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EXPLORING DRUG LOADING AND RELEASE CAPACITIES OF 

HEXAGONAL BORON NITRIDES (hBNs) IN CANCER TREATMENT 

SUMMARY 

Cancer disease is one of the most common and severe diseases caused by 

uncontrollable cell division, one of the leading causes of death worldwide. Cancer is 

as old as human history, and no matter how advanced the current treatment methods 

are, they are still insufficient. The biggest reason for inadequate treatment methods is 

that cancer is a disease specific to the individual, so appropriate treatment is required. 

Various nanocarrier systems were used for reducing the side-effects of cancer 

treatment, to ensure that the drug reaches the targeted area instead of healthy tissues, 

and to increase the healing rate of patients. This study it is aimed to design a new 

nanosystem that can be used in cancer treatment. For this purpose, an anticancer drug's 

loading, and release performance on hexagonal boron nitrides (hBNs), which are small 

in size, unique in physicochemical, biocompatible, and attract attention in the 

biomedical field, were investigated under suitable conditions. 

In the study, after synthesizing hBNs by a Chemical Vapor Deposition (CVD) method 

with boric acid, a boron precursor, the spectroscopic and morphological 

characterization of hBNs were accomplished by using Ultraviolet/Visible (UV/Vis), 

Fourier Transform Infrared (FT-IR), Transmission Electron Microscopy (TEM), 

Scanning Electron Microscopy (SEM), Dynamic Light Scattering (DLS), Atomic 

Force Microscopy (AFM), and Thermogravimetric Analysis (TGA) techniques. 

According to these characterization techniques, hBNs were obtained with high purity, 

uniformity, and similar to thrombocytes. In the next step, the drug-hBN interaction 

was performed as a non-covalent interaction in different pH mediums (6.0 and 9.0) to 

determine the optimum loading condition. Moreover, drug loading experiments were 

examined with various drug:hBN ratio (1.25/3.0, 2.5/3.0, 5.0/3.0) in each pH medium. 

It was found that the most efficient loading conditions occurred at pH 9.0 with a 

drug:hBN = 5.0/3.0 ratio. According to the results, the maximum loading capacity 

(32.8%, 0.657 mg/mg) proves that this study achieved an extremely high drug loading 

efficiency compared to other studies reported in literature. Efficient drug loading has 

also been established by UV/Vis, FT-IR, SEM, size distribution, and Zeta potential 

techniques, and all results support each other.  

In the study, drug release experiments were achieved by UV/Vis. It was performed in 

two different pH mediums (4.5 and 7.4) according to the pH of cancer cell tissue (4.5-

6.5) and the pH of healthy cell tissues and the bloodstream (7.4). It is desirable from 

drug delivery systems that the cancer drug should be as stable as possible in the 

nanocarrier and not be released into the bloodstream except for "minimum drug 

leakage". In this study, the optimum efficiency of drug release at pH 7.4 medium was 

obtained by the drug-hBN system with a ratio of 2.5/3.0. Furthermore the amount of 

drug release was 0 mg/mg in the first 5 minutes and 0.005 mg/mg in the first 24 hours 

demonstrates that this thesis is a very promising study. In addition, these release results 

at pH 7.4 were whereas the strong π-π interactions between drug-hBN nanosurfaces, 
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thus proving that hBNs have significantly superior drug-loading capacity. Moreover, 

the highest amount of release in pH 4.5 medium was performed as 0.033 mg/mg in the 

first 5 hours. Once and for all, release kinetic models and drug release kinetics were 

investigated to support drug release studies. Therefore, Zero Order, First Order, 

Korsmeyer-Peppas, Higuchi, and Hixson-Crowell Models were used, and the drug 

release mechanism of each model was explained in detail. In conclusion, it is predicted 

that the drug-hBN nanosystem designed in this study will be significantly successful 

in cancer treatment. 
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HEGZAGONAL BOR NİTRÜRLERİN KANSER TEDAVİSİ İÇİN İLAÇ 

YÜKLEME VE SALIM KAPASİTELERİNİN ARAŞTIRILMASI 

ÖZET 

Kanser, dünyadaki ölüm nedenlerinden biri olan, kontrolsüz hücre bölünmesi ile 

oluşan en ciddi ve yaygın hastalıklardan biridir. Kanser hastalığı, insanlık tarihi kadar 

eskidir ve mevcut tedavi yöntemleri ne kadar gelişse de hâlâ yetersiz kalmaktadır. 

Tedavi yöntemlerinin yetersiz kalmasının en büyük sebebi, kanserin kişiye özgü bir 

hastalık olmasıdır, dolayısıyla etkili bir kanser tedavisi için kişiye özgü uygun bir 

tedavi gerekmektedir. Ancak tedavi yöntemlerinin birçoğu tümörlü bölgeyi onarırken, 

aynı zamanda sağlıklı dokulara da zarar verdiği için tedavi süreci hem hasta hem de 

hasta yakınları açısından zorlaşmaktadır. Dünya Sağlık Örgütü’nün öngördüğü 

bilgilere göre, 2030 yılına kadar 11,5 milyon kişinin kanser yüzünden hayatını 

kaybedeceği ve yeni kanser vakalarının çıkabileceği tahmin edilmektedir. Bu 

doğrultuda kanser tedavisinin yan etkilerini azaltmak, ilacın sağlıklı dokular yerine 

doğrudan hedeflenen bölgeye ulaşmasını sağlamak ve hastaların iyileşme oranını 

artırmak amacıyla çeşitli nanotaşıyıcı sistem tasarımları yapılmaktadır. Bu çalışmada, 

kanser tedavisinde kullanılabilecek yeni bir nanotaşıyıcı sistem tasarlamak 

amaçlanmıştır. Bu amaç doğrultusunda, küçük boyutlu, eşsiz fizikokimyasal yapılı, 

biyouyumlu ve biyomedikal alanda her geçen gün daha çok ilgi çeken, bor ve azot 

atomlarının eşdeğer sitokiyometrisinden oluşan, altıgen yapılı hegzagonal bor 

nitrürlere (hBN), bir antikanser ilacının uygun koşullarda yüklenme ile salım 

performansları incelenmiştir. 

Çalışmada, kimyasal buhar biriktirme yöntemine göre borik asit bor öncüsü ile 

sentezlenen hBN’lerin spektroskopik ve morfolojik karakterizasyonu, 

Ultraviyole/Görünür Spektroskopisi (UV/Vis), Fourier Dönüşümlü Kızılötesi 

Spektroskopisi (FT-IR), Geçirimli Elektron Mikroskobu (TEM), Taramalı Elektron 

Mikroskobu (SEM), Dinamik Işık Saçılımı (DLS) ve Atomik Kuvvet Mikroskobu 

(AFM) ve Termogravimetrik Analiz (TGA) teknikleri ile detaylı bir şekilde 

incelenmiştir ve sentezlenen hBN’lerin literatürle uyumlu olarak yüksek saflıkta, tek 

tip ve trombositlere benzeyen yapı sergilediği saptanmıştır. Daha sonraki çalışmada, 

optimum ilaç yükleme koşulunu belirlemek için ilaç-hBN etkileşimi, non-kovalent 

etkileşim olarak iki farklı pH ortamında (6,0 ve 9,0) ayrı ayrı incelenmiştir. Aynı 

zamanda, her bir pH ortamında farklı ilaç:hBN oranı (1,25/3,0, 2,5/3,0, 5,0/3,0) ile 

hBN miktarı ve ilaç çözeltisi konsantrasyonu sabit tutularak ilaç yükleme deneyleri 

oda sıcaklığı koşullarında yapılmıştır. Her bir deney, en az 3 kez tekrarlanmış ve 

ortalamaları alınmıştır. Böylece bu çalışma kapsamında en verimli yükleme koşulları 

(pH ortamı 9,0 ve ilaç:hBN = 5,0/3,0) bulunmuştur. Sonuçlara göre, hesaplanan 

maksimum ilaç yükleme kapasitesi 0,657 mg/mg’dir. Bu sonuç, literatürde hBN 

nanomalzemesi ile yapılan diğer çalışmalara göre son derece yüksek bir ilaç yükleme 

verimi elde edildiğini kanıtlamaktadır. İlacın verimli bir şekilde yüklendiği, UV/Vis, 
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FT-IR, SEM, DLS ve Zeta potansiyeli teknikleriyle de kanıtlanmıştır. Karakterizasyon 

analizlerinin tüm sonuçları birbirini destekler niteliktedir. 

Çalışmanın devamında, ilaç salım deneyleri yapılarak hBN nanomalzemelerinin ilaç 

salım performansı detaylı bir şekilde incelenmiştir. UV/Vis ile hesaplanan ilaç salım 

deneyleri, kanser hücre dokusu pH’ı (4,5-6,5) ve sağlıklı hücre dokuları (7,4) ile kanın 

pH’ına (7,4) göre iki ayrı pH ortamında (4,5 ve 7,4), vücut sıcaklığı temel alınarak 37 

°C’de gerçekleştirilmiştir. Bu çalışmadaki ilaç salım deneyleri, ilaç yükleme kapasitesi 

en yüksek olarak saptanan 2,5/3,0 ile 5,0/3,0 ilaç:hBN oranlarındaki nanosistemler 

üzerinde yapılmıştır. Kanser ilacının nanotaşıyıcı içinde mümkün olduğunca stabil 

olması ve kan dolaşımında sadece “minimum ilaç sızıntısı” dışında salınmaması, ilaç 

taşıyıcı sistemlerden istenilen durumdur. Bu koşul sağlandığı takdirde tasarlanan ilaç 

taşıyıcı sistemin başarılı olacağı öngürülmektedir. Bu doğrultuda, çalışmanın pH 7,4 

ortamındaki ilaç salımının maksimum verimi, ilaç:hBN oranı 2,5/3,0 olan 

nanosistemde elde edilmiştir. İlaç salım miktarının ilk 5 dakikada 0 mg/mg ve ilk 24 

saatte 0,005 mg/mg olması, sistemin kontrollü ilaç taşıyıcı olduğunu ve çalışmanın son 

derece umut vaat ettiğini göstermektedir. Ayrıca bu sonuç, ilaç-hBN nanoyüzeyleri 

arasındaki güçlü π-π etkileşimlerinden de kaynaklıdır, böylece hBN’lerin son derece 

üstün ilaç yükleme kapasitesine sahip olduğu bir kez daha kanıtlanmıştır. pH 4,5 

ortamındaki en yüksek salım miktarı ise ilk 5 saatte 0,033 mg/mg olarak 

kaydedilmiştir. İlaç salım deneylerinin her biri, en az 3 kez tekrarlanmış ve 

ortalamaları alınmıştır. İlaç salım çalışmalarını desteklemek amacıyla, salım kinetiği 

modelleri ile ilaç salım kinetikleri matematiksel olarak incelenmiştir. Bunun için 

Sıfırıncı Mertebe, Birinci Mertebe, Korsmeyer-Peppas, Higuchi ve Hixson-Crowell 

modelleri kullanılmış ve her bir modelin ilaç salım mekanizması detaylı bir şekilde 

açıklanmıştır. Uygun ilaç salım kinetiği modeli, matematiksel olarak korelasyon 

katsayısının (R2) 1’e en yakın sonuç veren modelinin seçilmesi ile yorumlanmaktadır. 

Böylece 2,5/3,0 ilaç:hBN oranındaki nanosistemin pH 4,5’daki ilaç salım modeli, 

Higuchi (R2=0,94) modeli ile açıklanmaktadır. 2,5/3,0 ilaç:hBN oranındaki 

nanosistemin pH 7,4’teki salım modeli ise, en yüksek R2 değerinin 0,41 olmasından 

dolayı bu tez kapsamında incelenen hiçbir kinetik model ile uyumlu değildir. 5,0/3,0 

ilaç:hBN oranında hazırlanan nanosistem için ise hem pH 4,5’daki hem de pH 7,4’deki 

salım modellerinin her ikisi de Korsmeyer-Peppas modeli ile açıklanmaktadır 

(sırasıyla R2=0,92 ve 0,90).  

Elde edilen tüm veriler değerlendirildiğinde, kanser hastalığı için alternatif bir tedavi 

yöntemi olarak tasarlanan MTX-hBN nanosisteminin önemli ölçüde umut verici 

olduğu ve özellikle hedefe yönelik kanser tedavisinde çok önemli bir rol oynayacağı 

öngörülmektedir. 

