samples were compared with untreated cells and also between each other (shown 

with pair representation; *p≤ 0.1, **p≤ 0.01, ***p≤ 0.001, ****p≤ 0.0001). 

Finally, the ability of bicoconjugated NCC to lower the cavitation threshold pressure were 

tested to show whether they can be used as cavitation nuclei for NMH. An agarose tissue 

phantom that can be mechanically mimic the tissue was used for the cavitation threshold 

experiment under the physiological conditions. Functional NCC and bioconjugated NCC 

were tested under the same PFH concentration that is determined using GC analysis and 

given in Table 4.1. As can be seen in Figure 4.21, functional NCC that used as precursor 

to obtained final bioconjugated NCC exhibited similar behavior under the single cycle 

ultrasound pulse and lowed the cavitation threshold pressure as low as 10.0 MPa which 

is close to previously published nonfunctional PFH containing NCC clusters [20]. 
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Figure 4.21: Comparison of cavitation threshold pressure of alkyne-NCC, azide-NCC 

and amine-NCC mediated histotripsy. 

Bioconjugated NCC such as EPPT1 or FA targeted, FITC labeled and PEGylated NCCs 

were also tested as final structure that will be used for desired application to enhance the 

targetability, traceability or biocompatibility of the NMH. All tested NCC were able to 

lower to cavitation threshold as it represented in Figure 4.22. 1% EPPT1-NCC and 2.5% 

FA-NCC showed the scattered bubble clouds, while rest of the compositions showed 

more compact cloud formation. Only 2.5% EPPT1-PEG-NCC exhibited slightly higher 

cavitation threshold as 12.2 MPa however it had more precise bubble cloud which is still 

enough to have an effective treatment. The data collectively shows that bioconjugated 

NCCs are good enough to have an effective NMH as long as they have enough PFH to 

create cavitation threshold and they can be used as functional nanoparticles to combine 

with different treatment options with NMH. 
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Figure 4.22: Comparison of cavitation threshold pressure of FA-NCC, EPPT1-NCC and 

EPPT1-PEG-NCC and FITC-NCC mediated histotripsy. 
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CHAPTER 5 

5.  CONCLUSIONS AND FUTURE WORK 

This study was focused to investigate the bioconjugation potential of NCC to have 

advanced tools to combine NMH with different nanoparticles properties. Initially, 

monofuctional CD was obtained with different functionalities as building block of NCC 

to prepare PFH containing functional NCC as precursor for bioconjugation. Next, the 

selected functional groups were used to conjugate EPPT1 peptide as peptide based 

specific and FA as most commonly used targeting via “click” reaction and EDC/NHS 

coupling, respectively. PEGylation is one of the most frequently used tools for 

nanoparticles to improve their blood circulation time and biocompatibility. PEGylation 

of NCC was perform by either direct conjugation of PEG on NCC surface or EPPT1-PEG 

containing chains conjugation to NCC to have targeted PEGylated NCC. Finally, 

fluorescence labeling was chosen using FITC conjugation on NCC through alkyne and 

isothiocyanate groups’ reaction. The results were shown that it is possible to obtain 

bioconjugated NCCs with the size around 200 nm by tuning the hydrophobic-hydrophilic 

balance of bioconjugates on the surface of NCC. This hydrophobic-hydrophilic balance 

contributed on redispersion properties of bioconjugated NCC. Increasing hydrophobic 

conjugation made the dispersion difficult, however once it is balance with hydrophilic 

PEG, it provided more dispersible PEGylated, EPPT1 targeted NCC compared to EPPT1-

NCC. The results collectively showed that lower feeding percentage for bioconjugation 

provides better NCC properties in terms of size and cell interaction. The data was 

supported by the selective internalization of targeted NCC into cells which lower 

percentage conjugation on the surface provided better dispersed nanoparticles that can 

interact with cell and internalize more effectively. It was also proved that all functional 

NCCs and bioconjugated derivatives are biocompatible and does not significantly lower 

the cell viability. Finally, the ability of lowering cavitation threshold pressure of 

functional NCC or bioconjugated NCC mediated histotripsy were tested and compared at 
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equal PFH concentration. It was clearly showed that these NCCs were able to lower 

cavitation threshold pressure for histotripsy. The data not only suggested functional NCC 

and bioconjugated NCC can be used as NMH agent, it can also be a tool to combine 

histotripsy with different treatments. They clearly allow to introduce new feature to NMH 

especially for future in-vivo studies. 
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