Gelecekteki çalışmalarda ise, ilaç yükleme kapasitesini artırmak ve hBN'lerin 

biyouyumluluğu üzerindeki az sayısa sınırlı belirsizliği tamamen ortadan kaldırmak 

amacıyla uygun biyomalzemeler ile fonksiyonelleştirme işlemi yapılması 

önerilebilmektedir. hBN'nin nanotaşıyıcı olarak kullanımında herhangi bir 

fonksiyonelleştirme şartı olmamakla birlikte, yapısını güçlendirmek, hBN'lerin 

dağılım özelliğini iyileştirmek, yükleme-kapasitesini ve asidik koşullardaki ilaç salım 

miktarını artırmak ve uygun hedefleme ajanı eklemek amacıyla çeşitli biyomalzemeler 

ile fonksiyonelleştirme yapılabilmektedir. Bu çalışmanın devam niteliğinde olacak 

diğer çalışmalar için, hBN'lerin sonikasyon ile fonksiyonelleştirilmesi, diğer 

yöntemlere göre daha ucuz olması ve saflaştırma için herhangi bir ek işlem 

gerektirmemesi sayesinde önerilebilir. Diğer bir öneri ise literatürdeki çalışmalara 

göre hedefleme ajanı olarak seçilen Folik asit biyomolekülü ile fonksiyonelleştirilme 



xxv 

işleminden sonra ilaç yükleme kapasitesinin yaklaşık 3 kat artması, Folik asite benzer 

biyomoleküller seçilmesi durumunda fonksiyonelleştirme çalışmalarının umut vaat 

ettiğini kanıtlamaktadır.  

Sonuç olarak hem kanser tedavisinde kullanılan tedavi yöntemlerinin zararlı yan 

etkilerini en aza indirgemek hem de ilacın kanda ihmal edilebilir düzeyde salınması 

sayesinde, ilacın hedeflenen bölgeye taşınırken sağlıklı hücrelere zarar vermemesi 

açısından umut verici bir nanotaşıyıcı sistem tasarlandığı için bu çalışma son derece 

önem taşımaktadır ve gelecek çalışmalar için öncü olacaktır. 
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 INTRODUCTION  

Cancer is a disease defined as uncontrolled cell growth due to mutation in cell DNA, 

tissue or organ. Although cancer disease is as old as the history of humanity, it is seen 

that the current treatments are insufficient as it is one of the diseases in which the most 

deaths occur today. The death of 1 out of every 10 human diagnosed with cancer 

indicates how severe this disease is. It has been stated in studies that if early diagnosis 

and appropriate treatment methods are not provided, deaths will be increased even 

more than the present. On the other hand, unfortunately, drugs used in cancer treatment 

kill healthy cells and even weaken the body's immune system, which is the most 

significant disadvantage of chemotherapy. Besides, nanotechnological developments 

and drug delivery systems are used to ensure that the cancer drug only reaches the 

targeted cancerous area; therefore, healthy cells are not damaged. For this purpose, 

studies on the design and progress of drug delivery systems capable of targeted 

controlled drug release are increasing. In addition to graphene and carbon nanotubes, 

the most known carbon-based nanocarriers in recent years, the non-toxicity of 

hexagonal boron nitrides (hBN), consisting of boron (B) and nitrogen (N) atoms, the 

structural analog of graphene, is a highly superior feature compared to other 

nanocarriers. Thus, the use of hBNs as nanocarriers will be a promising study. 

Moreover, the interest in hBNs in the biomedical field is increasing whereas their small 

size, high surface area, unique physicochemical structures such as slow degradation in 

aqueous environments, high mechanical and chemical durability, biocompatibility and 

pH-dependent drug release. In this study, hBN nanomaterials were used for the drug-

nanocarrier system designed to develop an alternative treatment method for cancer 

treatment (Figure 1.1). The synthesis of hBNs has been explained in detail by various 

characterization analyses. Then, the optimum loading condition of Mitoxantrone 

Dihydrochloride, an efficient drug in cancer treatment, was determined at different pH 

and drug:nanocarrier (mg:mg) environments. After performing in vitro drug release 

experiments in cancerous tissue (pH 4.5) and healthy cell tissue and bloodstream (pH 

7.4), these data were evaluated kinetically by various kinetic models. The motivation 
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of the study is to design a new nanosystem that will deliver the Mitoxantrone used in 

breast and liver cancer and leukemia, which are the most common cancers today.  

 

Figure 1.1 : Graphical abstract of this study. 
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2. THEORETICAL STUDY 

2.1 Cancer Disease 

Cancer disease is one of the oldest diseases known in human history, has been caused 

the millions of people death. Cancer, in which genetic and environmental factors are 

also effective, is caused by an abnormal growth and uncontrolled proliferation of cells. 

Today, one in every five people is diagnosed with it [1-6]. It can be estimated by 

looking at the data from the World Health Organization (WHO) that 11.5 million 

people will be probably dead by 2030 due to cancer [1]. Figure 2.1 shows the statistics 

worldwide and in Turkey, demonstrating the most common cancer types and 

incidences of them.  

 

Figure 2.1 : Cancer statistics in 2020 for people of both sexes and all ages: a) 

incidence worldwide according to WHO [6]; b) incidence in Turkey [7]. 

Many treatment methods, for instance surgery, chemotherapy, radiotherapy, and 

hormone therapy, have been developed to treat cancer. Each method has its 

advantages and disadvantages; however, since cancer is an individual disease and 

the treatment will be particular, it is impossible to discuss a definitive treatment yet. 
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Although many of the treatment methods used in cancer treatment continue to be 

applied today, there are some difficulties encountered during the application. Current 

cancer drugs cannot significantly different between healthy and cancerous cells [4]. 

Therefore, although the primary purpose is to destroy the cancerous cell, the healthy 

cells are also damaged [2]. Cancer drugs contain serious side effects such as bruises 

and bleeding on the skin, heart failure, nausea, and infertility. These can negatively 

affect the patient and their relatives in the treatment process, both physically and 

psychologically. Another difficulty encountered is that the amount of medication to 

be given to the patient is limited because the drugs have severe side effects. 

Chemotherapy drugs, one of the most common treatment in cancer, are generally 

hydrophobic and therefore have low solubility in water. For this reason, 

chemotherapy drugs can only be given to the body by vascular access (intravenous) 

thanks to some solvents. Solvents used have many side effects. For example, they 

can reduce the efficiency of the drug and cause cytotoxicity. The resistance of tumor 

to cancer drugs over time and their spread to different tissues or organs by metastasis 

are among the negativities that make treatment difficult [2-5]. 

The treatment against cancer is aimed to achieve high efficiency in a short time, 

obtain maximum bioavailability from the drugs with the desired drug concentration, 

and destroy only the target tumor cells without adversely affecting the healthy cells 

[5]. Nanotechnology aims to provide significant benefits to cancer patients by 

providing a targeted approach to cancer treatment. In cancer nanotechnology, the use 

of nanomaterials is probably one of the most powerful and promising applications in 

drug delivery and targeting systems [4]. 

2.2 Nanotechnology and Nanomaterials 

Nanotechnology is the science of designing tools or systems that examine nanoscale 

materials in the range of about 1-100 nm (Figure 2.2), including biotechnology, 

chemistry, pharmacology, polymers, and materials science [8].  

Nobel award winner Richard Feynman first proposed the groundbreaking idea of 

nanotechnology in 1959 [8], proposing the development of molecular machines. In 

1974, Norio Taniguchi's "nanotechnology" term was used for the first time to specify 

the elastic material properties that nanotechnology can provide. Advances in 

nanotechnology have led to an increase in research in various fields of use. At the same 
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time, the advancement of science and technology enables improvements in the design 

and synthesis of new nanomaterials. In the past few years, the prevention, diagnosis, 

and treatment of diseases with various nanomaterials have been continuing to arouse 

great interest in the scientific community [9]. 

 

Figure 2.2 : Nanomaterials on the nanoscale line [10]. 

Nanomaterials are significantly smaller than biological macromolecules. Their 

nanosize makes them nearly 1000-times smaller than even a cancer cell, as shown in 

Figure 2.2 above. Nanocarriers designed for cancer treatment should be small in size, 

biodegradable, low toxicity, biocompatible, stable under physiological conditions, and 

able to circulate freely in the blood vessels [11].  

The main advantages of nanocarriers [11-14] are as follows:  

 It can overcome the limitations of traditional cancer treatments. 

 It can make the drug direct tumor site, thereby preventing damage to healthy 

cells. 

 The drug level can be maintained in the desired amount and time so that side 

effects can be greatly reduced. 

 Thanks to its small size, it has the potential to overcome biological barriers. An 

advantage of their small size is their extensive surface area. Thus, more 

significant amounts of drug can be added and delivered to the target location. 

 Thanks to the permeability feature of tumor cells, nanocarriers can be retained 

in tumor cells instead of healthy cells. 



6 

To eliminate the problems encountered in current treatment methods, interest in 

nanocarrier systems as an alternative method has increased tremendously. Recently, 

the number of studies with nanocarriers for cancer treatment has increased rapidly 

(Figure 2.3). According to developing nanotechnology studies, it is predicted that 

nanocarriers will achieve the goals for the desired purpose. 

 

Figure 2.3 : Distribution of the number of publications by years within the scope of 

“nanocarriers” AND “cancer” (title, abstract, keyword), (Source: Scopus, October 

2022). 

2.2.1 Controlled drug release systems 

Controlled drug release systems, which have about 70 years of history (Figure 2.4), 

are one of the most critical research areas today with the development of 

nanotechnology. The primary purpose of controlled drug release is to prevent long-

term drug use and, thus, decreasing the side-effects of the drug. For the drug to be 

effective in such systems, it must first adhere to the nanocarrier, mix safely and 

effectively into the blood after it is injected into the body, diffuse into the tissues, go 

to the targeted area and release the drug. Finally, it must be expelled from the body 

[15]. 
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Figure 2.4 : Development of controlled drug delivery systems from 1950 to 2040 

[15]. 

Controlled release systems are affected by factors that create physiological conditions 

such as ionic strengths, pH, temperature, and enzymes [16,17].  

Understanding the various techniques to develop nanocarriers with desired release 

kinetics is necessary. The interaction of drug and nanocarrier and the way it is 

encapsulated, the mechanism of drug release, and the effects of the chemistry and 

morphology of the nanocarrier on drug release kinetics are some examples of these 

techniques to know [18]. 

The main purpose of controlled release is to maintain the drug level in the blood 

between minimum effective concentration (MEC) and minimum toxic concentration 

(MTC). As Figure 2.5 below, the range between MEC and MTC demonstrates the 

therapeutic window where the drug has an effectivity without showing toxicity. If the 

drug is given in a single large dose, the blood drug level increases above the MTC 

causing toxic effects, then rapidly decreases below the MEC. To prevent this situation, 

drug delivery systems that provide controlled release of the drug are needed. Thus, it 

is aimed to have a constant release rate (Zero Order profile [19]). The material to carry 

the drug must be biocompatible with the body but a non-toxic material. Biomaterials 

are used to prepare controlled release systems consisting of natural or synthetically 

obtained polymers [18-20]. 
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Figure 2.5 : Plasma drug concentration profiles related to time (MEC: minimum 

effective concentration; MTC: minimum toxic concentration) [18]. 

From the past to the present (Figure 2.4), several nanocarrier types designed drug 

delivery mechanisms (Figure 2.6) for controlled drug release systems. Nanocarriers 

are generally classified into inorganic [21] and organic [22]. Examples of inorganic 

nanocarriers are quantum dots [23,24], carbon nanotubes [25-27], and magnetic 

nanoparticles [28], while organic nanocarriers are liposomes [29,30], micelles [31,32], 

polymeric nanoparticles [33,34], and dendrimers [35,36]. 

 

Figure 2.6 : Drug release mechanisms used in nanocarriers [37]. 

There are four common mechanisms for drug release from carriers. These mechanisms 

can be explained in the given Figure 2.6 as diffusion (the drug is dispersed in the 

nucleus by the polymeric membrane surrounded), solvent (occurs with the principle of 

osmosis and swelling), chemical reaction (occurs by hydrolytic and/or enzymatic 
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degradation of nanocarriers containing biodegradable polymers bonds), and stimuli-

controlled release (control with stimulants such as temperature, ionic strength, pH) 

[37]. 

Although nanocarriers in the controlled release areas have many advantages for 

instance large surface area, drug loading efficiency, and easy structural modification, 

the search for new nanocarriers with superior properties continues as problems such 

as biocompatibility and toxicity persist. In addition, there are several advantages and 

challenges related to the properties and types of nanoparticles as Table 2.1 given below 

is summarized. 

Table 2.1 : Advantages and challenges related to properties of nanoparticles [22]. 

Nanoparticle Types Advantages Challenges 

Polymer-based Outstanding stability and 

storage capacity 

Capsuling of proteins and burst 

release 

Lipid-based Very good 

biocompatibility 

Storage stability (limited), 

drug-loading with a wide 

diversity  

Protein-based Functional nanomaterial Stability and potential 

immunogenicity problems 

Coatings (PEG) Proven stealth properties 

render colloidal stability 

Potential immunogenicity 

compromises targeting 

Agents (antibodies, 

peptides, aptamers) for 

targeting  

Enlarged accumulation 

in target areas 

Compromises circulation 

Size-based (small) Enlarged circulation, 

enhanced EPR effect 

Limited sustained release, the 

enlarged potential for 

aggregation 

Non-spherical shape More prolonged 

circulation, enhanced 

targeting, increased 

specificity 

Potential for complex 

manufacturing process 

Compartmentalization Multiple drug-loading 

simultaneously, 

independent drug-release 

control 

Potential for complex 

manufacturing process 

Moreover, considering the summarized challenges that nanoparticles have (Table 2.1), 

the search for new nanocarriers with superior properties and fewer challenges is 

increasing day by day, while the interest in drug delivery system design has been also 

growing simultaneously. 
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2.2.2 Active and passive targeting 

After biologically active molecules are processed in the body, they must pass some 

biological barriers such as epithelium, endothelium, cell membrane, and enzymatic 

barriers. Therefore, a new drug delivery system should be designed and developed 

with different application ways [38]. Delivery of nanocarriers to the tumor site via 

systemic circulation is based on two basic targetings: active and passive targeting 

(Figure 2.7) [5]. 

 

Figure 2.7 : Targeted drug delivery contains passive and active targeting [39]. 

In passive targeting, further selective accumulation of nanocarriers is facilitated by the 

enhanced permeability and retention (EPR) response due to tumor vasculature [5]. On 

the other hand, active targeting occurs when the nanocarrier is coated with specific 

targeting ligands that will recognize receptors that are more abundant on tumor cell 

surfaces or in the vascular region than in healthy cells. In active targeting, the cytotoxic 

effect of the anticancer agent is increased and the side effects on healthy tissue are 

minimized. Notwithstanding, active targeting has further advantages in nano-targeting 

to tumor tissue. Active targeting can overcome biological barriers by adding antibodies 

or ligands to nanocarriers. In addition, the amount of drug delivered to the cell can be 

increased by active targeting [5,40].  
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2.2.3 pH-sensitive nanomaterials 

Smart drug delivery systems are be able to stimulated by several parameters (light, 

temperature, pH, mechanical forces, electromagnetic fields, etc.). Moreover, 

nanocarriers are adaptable for the targeted site and can provide controlled release or 

delayed of drugs. pH-sensitive nanocarriers are one of the most important nanocarrier 

groups researched in recent years [41].  

Since pH values tremendously differ in varied tissues and cells (blood pH is neutral at 

7.34-7.45; environments of tumor tissues and inside endosomes or lysosomes are 

acidic at 4.5-6.0 because of the lactic acid accumulation [42], pH-sensitive drug 

delivery systems are being developed (Figure 2.8). After targeting the nanocarriers to 

the tumor area, drug release starts in the acidic microenvironment of the tumor tissue. 

Thanks to pH-sensitive nanomaterials, the drug release rate will accelerate at low pH 

values; therefore, it is anticipated to have a practical release feature in the tumor 

microenvironment. However, since some organelles (for instance endosomes and 

lysosomes) are acidic, drug release continues in acidic intracellular organelles. Thus, 

nanocarriers injected into the body can accumulate in cancerous tissues with EPR and 

reduce undesirable risks for healthy cells during circulation [43,44]. 

 

Figure 2.8 : Display of tumor and healthy tissues through the EPR effect [45]. 

The search for alternative treatments for serious diseases such as cancer has increased 

the interest in drug delivery nanotechnology-based. Nowadays, the progress of 

nanoparticle-based systems constitutes an exciting research area in cancer therapy. 

Although carbon-based nanomaterials (fullerenes, carbon nanotubes (CNTs), 

graphene oxide) are the most used nanocarriers in the literature, boron-based 

nanomaterials (boron nitride nanosheets, hexagonal boron nitride, boron nitride 

nanotube) have attracted more attention in these days owing to their superior properties 

[41]. 
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2.2.4 Carbon-based nanomaterials 

Fullerenes, also called buckyballs, are hollow spheres with carbon that can vary in size 

and were first discovered in 1985. Fullerenes became the subject of intense research 

in the 1990s thanks to their application in many nano-fields from materials science to 

electronics [46]. 

Carbon nanotubes (CNTs) discovered in 1991 [47] are one of the most researched 

nanomaterials these days, thanks to their various mechanical, electrical, and thermal 

properties. Carbon nanotubes can also be defined as cylindrical wrapping of a 

graphene sheet made from carbon atoms [48]. Some of their properties change 

according to the number of layers. To consist of a single layer, CNTs are called single-

walled CNTs (SWCNTs), and to consist of multiple layers, they are called multi-

walled CNTs (MWCNTs) [49]. Both types can be used in several fields like materials 

science, biotechnology, and electronic devices, thanks to their large surface areas and 

rich surface chemical functions [50]. 

Hexagonal graphene, consisting of a single layer of carbon (C) atoms, was found in 

2004 by Andre Geim and Konstantin Novoselov, who won the Nobel award in 2010 

[46]. Although a rapid field of research emerged after the discovery of graphene, it 

was surprising that until 2008 attention was not paid to the potential biomedical 

applications of graphene [51]. 

Even though graphene (Figure 2.9), which has a wide application area from biosensors 

to cancer treatment thanks to its various properties, is one of the most researched 

nanomaterials today. However, debates on its disadvantages have been continuing 

[51]. 
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Figure 2.9 : Chemical structures of fullerene, CNT, and graphite [52]. 

2.2.5 Boron-based nanomaterials  

Boron nitride (BN) is a promising crystalline nanomaterial consisting of the equivalent 

stoichiometry of boron (B) and nitrogen (N) atoms. It is produced synthetically 

because it is not found in nature. With the development of nanotechnology, various 

Boron-based nanomaterials have been discovered [53].  

BN nanomaterials are the most promising materials ever discovered [54]. 

Interestingly, all BN nanomaterials are based on hexagonal form. B-N bonds in the 

structure of BN nanomaterials are isoelectronic, with C-C bonds in carbon-based 

nanomaterials. In this way, graphene nanoribbons (GNR), graphene, and carbon 

nanotubes (CNTs) are structurally similar to boron nitride nanoribbons (BNNR), boron 

nitride nanosheet (BNNS), and boron nitride nanotubes (BNNT), respectively [53]. 

Since the thermoelectric properties of graphene nanomaterials are weak, BN 

nanomaterials have been the focus of attention in all respects, thanks to both structural 

similarity and various superior properties (high chemical and thermal stability, 

adsorption, etc.) [55]. Boron nitrides can be in the form of lattice (0D), nanotube (1D), 

monolayer (2D) diamond-like crystal structure (3D), as shown in Figure 2.10 [56]. 

Moreover, BN does not oxidize unless heated above 800°C [57]. 
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Figure 2.10 : Structures of hBN nanomaterials such as BN Nanosheets, BN 

Nanoribbons, BN Nanotubes, and BN Fullerenes [58]. 

A single and separate layer of hBN is called a BNNS, and BNNRs are also included 

in this definition due to their different structural properties. BNNSs are considered 

biocompatible because they are water dispersible and non-toxic [57]. 

BNNSs are used in nanomedicine because they are biocompatible and can also be used 

as additives to improve various polymeric composite properties [59]. 

BNNRs are semiconductor nanomaterials with a wide band gap that varies in size and 

chirality [55]. 

The presence of BNNTs was first estimated in 1994 and was first synthesized 

experimentally in 1995. BNNTs, the structural analogs of CNTs, an electrical insulator 

nanomaterial compared to CNTs with a band gap of approximately 5 eV. BNNTs, like 

BNs, have many superior properties, such as excellent mechanical and chemical 

stabilities, and high thermal conductivity. Thanks to these outstanding properties, 

BNNTs are a promising nanomaterial with the possibility of use in diverse fields. 

BNNTs can be single-walled or multi-walled; just like CNTs, difficulties have 

continued in synthesizing single-walled BNNTs compared to single-walled CNTs 

[60]. 

Many of the production methods used in CNT production (for instance chemical vapor 

deposition, arc discharge, and ball milling) are also used in BNNT production. In 

addition, although various methods, such as continuous laser heating at super high 
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pressures and pressurized steam condensation, have been developed, research for an 

effective way to synthesize small-scale and high-purity BNNT continues today [60]. 

2.2.5.1 Hexagonal boron nitride  

BN has different polymorphisms such as hexagonal (hBN), wurtzite (wBN), rhombic 

(rBN), and cubic (cBN) boron nitride since it is able to crystallize in different ways 

dependent on pressure and temperature; however, at the room temperature conditions, 

its most stable form is hexagonal form. While hBN and rBN maintain the dense 

structure by sp2 hybridization, a loose structure is formed by sp3 hybridizing wBN and 

cBN (Figure 2.11). The most studied systems are cubic and hexagonal forms [61-63]. 

hBN has superior chemical and thermal stability because of its different ionicity in the 

B-N bond (Figure 2.12), which is different from the covalent C-C bond in graphene. 

Therefore, hBN is an oxidation-resistant and high-performance nanomaterial [56]. 

 

Figure 2.11 : a) Example phase diagram of the BN system [64], b) Gibbs free energy 

of BN polymorphs at zero pressure stated as a function of temperature [65], c) 

Monoclinic phase of hBN. 

 

Figure 2.12 : Detailed chemical structure of hexagonal boron nitrides. 
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hBN, as a structural analog of graphene (Figure 2.13), is a two-dimensional (2D) 

layered nanomaterial, and it is also called “white graphene” because the form of hBN 

is very similar to conventional graphene [61-63]. Table 2.2 indicates the properties of 

hBNs in comparison to graphene. 

 

Figure 2.13 : The crystal structures of a) graphite and b) hBN [66]. 

Table 2.2 : Comparison properties of hBN and graphite [54,67,68]. 

Properties 
2D Nanomaterials 

hBN graphite 

Appearance color White Black 

Crystal structure Hexagonal Hexagonal 

Lattice parameters (nm) a: 0.250 a: 0.246 

c: 0.666  c: 0.670  

Density (g/cm3) 2.34 2.2 

Bond length (nm) 0.144 0.142 

Bond energy (eV) 4 3.7 

Interlayer spacing, by diffraction (nm) 0.333 0.335 

Thermal conductivity (Wm-1 K-1) 25.1 25-470 

Dielectric constant 4 8.7 

Young's modulus (Tpa) 0.81-1.3 1.1 

In-plane thermal conductivity (Wm-1 K-1) 400 2600 

Charged transferred between neighbors (e) ~0.4 ~0 

Band gap (eV) 5.5-6.0 ~0 

Breakdown voltage (MV/cm) ~7 Conductor 

Oxidation resistance  ~840 ~600 

Although hBNs were synthesized for the first time by English chemist W.H.Balmain 

in 1842 by the reaction of boric acid (H3BO3) and potassium cyanide (KCN), the first 

stable forms were obtained in the laboratory for the first time in 1962, about a hundred 

years later [69,70]. Interestingly, in 2009, a cubic BN mineral was reported in nature 

in Tibet [56].  

hBNs resemble honeycombs and have a crystal lattice structure, and have chemically 

inert, atomically thin, and smooth surface (0.1 nm RMS) properties [71]. Moreover, 
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there are strong intralayer covalent bonds and weak interlayer van der Waals 

interactions between B and N atoms [61-63].  

Notwithstanding that the studies on the synthesis of hBNs have been continuing to be 

widely investigated in the literature, the main production methods are chemical vapor 

deposition, arc discharge, electrospinning, laser ablation, autoclave, carbonization of 

nitrogenous organic compounds, and template synthesis technique [71-73].  

Since chemical vapor deposition is used to produce high-quality and high-performance 

materials, it is generally the most commonly used method to generate high-quality BN 

nanostructures [72]. 

Thanks to their fantastic properties, such as being biocompatible [61,62], non-toxicity 

[74], high chemical and thermal stabilities, excellent mechanical strength, and 

electrical insulation, they can be used as potential nanomaterials in many fields like 

pharmacy, chemistry, cosmetics, materials science, biosensors, and tissue engineering. 

There is currently a growing interest in hBNs so that they can be used in many fields. 

It is also possible to strengthen hBNs according to the area used by developing new 

synthesis routes or making appropriate surface functionalization [61,75].  

Biocompatibility of hBN 

For applying nanocarriers for drug delivery, biological safety is one of cancer 

treatment's most essential and critical criteria [76]. There is an interesting situation: 

since all boron nitride structures are based on hBN due to isoelectronic B-N bonds 

[77], studies on the cytotoxicity of hBN are summarized in the given Table 2.3 below. 

Table 2.3 : Cytocompatibility of BN nanoparticles in detail. 

Type 

of BN 

Cell 

Lines 

Toxicity Parameters 

Ref. Assays Concentration 

(µg/mL) 

Incubation 

Time (h) 

Results 

BNNT, 

hBN 

HeLa and 

HUVECs 

WST-1 5, 10, 20, 50, 

100 

1, 2, 4, 8, 

24, 72 

Nontoxic for 

both cell lines 

[62] 

BNNS 93XL-

hTLR9 

Cell 

Counting 

Kit-8 and 

Cytokine  

up to 100 24 No detectable 

cytotoxicity 

[78] 
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Table 2.3 (continue): Cytocompatibility of BN nanoparticles in detail. 

Type 

of BN 

Cell 

Lines 

Toxicity Parameters 

Ref Assays Concentration 

(µg/mL) 

Incubation 

Time (h) 

Results 

BNNS SaOS2 MTS and 

DPPH  

Not exactly 

given 

168 Size-

dependent 

toxicity 

[79] 

BNNS HeLa CCK-8 up to 100 24 Nontoxic ≤ 

100 µg/mL 

[80] 

BNNS LNCap 

and DU-

145 

WST-8 5, 25 72, 144 Time-

dependent 

toxicity 

[81] 

BNNP IAR-6-1 MTT 20, 40 24, 48, 72 Low 

cytotoxicity 

[82] 

BNNT planarians 

(animal, 

in vivo) 

Phototactic 

and mitosis 

100 or 200 24, 72 Arabic coated-

BNNTs are 

nontoxic and 

biocompatible 

[83] 

hBN L929 

fibroblast 

and 

MCF-7 

Cell 

Counting 

Kit-8, LDH, 

and NRU 

3.125, 6.25, 

10, 12.5, 25, 

50, 100, 200 

24, 48, 72 No toxicity [84] 

hBN HEK-

293T and 

CHO 

MTT and 

annexin V-

FITC/PI 

0, 20, 40, 60, 

80, 100 

48 Nontoxic ≤ 

100 µg/mL 

[85] 

hBN KB  MTT 10, 20, 50, 

100 

24 Nontoxic ≤ 

500 µg/mL 

[86] 

hBN MDCK 

and CRL 

2120 

MTT and 

SRB 

colorimetric 

PicoGreen 

25, 50, 100, 

200, 400 

24, 48 Nontoxic ≤ 

100 µg/mL 

(for both cell 

lines) 

[87] 

Considering the differences in cell types, concentrations, exposure times, and test 

types used in these studies, we can say that BN nanostructures are not toxic. 

However, Mateti et al. [79] found that size-dependent toxicity has occurred. In 

another study [81], time-dependent toxicity has observed. Moreover, Ciofani et al. 

[88] claimed the low cytotoxicity of BNNPs could be misinterpreted as cytotoxicity 

due to the interaction of some tetrazolium salts with BN nanophases. However, since 

the toxicity of BNs depends on cell type, dose, animal model, and lateral size, Kar 

et al. [89] have investigated the dose-dependent biocompatibility of hBNs in vivo. 

The concentration of hBN with a diameter of 121 nm used in this study ranged 
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between 50-3200 μg/kg and the incubation time was 24 hours. According to the 

results, hBNs were non-toxic up to ≤ 800 μg/kg, and were found to be highly suitable 

for applications in the biomedical field. 

To sum up, it is seen that BN nanomaterials do not have a significant adverse effect 

on cell viability. However, to have more straightforward ideas in this field, the 

limited number of biocompatibility studies should be increased, and more in vivo 

studies should be accomplished [77]. 

2.2.6 Active ingredients in cancer treatment 

Drugs used in cancer treatment are toxic to all cells (tumor and healthy). Therefore, 

these drugs are also carcinogenic and mutagenic drugs [90]. New drug delivery 

systems are designed to reduce the side-effects (hair loss, nausea, vomiting, 

deterioration of the immune system, etc.) caused by these drugs as much as possible. 

2.2.6.1 Mitoxantrone dihydrochloride 

Mitoxantrone (MTX) is a dihydrochloride salt widely used in various types of cancer 

treatments (breast, liver, other malignant tumors, etc.) and Multiple sclerosis (MS) 

[91]. It is also an anthraquinone-type synthetic drug. MTX is a drug with greater 

antineoplastic activity than other dihydrocyanthrasendione salts [92,93]. 

MTX, one of the drugs that can interact with the DNA sequence and result in apoptosis 

(Figure 2.14), has been approved by the Food and Drug Administration (FDA) for 

cancer [94].  

 

Figure 2.14 : Action mechanism of Mitoxantrone (MTX) on cytotoxicity [94].  
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According to the Table 2.4 given below, it is seen that the recommended treatment 

dose of Mitoxantrone is lower than other anti-cancer drugs. Thus, Mitoxantrone is a 

drug with fewer side effects, although its effectiveness is higher than other cancer 

drugs. 

Table 2.4 : Dosage regimens for some active anti-cancer ingredients [94]. 

Drug Dose (mg/m2) 

Mitoxantrone 12-14 

Doxorubicin 40-60 

Adriamycin 60-75 

Cyclophosphamide 500 

5-fluorouracil 500 

Cisplatin 50-100 

2.2.6.2 Use of hBNs with different anti-cancer drugs 

Mitoxantrone, a structural analog of Doxorubicin [94] frequently used in the 

literature, demonstrates far fewer side effects than Doxorubicin [95]. The fact that 

hBN nanocarrier systems have not been studied with MTX in the literature makes 

our study innovative. A few studies in which hBN was used as a drug delivery system 

and studied with different anti-cancer drugs are briefly summarized below. 

Weng et al. studied the interaction of hydroxylated (functionalized) hBNs with the 

anti-cancer drug Doxorubicin (DOX) [96]. They determined that the hydroxylated 

hBNs are biocompatible and can load DOX three times its weight. 

Sharker et al. aimed to design a new drug delivery system in cancer therapy by 

loading Indocyanine Green (ICG) on hydroxylated hBNs [97]. Then, they 

synthesized Hyaluronic acid (dHA-DOX) conjugated with dopamine and DOX and 

examined its interaction with hBNI [d-HA-DOX (hBNI/d-HA-DOX)]. This 

innovative study determined the hBNI/d-HA-DOX nanoparticles, whose 

cytotoxicity studies were also performed, work as an antitumor agent with its 

auxiliary and therapeutic power and can prevent tumor regrowth. 

Emanet et al. comparatively investigated using BNNTs and hBNs as nanocarriers in 

cancer therapy with the anti-cancer drug DOX [62]. Exploring the effect of drug 

loading pH, drug loading studies were done at different pH values (4, 7, 11) and they 

found that the most appropriate loading was obtained at basic pH. According to the 

results obtained, it was observed that BNNTs have approximately three times higher 
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capacity of DOX-loading than hBNs. The capacity of DOX-loading of hBNs was 

calculated to be 3.75%. In the next part of the study, they conjugated DOX-loaded 

BNNTs with folate molecules and studied cell viability experiments in HeLa cells 

with this system. Here, the folate molecules (F) acted as receptors. Owing to the 

existence of F-receptors on the cell surface, cellular encapsulation of F-DOX-

BNNTs was carried out to be much higher for HeLa cells compared to DOX-BNNTs, 

resulting in increased cancer cell death. 

Sharker et al. investigated the DOX loading efficiency after dispersing the ICG 

substance into the hBNs in PBS buffer using hBNs with a lateral size of 1 μm. They 

found a drug loading efficiency of 90% [97]. In addition, the amount of DOX release 

was determined in this study (92% at pH 5.5; 70% at pH 7.4). The fact that drug 

loading and release amounts are higher, according to the study of Emanet et al.[62] 

can be explained by the fact that hBNs interact with the ICG substance before 

interacting directly with DOX, and then drug-loading studies are performed. 

Vatanparast et al. performed density functional theory (DFT) calculations and 

molecular dynamics (MD) simulations to examine the relationship of 5-fluorouracil 

(FU)/6-mercaptopurine (MP)/6-thioguanine (TG) anticancer drugs with hBNs [98]. 

In these simulation studies, it was determined that the adsorption of hBNs and drug 

molecules is exothermic, and this situation occurs spontaneously. It also confirms 

that the interaction energy is lower in acidic conditions than in neutral states and that 

the drug can be released within the targeted cancerous cells. These findings prove 

that using hBNs as nanocarriers in cancer treatment is promising. 

Weng et al. investigated the biocompatibility and DOX loading capacity of hBNs 

that they functionalized by hydroxylation (hBN(OH)) [96]. The capacity of DOX-

loading of hBN(OH) (from 0% to >300%, by weight) varies according to various 

parameters (nanocarrier concentration and ratio, type of drug used). Two different 

cell types (NIH/3T3 mouse embryonic fibroblast cells and LNCaP human prostate 

cancer cells) were used for biocompatibility-studies. The survival of more than 92% 

of cells in cell viability experiments performed at different concentrations proves the 

extremely low cytotoxicity of hBNs. Thus, the use of hBNs in medical and biological 

fields is promising. According to another study [99], the survival of ~70% of human 

fibroblast cells exposed to graphene oxide indicates the superiority of hBNs. 
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Yıldırım et al. aimed to design an alternative delivery system using hBN to treat 

Alzheimer's disease [100]. In this study, hBNs were functionalized with folic acid 

(FA) (hBN-FA), then the Memantine, which uses in the treatment of Alzheimer's 

disease, loading capacity (95%) of this system was investigated. Cytotoxicity tests 

were performed on HDFa human dermal fibroblast cells, and the cell viability of 

hBN-FA-Memantine was 94%. It was found that the designed new delivery system 

did not change the toxicity result even at higher concentrations. 

2.3 Aim of The Study 

This study aims to examine the release performance of Mitoxantrone 

Dihydrochloride by loading hexagonal boron nitrides (hBNs) and to synthesize them 

which can be used as an alternative method for cancer treatment, do not show any 

toxic properties, and have high drug loading capacity. 

The main issues that constitute the motivation of this study are given below, 

respectively: 

1) Why is hexagonal boron nitride used? 

The use of BN-based nanomaterials in medical and biomedical fields has shown 

promising results and superior properties. Although hBNs are the structural analogs 

of carbon-based graphene, it is noteworthy that they are preferred among other 

nanocarriers due to their non-toxicity and biocompatibility properties. In addition, 

hBNs have other properties such as small size to enter the targeted cells easily, high 

surface area, unique physicochemical structures like slow degradation in aqueous 

environments, high mechanical and chemical durability, high drug loading 

capacities, and pH-dependent drug release. Today, these situations have made them 

useful as promising nanomaterials.  

hBNs are used in this study because of being promising innovative nanomaterials in 

cancer treatment. 

2) Why isn't any functionalization method done? 

In drug delivery systems designed with nanocarriers, it is aimed to ensure that the 

drug acts on the tumor tissue in a short time and with maximum efficiency, and 

minimizes the damage to healthy tissues. At the same time, nanocarriers must be 
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non-toxic and biocompatible with the body. In addition to graphene and carbon 

nanotubes, the most known carbon-based nanocarriers in recent years, the non-

toxicity of hBNs is a highly superior feature compared to other nanocarriers. In this 

way, the direct loading efficiency of the drug and the release experiments under 

different pH conditions are carried out without seeking any functionalization 

conditions in the use of hBNs as nanocarriers. However, in future studies, it may be 

possible to functionalize hBNs with various biomaterials in order to strengthen their 

structure and increase drug loading efficiency. 

3) Why is Mitoxantrone Dihydrochloride used? 

In some studies in the literature, hBNs were designed as nanocarriers for cancer 

treatment, anti-cancer drugs such as Doxorubicin [62,74,97,101,102]. Cisplatin 

[103], and Hyaluronic acid [97] were used. For instance, in a study by Emanet et al., 

the drug loading effectiveness of hBN was investigated with Doxorubicin, the 

structural analog of Mitoxantrone Dihydrochloride, prepared at different 

concentrations [62]. Doxorubicin is the most commonly used drug in cancer therapy 

and nanomedicine [95]; however, Mitoxantrone Dihydrochloride has fewer side 

effects. 

Although Mitoxantrone Dihydrochloride is a potent and essential anti-cancer drug, 

no study performs the drug loading and release performances with hBNs. The fact 

that a gap in the literature will be filled in this study, which is carried out with the 

drug Mitoxantrone Dihydrochloride, which has fewer studies in the literature 

compared to other cancer drugs, and makes this study more innovative. 
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 MATERIALS AND METHODS 

 Chemicals Used In This Study and Their Properties 

Mitoxantrone Dihydrochloride, was obtained from Sigma-Aldrich. Its chemical 

structure is shown in Figure 3.1 and some of its chemical and physical properties are 

given in Table 3.1. 

hBN nanomaterial was provided by Sabancı University. Other chemicals used to 

prepare buffer solutions were, for example, Tris, Tris HCl, disodium hydrogen 

phosphate were obtained from Sigma Aldrich; potassium dihydrogen phosphate was 

obtained from Merck, and NaCl, KCl salts were obtained from Lab-Kim. 

All solutions were prepared using ultra deionized water. 

 

Figure 3.1 : The chemical structure of Mitoxantrone Dihydrochloride [104]. 

Table 3.1 : Physical and Chemical Properties of Mitoxantrone Dihydrochloride. 

Description Property 

Molecular formula C22H28N4O6 · 2HCl 

Molecular weight (g/mol) 517.40 

Colour Dark Navyblue 

Physical state (25°C) Solid (powder) 

pKa  8.3-8.6 

Melting point (°C) 205-205  

Solubility in water (mg/mL) 5-10 



26 

 Hexagonal Boron Nitride Synthesis 

Since the system that can produce hexagonal boron nitrides (hBNs) used in 

experimental studies is located in Sabancı University Nanotechnology Research and 

Application Center (SUNUM) Laboratory, hBNs were produced by a chemical 

vapor deposition method (Figure 3.2).  

In the synthesis of hBNs, boric acid (H3BO3) and ammonia (NH3) were used as a 

source of boron and nitrogen atoms, respectively. First, 2 g of H3BO3 was suspended 

in 3 mL of 13.38 M NH3 solution and H3BO3 solution was prepared. The mixture 

was then layered in an alumina boat and dried on a hot plate set at 100°C for about 

20 minutes. The mixture in the alumina vessel was heated in a high-temperature oven 

up to 1300°C with a heating rate of 10°C/min under a stream of ammonia gas for 2 

hours. After heating process, the alumina boat was seperated from the furnace at 

approximately 550°C, and hBN products were collected in a tube from the surface 

of the alumina boat and kept at 25°C in the desiccator [105].  

 

Figure 3.2 : Schematic representation of the hBN synthesis process [106]. 

 Preparation of Buffer Solutions, Stock Drug Solutions, and Calibration 

Curves at Different pH Values 

Drug loading experiments were prepared at two different pH (6.0 and 9.0) mediums to 

compare the efficiency of drug loading pH. Tris buffer solutions were prepared by 

using Tris Hydrochloric acid (HCl) and Tris base salts to prepare drug solutions at both 

different pHs. In order to keep the pH of the drug solution constant and to prevent pH 

change, [107] drug stock solutions were prepared with buffer solutions. 

Drug stock solutions were sonicated in an ultrasonic bath for about 1 hour to dissolve 

the drug better; then, they were prepared by mixing in a magnetic stirrer at 

approximately 150 rpm for 48 hours. 
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Drug release experiments were carried out in two different pH (4.5 and 7.4) mediums 

with phosphate buffer solution (PBS).  

In the literature, the maximum absorbance value of Mitoxantrone Dihydrochloride is 

given as 608 nm [108]. This study determines this value at 611 nm with the Perkin 

Elmer LS 45 branded UV/Vis spectrometer. All drug loading and drug release 

experiments were calculated at 611 nm, and each experiment was repeated at least 3 

times. All results were averaged. 

To be used in drug loading (pH 6.0 and 9.0) and drug release (pH 4.5 and 7.4) 

experiments, different calibration curves were prepared for each pH medium 

(Appendix A).  

 Drug Loading Studies 

Drug loading experiments were carried out at constant drug loading concentration and 

constant amount of hBN while different amounts of drug solution was changed to 

determine the maximum loading conditions. Drug loading efficiency was evaluated 

acording to Equation 3.1. 

Drug Loading Efficiency (%) =
a − b

a
 x 100 (3.1) 

where; 

a: The amount of drug in the initial solution (mg) 

b: The amount of drug after the drug-loading is completed (mg) 

The direct interaction of Mitoxantrone Dihydrochloride with the hBN nanomaterial 

was performed in pH 6.0 or pH 9.0 in a Tris buffer medium. To make the hBNs 

dispersed, they were sonicated in an ultrasonic bath for 10 minutes with the specified 

volume of buffer solution. 

All drug loading experiments were done in an orbital shaker at 25°C with a speed of 

approximately 200 rpm. The drug loading steps are shown in Figure 3.3. For 

calculating the amount of drug loaded at certain time intervals, samples were taken 

from the solutions, and the absorbances of the samples were measured at the 

characteristic peak value of the drug (611 nm) using the UV/Vis spectrometer. The 

concentration corresponding to the measured absorbance value was determined with 
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the help of the calibration curve. All experiments were repeated at least 3 times, and 

the calculations were made by taking the average value.  

 

Figure 3.3 : The process of preparating buffer and drug solutions, drug loading 

experiments and spectroscopic characterization. 

3.4.1 pH-dependent evaluation 

In drug loading experiments, the pH of the solutions was measured at various time 

intervals before, during, and after the investigation, and it was observed whether the 

loading pH changed related to time. The changes in pH were compared in the 

experiment performed under the same conditions. It was determined that the pH of the 

samples, in which drug loading experiments were initiated with pH 9.0 Tris buffer 

solution, was fixed at approximately 8 during the experiment. Therefore, stock 

solutions and drug loading experiments were prepared in a pH 9.0 medium; however, 

for more accurate calculations, the calibration curve was designed in pH 8.0 medium 

(Appendix A). 

 Drug Release Studies 

The drug release experiments were continued with drug-loaded hBNs. For determining 

the drug release performance of drug-loaded hBNs at different pHs, drug-loaded hBNs 

were left to settle in the dark at 25°C room conditions for approximately 1.5 days. The 

decantation process was done carefully to separate the remaining drug solution from 
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the precipitated nanoparticles without any loading. The solutions were centrifuged at 

4,000 rpm for about 30 minutes in case of the presence of hBN in the drug solution 

remaining unloaded. The nanoparticles were not observed in the solutions at the end 

of centrifugation. Then, the nanoparticles were dried in an oven set at about 40°C for 

48 hours. The dried materials were carefully washed at least 2 times to remove the 

remaining drug without loading on the nanoparticles.  

Drug release experiments were first carried out with drug-loaded hBNs at 37°C human 

body temperature, in pH 4.5 PBS solution medium, in 10 mL buffer solution with an 

orbital shaker (Figure 3.4). The measurements were taken on the first day of drug 

release frequently. Then, it was continued until the drug release reached the 

equilibrium. Each measurement was made by recording the absorbance of the drug at 

the characteristic peak value (611 nm) in the UV/Vis spectrometer of the 0.88 mL 

samples drawn with a micropipette at different time intervals. Concentrations 

corresponding to absorbance values were calculated with the calibration curve. After 

each measurement, the amount withdrawn for measurement was returned to the 

experimental environment. Each experiment was repeated at least 3 times within itself 

and the average values of the results were recorded. The same procedures were 

repeated for pH 7.4 PBS medium. 

 

Figure 3.4 : The process of drug release experiments. 

 Characterization Techniques 

Various characterization techniques were used in this study such as UV/Vis 

Spectrometer, Fourier Transform Infrared Spectroscopy (FT-IR), Transmission 

Electron Microscopy (TEM), Scanning Electron Microscopy (SEM), 

Thermogravimetric Analysis (TGA), Atomic Force Microscopy (AFM), Dynamic 

Light Scattering (DLS), and Zeta potential. 
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3.6.1 UV/Vis Spectrometer 

UV/Vis spectra were performed using Perkin Elmer Lambda 35 UV/Vis Spectrometer 

in the 200-650 nm range for drug loading and release experiments. The measurements 

were obtained at least three times, then their mean values were calculated. 

3.6.2 Fourier Transform Infrared Spectroscopy (FT-IR) 

FT-IR spectra of hBN, Mitoxantrone Dihydrochloride, and drug-loaded hBN were 

obtained in the wavelength range of 4000-650 cm-1 using Agilent Technologies Cary 

630 FT-IR measuring instrument. 

3.6.3 Transmission Electron Microscopy (TEM) 

TEM was carried out by using FEI TALOS F200S in SUNUM laboratories to examine 

the microstructure of the hBNs after their sythesis process.   

3.6.4 Scanning Electron Microscopy (SEM) 

The morphology of the synthesized hBNs were monitored by SEM. For SEM analysis, 

JEOL JSM-6390LV device was used. 

3.6.5 Thermal Gravimetric Analysis (TGA) 

TGA was performed at room temperature under an inert gas atmosphere, from room 

temperature to 550°C, with a heating rate of 10°C/min, using a Perkin-Elmer Diamond 

TA/TGA instrument.  

3.6.6 Dynamic Light Scattering (DLS) 

The particle size distributions of hBNs synthesized in aqueous media were measured 

by DLS analysis using Malvern Zetasizer Nano ZS in SUNUM laboratories and the 

hydrodynamic stability of hBNs was investigated. After the optimal distribution of 

hBNs sonicated in ddH2O for 2 minutes was achieved, samples were analyzed to 

evaluate their colloidal stability over time.   

3.6.8 Atomic Force Microscopy (AFM) 

AFM analysis was performed by using Park System XE100 in SUNUM laboratories 

to precisely measure the forces between the molecules of the synthesized hBNs and to 

visualize the surface topography and morphology of the material.   
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3.6.9 Zeta Potential 

It isn't easy to characterize the actual surface potential experimentally. Therefore, Zeta 

potential (ζ) measurements have been performed by using Malvern Zetasizer Nano ZS. 

 Kinetic Models of Mitoxantrone Loaded hBNs 

For in vivo studies, which are the continuation of in vitro studies, kinetic models are 

used to determine biological performance. Thus, experimental data of in vitro drug 

release are evaluated, and controlled release formulations are developed. For this 

purpose; many models indicate drug release from nanocarriers kinetically. In this 

study, the Zero Order, First Order, Higuchi, Korsmeyer-Peppas, and Hixon-Crowell 

models [109], which are the most widely used kinetic models, were used. In addition, 

the kinetic constants of the models were calculated using the release data of 

Mitoxantrone from hBNs. Table 3.2 shows the kinetic models used and their equations 

to examine the drug release kinetics within the scope of this study. 

Table 3.2 : Drug release kinetic models used in this study. 

Model Name Mathematical Model 

Zero Order F = k0 t 

First Order ln(1–F) = – kf  t 

Higuchi F = kH t
1/2 

Korsmeyer-Peppas F = k tn 

Hixson-Crowell W0
1/3 – Wt

1/3 = kS t 

Where, W0 is initial amount of drug in the solution, Wt is amount of drug released in 

time t, F is fraction of drug released at time t, t is time, k0 is Zero Order release constant, 

kF is First Order rate constant, kH is Higuchi dissolution constant, kP is Korsmeyer-

Peppas constant, kS is Hixon-Crowell constant, and n is exponent of release. 

The release profile of each drug system can be mathematically modeled and described 

(Figure 3.5). By using these models, a controlled and adjustable drug delivery system 

can be designed for various applications. The correlation coefficient (R2) is used to 

validate the experimental data to check the accuracy of the kinetic model.  
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Figure 3.5 : Linearized plots of most common kinetic models; a) Zero Order, b) First 

Order, c) Higuchi, d) Korsmeyer-Peppas, and e) Hixson-Crowell  [110]. 

 Statistical Analysis 

All experimental studies were accomplished at least three times, and each 

concentration was performed in triplicates in order to do independent experiments. 

Results were expressed as mean ± standard deviation (SD). Statistical analysis was 

carried out by one-way analysis of variance (ANOVA), followed by t-test with 

considering p ≤ 0.05 statistically significant. 
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 RESULTS AND DISCUSSIONS 

In this study, the transport of Mitoxantrone drug with the synthesis of hexagonal boron 

nitride (hBN), which is both a new and promising nanomaterial, was investigated, and 

a new drug delivery system was designed to reduce the side-effects of cancer treatment 

and ensure that the drug reaches the targeted area safely. The experimental plan for 

this study is as follows: 

- hBN synthesis (Performed in SUNUM Laboratory) 

- Loading of MTX drug into hBNs at different pH mediums 

- Release of MTX drug in different pH mediums 

- Examination of drug release kinetics 

- Characterization studies 

The methods followed in each step, and the results of the studies are explained in detail 

in the relevant sections below, and the results compared with the literature are 

interpreted. 

 Hexagonal Boron Nitride Synthesis 

The most important step in designing a drug delivery system begins with synthesizing 

the nanocarrier. For this purpose, the raw materials and synthesis method to be used in 

hexagonal boron nitride (hBN) synthesis in this study were investigated in detail. 

The characteristic property of each nanomaterial varies according to the process in 

which it is synthesized, and the raw materials used. For producing hBN with a 

honeycomb-like crystal lattice structure, boric acid was chosen as the starting boron 

material, and hBN synthesis was carried out according to the Chemical Vapor 

Deposition (CVD) method [105]. The fact that boric acid is one of the most effective 

starting materials has an essential effect on the morphological structure of hBNs [77]. 

Depending on the literature studies conducted to interpret synthesis results, both 

spectroscopic and morphological characterization results show that hBNs synthesized 
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in SUNUM laboratories exhibit high uniformity, and similarity to the thrombocyte-

structure. 

4.1.1 UV/Vis spectrophotometer 

UV/Vis spectrophotometer is of great importance in identifying, examining, and 

characterizing synthesized hBNs. For this purpose, UV/Vis spectrophotometer has 

been used to evaluate the absorption of hBNs. First, hBNs were dispersed by 

sonication in ddH2O about 2 minutes before the analysis. Each measurement was 

repeated at least 3 times, and the averages were taken. 

 

Figure 4.1 : UV/Vis spectrums of hBN. 

hBNs have a maximum specific absorbance at about 200-220 nm, corresponding to 

the B-N bond. This absorbance value is clearly seen in the UV/Vis spectrum of the 

synthesized hBNs (Figure 4.1), and its characteristic peak is measured as 205 nm. This 

value is compatible with other studies in the literature [62]. Moreover, the absence of 

any other peaks in the spectrum other than this value proves the purity and successful 

synthesis of hBNs in this wavelength range. 

4.1.2 FT-IR  

FT-IR analysis was carried out to obtain structural and compositional information 

arising from the vibrational movement of the bonds in the boron and nitrogen 

containing the structure of the synthesized hBNs. According to the literature, 

hexagonal boron nitrides have 2 characteristic peaks. These vibratons are summarized 

as follows [84]: 
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706 - 810 cm-1 : out-of-plane B-N-B (bending) 

1370 - 1408 cm-1 : in-plane B-N (stretching) 

The hBN peaks in the FT-IR measurements (Figure 4.2) taken in the wavenumber 

range of 500 to 4000 cm-1 show similar behavior with the peaks obtained in the 

literature [62,81,105].  

 

Figure 4.2 : FT-IR spectrums of hBN. 

In the FT-IR spectra of the synthesized hBNs, wide peaks were detected at 762 cm-1 

and 1322 cm-1 attributed to B-N-B and B-N vibrations, respectively. According to the 

literature, the peak at ~3200 cm-1, which is attributed to the -OH stretch, indicates the 

-OH stretching vibration caused by the moisture the material takes from the air [111]. 

In the synthesized hBNs, a slight peak, is attributed to the -OH stretching vibration 

was observed at approximately 3233 cm-1, although not very prominent. This situation 

clearly demonstrates that hBNs have low degradation capacities [112]. 

The fact that the results are compatible with the results determined in the literature 

proves that the hBN synthesis was carried out successfully. 

4.1.3 TEM  

TEM analysis was carried out to examine the microstructure of the synthesized hBNs. 

Based on TEM images (Figure 4.3), it was observed that the synthesized hBNs showed 

platelet-like structures. They have uniform size with a lateral size of about 50 nm. In 

addition, the absence of any impurities around the hBNs indicates that the hBN 

synthesis has taken place successfully and that the synthesized hBNs are produced 

without any contamination. The results are compatible with the literature [62,77,105].  
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Figure 4.3 : TEM images of hBN with increasing magnification. 

4.1.4 SEM 

After the synthesis of hBNs, SEM analysis was performed to examine their 

morphological characteristics and sizes. Surfaces scanned by SEM contain high-

energy electron beams. Thanks to this technique, three-dimensional morphological 

images of a sample less than about 1 nm are obtained [113]. The morphology and size 

of hBNs change depending on the preferred the method of synthesis and conditions 

and the type of boron precursor used as raw material [105].  

The size of hBN particles synthesized with boric acid precursor is variable, and their 

morphological structure resembles platelets, as in Figure 4.4 [114]. The hBNs 

synthesized in this study are similar to platelets, as in Figure 4.5. The results show that 

the synthesized hBNs do not contain any impurities. The SEM images support the 

TEM results and the results are compatible with both each other and the literature 

[77,105,114].  
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Figure 4.4 : SEM image of hBN in the platelet structure [114]. 
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Figure 4.5 : SEM images of pure hBN. 

Figure 4.6 shows SEM images of hBN surfaces with Mitoxantrone dihydrochloride 

(MTX). SEM images of pure hBNs without Mitoxantrone dihydrochloride (Figure 4.5) 

have different morphology compared to hBN images loaded with MTX (Figure 4.6). 

In Figure 4.6, it is clearly seen that the drug molecules cover the hBNs surfaces. The 

homogeneous MTX particles prove the successful drug-loading. 
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Figure 4.6 : SEM images of Mitoxantrone dihydrochloride loaded on hBN. 

4.1.5 TGA 

TGA analysis was performed to specify the impurity percentage of the synthesized 

hBNs. Thus, oxidation of hBNs was ensured by increasing the temperature in the air 

environment with TGA analysis. The remaining amount in weight loss indicates 

impurities. According to TGA analysis, the amount of impurities in hBNs was found 

to be approximately 5.8% (Figure 4.7). This is an acceptable value and shows that the 

hBNs are produced quite purely. 
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Figure 4.7 : TGA measurements of hBN. 

4.1.6 DLS 

With the DLS analysis, which is used to characterize nanoparticles and to obtain 

information about the particle size in solution, the particle size distributions of the 

synthesized hBNs in the aqueous medium were measured, and their hydrodynamic 

stability was investigated. 

 

Figure 4.8 : DLS spectrums of hBN. 

Time-dependent modification in the hydrodynamic size of hBNs demonstrates their 

colloidal stability. To measure the hydrodynamic size of hBNs, DLS analysis was 

performed in incubation in an aqueous medium. The hydrodynamic size of the 

synthesized hBNs was recorded as a maximum 120 nm after incubation (Figure 4.8). 

According to the results, the hBNs are dispersed efficiently in water and exhibit narrow 

size distribution even after incubation, corroborating their high colloidal stability. In 

addition, the thinner the size distribution of hBNs, the more regular their structure and 

higher uniformity [105]. The results of the DLS analysis are compatible with the 

literature [81,105] and the colloidal stability of the synthesized hBNs is relatively high. 
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4.1.7 AFM  

AFM analysis was performed to precisely measure the forces between the molecules 

of the synthesized hBNs and to visualize the surface topography of the material. The 

results show that the synthesized hBNs have uniform structures (Figure 4.9) and are 

compatible with the literature [71,84]. In this way, it is understood that hBNs were 

synthesized with high efficiency and well-purified. 

 

Figure 4.9 : Topography images of hBN with AFM analysis. 

The general results of the characterization studies of synthesized hBNs are 

summarized as follows: 

- Nano-sized hBNs have been produced. 

- Structural and morphological properties of the synthesized nanomaterials were 

investigated, and various analyses were made in this direction. 

- The synthesized hBNs have a significantly high purity. 

- The characteristic peak was measured as 205 nm by UV/Vis. The lateral size 

dimension was around 50 nm. The hydrodynamic size was also measured as 120 nm 

which proved its high stability. 

- The results are extremely compatible with the literature. At the same time, the purity 

of the material, its honeycomb, and its layered structure also support the results. 

 Drug Loading Studies 

In this study the potential of hBN was investigated as a nanocarrier in cancer treatment. 

First, the interaction of hBN with MTX (MTX-hBN) was investigated as a non-

covalent interaction at different pH mediums to determine the most efficient loading 
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condition. At the same time, drug loading was performed with different MTX/hBN 

ratios, and the most efficient loading condition was determined. 

Mitoxantrone, which is a weakly basic drug, has pKa1 and pKa2 values of 5.99 and 

8.13, respectively, as shown in Figure 3.1 and there are two ionizable amine groups in 

its structure. If the pH is higher than pKa2 = 8.13, MTX loses protons. In another 

words, amine groups makes MTX more hydrophobic at highes pH values.  The UV 

absorption value for drug loading kinetics in the UV/Vis spectrum of MTX is 611 nm 

[115-117].  

According to a study in the literature [108], the effect of Mitoxantrone on drug loading 

efficiency for carbon nanotubes at optimum pH was explored, and it was found that 

the optimum drug loading efficiency was at pH 9 (Figure 4.10). In the study, the reason 

for this was explained as the pKa value of the drug being between 8.3-8.6. It has also 

been demonstrated that in this pH range, specified as the optimum condition, most 

amine groups are deprotonated and become more hydrophobic so that they can bind to 

the nanotube surface by π–π interactions. 

 

Figure 4.10 : a) pH-dependent interaction of Doxorubicin and Mitoxantrone with 

carbon nanotubes (at pH ranging from 5 to 9), b) chemical structures of DOX and 

MTX [108]. 

On the other hand, when the studies with Doxorubicin (DOX), which is the structural 

analog of Mitoxantrone anti-cancer drug and for which there are more studies in the 

literature compared to MTX, are examined, it is emphasized that the drug loading 

efficiency can vary according to the type of nanomaterial. In the literature, studies on 

the loading pH of DOX drug have reported that the most stable loading is at pH 7.0, 

according to its pKa values [pKa1= 7.34 (phenol); pKa2=8.46 (amine); pKa3=9.46]; 
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however, since the optimum drug loading efficiency can alter depending on the type 

of nanomaterial and drug, the optimum loading pH has been investigated by loading 

at different pHs (4; 5.5; 7.4; 8.5; 9.4; 10.5; 11) in various studies Table 4.1. In this 

case, it would not be correct to determine the drug loading pH by only looking at the 

pKa value used in the study. Some of the studies on this subject are summarized in 

Table 4.1. 

Table 4.1 : pH-dependent drug loading studies. 

Nanocarrier type 

Loading pH 

and loading 

solution 

Notes (if necessary) Ref. 

hBN and BNNT First fixed 7; 

then 4, 7, 11 

The strongest interaction was 

observed at pH 7 and pH 11. Higher 

pH (pH 7 or pH 11) drug loading is 

appropriate for DOX–BNNTs and 

DOX–hBNs 

[62] 

Polymeric micelles 7.4 PBS - [118] 

Mesoporous silica 

functionalized with 

Poly-L-Histidine and 

Tamoxifen 

5 PBS - [119] 

Poly(trimethylene 

carbonate)-b-poly(L-

glutamic acid) 

(PTMC-b-PGA) 

7.4 Tris; 

10.5 

Carbonate 

The maximum DOX-loading content 

in polymerosomes is pH dependent: 

23% (235 µg drug/mg polymer) at 

pH 7.4 and 47% (472 µg/mg) at pH 

10.5. 

[120] 

SWCNT (PEG-

SWCNT, PEG-PEI-

SWCNT) 

5.5; 7.4; 8.5 

PBS 

The amount of DOX loaded on 

SWCNTs depends on pH parameter. 

The loading factor was reduced from 

100 to 19.5 to 11 as the pH was 

lowered from 8.5 to 7.4 and 5.5, 

respectively.  

[121] 

Considering all these studies, since the interactions of hBN and MTX have not been 

investigated before, drug loading experiments were carried out with this new 

nanomaterial with different drug amounts in both pH 6.0 and pH 9.0 mediums to 

determine the max drug-loading efficiency under optimum conditions. Within the 

scope of this study, the amount of hBN (3.0 mg) was kept constant, and the amount of 

the drug was determined in three different conditions such as 1.25 mg, 2.5 mg, 5.0 mg. 

The pH medium where the maximum loading was observed was selected for drug 

release and characterization studies. 
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4.2.1 pH-dependent evaluation 

To investigate the optimum loading performance of Mitoxantrone on hBNs, time-

dependent pH measurements were examined. After the drug loading experiment was 

started, the pH change during loading was explored at different time intervals. In 

addition, the same experiment was repeated under the same conditions, using a model 

drug, Procaine [122]. Since Procaine is a stable drug that has been used in many studies 

in our laboratory, it was chosen as a model drug in this study. In addition, the amine 

group in its structure is also present in Mitoxantrone (Figure 4.11).  

The non-covalent interactions between hBN and drug occur with π-π bonds. Therefore, 

a reaction develops between the hBN and the drug, and this situation may affect the 

pH of the environment. In addition, some special conditions affecting the pH of the 

environment are due to the pKa of the drug. In another words, the type of drug, the pH 

of the drug, and the interaction between the drug and the nanomaterial which are the 

specific conditions affect the pH. 

In Figure 4.11 b), the decrease in pH at pH 9.0 buffer+hBN may be due to the opening 

of the layers in the structure of hBN because of the sonication process. Furthermore, 

in Figure 4.11 c), pH stabilization at approximately 8 in hBN-Mitoxantrone and hBN-

Procaine nanosystems prepared individually under all conditions including drug 

solution concentration is drug-dependent condition. The fact that Mitoxantrone (pKa 

= 8.3-8.6) and Procaine (pKa = 8.05) have similar pKa values and the pH of both drug 

solutions mediums stabilized to 8 over time explain that the pH of the medium is 

affected by the pKa of the drug. 
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Figure 4.11 : pH-dependent measurements in detail; a) sonication process to make 

hBNs dispersed, b) pH measurements with only different buffer solutions in the first 

30 min and 1 hour, c) pH measurements with different drug solutions under the same 

conditions. 

Confirming to these results, we can not say that hBN nanomaterials reduce the pH of 

the drug solutions. In addition to the result, a calibration curve was prepared in pH 8.0 

medium in order to determine more sensitive and accurate results, and the absorbance 

values measured in UV/Vis spectroscopy were read on the calibration curve (Appendix 

A) at pH 8.0 to determine the amount of drug in the solution prepared in pH 9.0 

medium. Thus, it was determined that there was an improvement of about 1.5-2% 

compared to the values read at pH 9.0. 

4.2.2 Drug loading at pH 6.0  

Figures 4.12 indicates drug loading data at different drug:nanocarrier ratios in a pH 

6.0 medium. According to the results obtained, depending on the MTX/hBN ratio, 

maximum drug-loading data were 6.0% (3rd day), 4.6% (1st day), and 6.3% (3rd day) 

for 1.25/3.0, 2.5/3.0, and 5.0/3.0, respectively (Figure 4.14). These data correspond to 

1 mg of hBN versus 0.024 mg, 0.036 mg, and 0.102 mg of drug loading, respectively. 
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Figure 4.12 : Mitoxantrone loading at pH 6.0 medium a) efficiency (%) and amount 

(mg/mg); b), and c) max drug loading capacities (% and mg/mg, respectively) (The 

results are given as mean ±SD, p > 0.05). 

4.2.3 Drug loading at pH 9.0 

Drug loading data at different drug:nanocarrier ratios in pH 9.0 medium are shown in 

Figure 4.13. According to the results obtained, depending on the MTX/hBN ratio, 

maximum drug-loading data were 20%, 27.87%, and 32.75% in 30 minutes for 

1.25/3.0, 2.5/3.0, and 5.0/3.0, respectively (Figure 4.14). These data attributed to 1 mg 

of hBN versus 0.111 mg, 0.284 mg, and 0.657 mg of drug loading, respectively. 

Interestingly, the maximum drug loading efficiency in all three MTX/hBN systems 

was achieved within the first 30 minutes. In addition, the stability of drug loading data 

observed up to 50 hours in pH 9.0 environment shows how excellent and stable 

nanocarriers hBNs are in terms of drug loading. 
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Figure 4.13 : Mitoxantrone loading at pH 9.0 medium a) efficiency (%); b) amount 

(mg/mg); c), and d) max drug loading capacities (% and mg/mg, respectively) (The 

results are given as mean ±SD, p ≤ 0.05). 

This study observed that the drug loading capacity, which was examined in pH 6.0 and 

pH 9.0 Tris buffer environment, was higher and more stable in pH 9.0 medium. 

According to a study examining the drug loading capacity of CNTs with Mitoxantrone 

[108], optimum drug loading efficiency was achieved at pH 5 to 9 ranges for 18 hours 

(Figure 4.10). It was determined that the max loading efficiency of Mitoxantrone drug 

was determined in the pH 8-9 range, the pKa value of the drug was in the range of 8.3-

8.6, and thus higher drug loading efficiency was obtained due to the protonation of 

amino groups in the pH 8-9 range.  

All results obtained for maximum drug-loading at pH 6.0 and pH 9.0 are given in 

Figure 4.14. According to the results, the maximum loading environment for 

Mitoxantrone and hBN nanosystem should be at pH 9.0.  
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Figure 4.14 : pH-dependent drug interaction summary of MTX-hBN nanosystems; 

a) % loading, b) mg/mg loading (The results are given as mean ±SD, p ≤ 0.05). 

Confirming the drug loading capacity of the boron nitride nanomaterials summarized 

in Table 4.2, although we obtained low drug loading efficiency in the pH 6.0 medium 

when compared with the studies in the literature, it is seen that the loading capacity 

increases as the amount of drug in the drug/nanocarrier model increases. In this case, 

it can be interpreted that the drug-loading efficiency depends on the amount of the 

drug, as can be seen from the Figures 4.12, 4.13, 4.14.  

According to a study [62], BNNTs have been proven once again to be superior to hBNs 

in terms of drug-loading capacity with having 3 times more capacity than hBNs (Table 

4.2). However, MTX-hBN drug loading results in this study are higher than DOX-

BNNT loading results, as can be seen from the table. Thus, except for the 

functionalization process, our drug loading efficiency results (especially at pH 9.0) are 

higher than other drug/BN nanosystems. Again, as seen from Table 4.2, the effect of 

functionalization on drug loading capacity is clearly seen in DOX-BN and FA-DOX-

BN nanosystems. In these systems, DOX-BN has a drug loading capacity of 6.9 μg/mg 

prior to any functionalization; whereas functionalization with folic acid (FA), the FA-

DOX-BN system reaches a drug loading capacity of 20.7 μg/mg. According to these 

results, functionalization has affected the loading efficiency aproximately 3 times. 

In order to obtain a high drug loading capacity of Mitoxantrone on hBNs, in future 

studies, functionalizing the hBN nanomaterial with appropriate biomaterials will 

increase the drug loading capacity considerably, and a higher loading capacity will be 

obtained according to the literature. As an example of functionalization for future 

studies, the functionalization of hBNs by sonication with ddH2O (OH-hBNs) can be 

recommended as it is a cheaper method and does not involve an additional process for 

purification. Another suggestion is that functionalization with Folic acid (FA), which 
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is biocompatible with the body and as indicated in the studies in Table 4.2, has been 

shown to increase drug loading efficiency by approximately 3 times. To make the 

study unique, functionalization studies with various amino acids (Fmoc-Glycine, 

Fmoc-Cysteine, Fmoc-Tryptophan) are also considered to increase the drug loading 

efficiency. 

Table 4.2 : Exploring drug loading capacities related to nanocarrier types. 

Nanocarrier Type pH medium Drug-loading capacity Reference 

  μg drug/mg 

nanocarrier 

mol/mg 

nanocarrier 

 

MTX-hBN 

(1.25/3.0)  

6 24 0.05 This study 

MTX-hBN 

(2.5/3.0)  

6 36 0.07 This study 

MTX-hBN 

(5.0/3.0)  

6 102 0.20 This study 

MTX-hBN 

(1.25/3.0)  

9 111 0.21 This study 

MTX-hBN 

(2.5/3.0)  

9 284 0.55 This study 

MTX-hBN 

(5.0/3.0)  

9 657 1.27 This study 

DOX-hBN 4, 7, 11 110 0.20 [62] 

DOX-BN No information 55 0.10 [82] 

DOX-BNNS 7.4 6.9 0.01 [77] 

FA-DOX-BN No information 20.7 0.04 [80] 

DOX-BNNT 4, 7, 11 330 0.61 [62] 

DOX-BNMS No information 52.6  0.10 [119] 

FA-DOX-BNMS No information 49.2  0.09 [119] 

DOX-BN No information 7  0.01 [119] 

DOX-Pd-OHBNNS No information 862 1.59 [61] 

PAHcit-BNNS 5, 6.5, 7.4, 9 72.6  0.13 [77] 

MTX-CNT 9.1 510 0.99 [123] 

MTX-CNT 9.0 1960 3.79 [124] 
 

In addition, the drug-loading capacity without functionalization of Mitoxantrone and 

carbon nanotubes (CNTs) which is the most widely used drug delivery system from 

carbon-based materials, was found to be 0.51 mg/mg in one study [123] and 1.96 

mg/mg in another study [124]. It should not be forgotten that CNT is a 1D material 

which is different from hBN (2D), so the optimum comparison should be made with 

BNNT (1D). BNNTs are non-toxic materials with a much higher drug-loading capacity 

than both CNTs and hBNs. In addition, the molecular interaction is superior to CNTs, 
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thanks to the spontaneous polarization of the B-N bond in BNNTs based on hBN 

structure. 

4.2.3.1 UV/Vis 

The interactions between MTX and hBNs values at pH 6.0 and 9.0 mediums were also 

characterized by using UV/Vis spectroscopy. The specific peak of hBN was observed 

at 210 nm and the specific peak of MTX was observed at 611 nm. As noted in the 

literature, hBN has a specific peak at 200-220 nm [62,105] and  MTX has specific 

peaks at 247 nm, 277 nm, and 608-613 nm [108,120].  

4.2.3.2 FT-IR 

The structure of hBN nanosystems loaded with Mitoxantrone was analyzed by FT-IR 

spectrometry. The spectra for MTX, hBN andMTX-hBN are given in Figure 4.15. 

  

Figure 4.15 : FT-IR spectrums of hBN, MTX, and MTX-hBN. 

hBN and MTX peaks show similar behavior to peaks obtained in the literature 

[62,81,105,121,125]. The results are consistent with the results found in the literature. 

Following the results of the spectra thus obtained, it is seen that the MTX drug was 

successfully loaded onto the hBN nanomaterials. 

The 778 cm-1 and 1352 cm-1 peaks correspond to B-N-B and B-N vibrations, 

respectively, in MTX-hBN system. In addition, the slight peaks at 1231 cm-1, 1191 

cm-1, 1092 cm-1, and 1021 cm-1 belongs to the C-H bonds in the chain originating from 

the MTX molecule. Moreover, as reported in literature [121], a weak peak attributed 

to the -OH bond was observed for MTX-hBN at 3197 cm-1 (Figure 4.16).  
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Figure 4.16 : FT-IR spectra of BNNP and BN-powder in detail [82]. 

The peak values of Mitoxantrone according to the FT-IR spectra in the literature are 

summarized below as shown in Figure 4.17 [121]: 

C=C bonds in the aromatic ring : 1626-1370 cm-1 

C=O bonds in the aromatic ring : 1729 cm-1 

C-H bonds in the chain : 1217-1006 cm-1 

-OH bonds in the chain : 3290 cm-1  

C-H bonds in the amide group: : 2989 cm-1 

 

 

Figure 4.173: Bonds in the chemical structure of Mitoxantrone in detail [121]. 

According to the FT-IR spectrum results of MTX molecule in Figure 4.15, 2987 cm-1 

moderate peak is attributed to C-H stretching band [126], which is found as amide 

group in the structure. Peaks at 1609 and 1351 cm-1 are attributed to C=C bonds in the 

aromatic ring, and peaks 1205 are 1075 cm-1 are attributed to two chains of C-H bonds.  
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The absence of any peaks in the functional group region between 4000-1450 cm-1 in 

the MTX-hBN nanosystem indicates that there is no functional group in the structure. 

4.2.3.3 Zeta potential and size distribution 

Zeta potential is a physical property of all liquid-liquid and solid-liquid colloidal 

systems and is widely used to measure the charge value of the surface [127]. Zeta 

potential is formed between the material and the liquid containing the material. In a 

liquid, repulsive and attractive forces occur between particles because the particles 

with the same charges repel each other, and particles with opposite charges attract each 

other. In addition, these forces vary depending on the Zeta potential of the 

nanomaterial. That is why Zeta potential is also called electrokinetic potential, and 

measurement of Zeta potential gives critical information about the electrostatic 

distribution mechanism (Figure 4.18). The purpose of Zeta potential is to know about 

the material's colloidal stability and to comment on the surface charge, adsorbent 

property, and material-media relationship. Moreover, Zeta potential values alter 

depending on the pH of the solution, the properties of the solid surface, and the ions in 

the solution. A positive Zeta potential represents the net positive charge on the material 

surface, and a negative Zeta potential represents the net negative charge on the material 

surface. According to the Zeta potential value, it can be interpreted that the material 

with a more negative value is more hydrophobic [127,128].  

Colloidal stability of hBNs with Zeta potential and Zeta size were performed by using 

Malvern Zetasizer Nano ZS. The average electrophoretic mobility is calculated by the 

Smoluchowski equation (Equation 4.1) [129]. 

𝑢 = 
ε ζ

𝜂
  (4.1) 

where, u, 𝜀, and η are the particle mobility, the dielectric constant of water, and the 

viscosity of the medium, respectively. 
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Figure 4.18 : Diagram of Zeta potential around a material in an aqueous electrolyte 

[127]. 

The surface of cancerous tissues is usually negatively charged. Generally, positively 

charged nanoparticles are more easily taken up by the cancerous cell and retained 

longer than negatively charged ones. Thanks to the Zeta potential measurement, the 

circulation of the nanosystems in the bloodstream and their absorption from the body 

membranes can be significantly adjusted and modified. In addition, drug loading 

efficiency to nanocarriers and drug release rate from nanosystems also vary depending 

on the Zeta potential. However, by looking at the drug's Zeta potential, it can be 

understood whether the nanomaterial protects the drug. If the Zeta potential value is 

close to the Zeta potential of the nanoparticle or is zero, it can be understood that the 

drug is protected by the nanoparticles. The nanoparticle's surface and its surface 

properties are essential for drug delivery systems. Surface modification is often done 

to allow nanosystems to stay in the bloodstream longer. Parameters such as the size 

and charge of nanoparticles can significantly impact the behavior of these materials in 

the biological environment [130]. 

In addition, due to studies that positively charged nanomaterials increase cytotoxicity, 

these materials have not been approved by the FDA. In contrast, negatively charged 

nanomaterials have been approved by the FDA, because they have lower cytotoxicity. 

On the other hand, it was found that negatively charged nanomaterials were less drug-

loaded and cleared from the blood more slowly (staying longer in the blood) than 

positively charged nanomaterials. The surface charge density of nanomaterials should 

be optimally adjusted for the effective target of the drug, as there are various 

advantages and disadvantages for both charges [130]. 
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The binding of the MTX molecule to hBNs has been demonstrated by its Zeta potential 

(Table 4.3 indicates widespread properties of Zeta potential in drug delivery literature).  

Table 4.3 : Colloidal stability for Zeta potential intervals [131]. 

Zeta potential (mV) Types of colloidal stabilities 

0 to ± 5 Rapid agglomeration 

± 10 to ± 30 Incipident  

± 30 to ± 40 Moderate  

± 40 to ± 60 Good  

> ± 60 Excellent  
 

As seen in Figure 4.19, hBN and MTX molecules are negatively charged, which 

indicates that both molecules are stable. The fact that MTX molecule is more negative 

than hBN shows that MTX is more stable than hBN. 

 

Figure 4.19 : Zeta potential measurements of hBN, MTX (free), and MTX-hBN. 

According to results, in Table 4.4, it is clearly seen that while the hBN nanosystem 

was incipident stability before drug loading, MTX-hBN nanosystem approached 

moderate stability after drug loading. 

Table 4.4 : Zeta potential values of hBN, MTX (free), and MTX-hBN samples. 

Samples hBN MTX (free) MTX-hBN 

Zeta potential (mV) -14.0 ± 1.95 -30.15 ± 3.04 -27.8 ± 1.41 

Considering the electrostatic interactions that occur due to the repulsion of the same 

charges, after the negatively charged MTX (-30.15 mV) is loaded onto the negatively 

charged hBNs (-14.0 mV), the charge of the drug delivery system (MTX-hBN) is less 

negative (- 27.8 mV). Thus, the MTX-hBN interaction has become a much more stable 

system than hBN.  



55 

The size distribution can be calculated by intensity, volume and number. The Dynamic 

Light Scattering (DLS) analysis in Table 4.5 shows the data calculated by intensity. 

According to DLS analysis, the size of the hBNs before drug loading was 184.4, while 

the size of the MTX-hBN nanosystem after loading MTX was 566.9 (Table 4.5). An 

almost 5-fold increase in initial hBN size after drug loading indicates effective drug 

loading. The results confirm the Zeta potential data as the drug is effectively loaded. 

Table 4.5 : Size and intensity parameters of hBN and MTX-hBN samples. 

Samples Size (d.nm) Intensity (%) PDI 

hBN  184.4 26.4 0.06 

MTX-hBN 566.9 90.4 0.03 

The polydispersity index (PDI) is a value that helps in determining the heterogeneity 

of a material based on size. The PDI value is a value between 0-1. According to 

international standards, a PDI value less than 0.1 indicates that the material is 

monodispersed. On the other hand, if the PDI is greater than 0.1, then it is interpreted 

that the material is polydisperse [132]. According to Table 4.5, the PDI value for both 

systems is less than 0.1, indicating that the nanosystems are monodispersed. 

 Drug Release Studies 

The release behavior of the MTX drug, described in detail in this section, can be 

controlled by pH, and regulation of the Zeta potential. 

The reason for choosing the pH values is that the pH value of tumor tissues and tumor 

microenvironment is acidic (4.5-6.0); however, the blood pH is neutral (7.34-7.45) 

[42]. While the drug release experiments in the acidic medium represent the drug 

release in the tumor region, they represent the drug release in the blood in the neutral 

environment. 

The recommended starting dose of Mitoxantrone in cancer treatment is 12-14 mg/m2 

(at 21-day intervals). Considering this data as the drug release target, although the 

amount of MTX dose used in this study is low compared to the treatment dose, it has 

been explained in the literature that this amount can be increased if desired [92]. 

In this study, drug release experiments were carried out in two different pH 

environments. Thus, the effect of medium pH on drug release of hBN nanoparticles 
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was investigated. At the same time, the reason for choosing two different pH values is 

that the cancer cell tissue is in the pH range of about 4.5-6.5, and the pH of healthy 

cell tissues and bloodstream is 7.4. Moreover, in a previous study [108] pH-dependent 

drug release kinetics was reported for MTX. According to the results of this study, 

approximately 50% and 8% release of MTX from carbon nanotubes was observed in 

pH 5.5 and 7.4 environments, respectively. It has been explained that the reason for 

almost 6 times more drug release at pH 5.5 compared to pH 7.4 medium is the amine 

groups in the MTX molecule. Amine groups play an important role in making MTX 

drug hydrophobic at higher pH and hydrophilic at lower pH. This showed that the 

binding of MTX anti-cancer drug to nanomaterials is pH-dependent.  

In the cumulative drug release experiments conducted in this study (Figure 4.20), it 

was noticed that the drug release performance of hBN nanocarriers at pH 4.5 reached 

an equilibrium value after approximately 72 hours for prepared 2.5/3.0 MTX/hBN 

ratio, and after approximately 1 day for prepared 5.0/3.0 MTX/hBN ratio. In drug 

release experiments at pH 7.4, it was observed that the drug release performance of 

hBN nanocarriers reached an equilibrium value after approximately 1 day for 2.5/3.0 

MTX/hBN, and after approximately 3 days for 5.0/3.0 MTX/hBN. 

 

Figure 4.20 : Cumulative drug release at pH 4.5 and 7.4 mediums with different 

drug concentrations a) %release amount, b) mg/mg release amount (The results are 

given as mean ±SD, p ≤ 0.05). 

In these experiments performed for different MTX/hBN and different pH 

environments, maximum drug release performances for MTX-hBN nanosystems were 

found to be 12.5%, 5.5%, 0.9%, and 4.3%, for 2.5/3.0 (pH 4.5), 5.0/3.0 (pH 4.5), 
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2.5/3.0 (pH 7.4) and 5.0/3.0 (pH 7.4), respectively. The cumulative drug release 

amounts are 0.033 mg, 0.018 mg, 0.005 mg, and 0.011 mg per 1 mg hBN, respectively. 

According to drug release data, the most suitable system for pH 4.5 medium was the 

2.5/3.0 coded test system; because maximum drug release is desired in this pH 4.5 

environment. Likewise, since the desired condition for the pH 7.4 environment is 

minimum drug release, the most appropriate system here was again the 2.5/3.0 coded 

test system. However, it seems clear that the low release of MTX from hBNs is owing 

to the low amount of MTX loaded on hBNs [62]. The drug release performance for all 

four systems was less than 50% for 168 hours, indicating strong π-π interactions of the 

drug with hBN [108]. As the strength of the π-π interactions between the aromatic 

rings of the MTX drug and the aromatic surface of the hBN nanocarriers increases, the 

amount of drug release will decrease. The system with the strongest π-π interaction in 

the MTX-hBN complex was the 2.5/3.0 system with a maximum release of 0.9% in 

pH 7.4 medium.  

The most important finding to be determined in nanosystems studied for cancer 

treatment is the drug release performance in pH 7.4. Because if the drug loaded on the 

nanocarriers can not be released in the blood and other healthy organs until it reaches 

the tumor site but can be released at the desired location, it is stated that a successful 

nanosystem is designed, and it is extremely promising in future studies. In a study in 

the literature [42], since the release of paclitaxel from expansile nanoparticles at pH 

7.4 is less than 10%, a "minimum release" interpretation has been made about this 

situation. The desired situation in the design of a drug delivery system in cancer 

treatment is that the cancer drug should be as stable as possible in the nanocarrier 

system, which is expected from drug delivery systems; however, it should not be 

released into the bloodstream except for a minimum drug leakage (<10%) [42]. Thus, 

when the drug in the drug-nanocarrier system reaches the cancerous tissues, it will be 

released from the nanocarrier with a particular increase due to the enhanced 

permeability and retention (EPR) effect and pH-dependent release performance with 

targeting delivery [133]. In this way, our drug release study had a <10% amount in the 

pH 7.4 PBS medium. The release of the 2.5/3.0 MTX/hBN nanosystem in the first 5 

minutes is 0%, and the maximum value reached within 24 hours is 12.52% (0.033 

mg/mg), which is considered a "minimum level of drug leakage" as stated in the 

literature. At the same time, this result once again proved that hBNs have very superior 
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drug loading capacity, as it is also due to the strong π-π interactions between MTX and 

hBN nanosurfaces.  This implies that our study is extremely promising. In conclusion, 

it is predicted that our MTX-hBN nanosystem will be significantly successful in cancer 

treatment. All these results support the drug loading results and prove that the drug is 

loaded effectively.  

4.3.1 Drug release kinetics models for MTX-hBN 

FDA has defined the releases (Figure 4.21) such as immediate-release, modified-

release, extended-release, and delayed-release; however, no definition is yet to be 

provided for targeted or controlled release [110]. 

 

Figure 4.21 : Drug release kinetics [134]. 

The Zero Order Model is an ideal model for linear drug release profiles. In this model, 

drug release rate is independent of drug concentration. In addition, this model is 

usually used in transdermal, oral control release, osmotic pressure, and tablet with low 

solubility drug applications [109,110].  

The First Order Model is attributed to the loaded-drug amount in the solution and 

depends on only the initial drug concentration. In addition, this model is favorable for 

sustained release systems. Moreover, this model has several drug applications, such as 

dissolution-controlled release, diffusion-controlled release, and sustained release 

systems [109,110]. 

The Higuchi Model is described as a diffusion process. It is also based on Fick’s square 

root time-dependent law. This model, one of the first models to explain drug solubility 

from matrix systems after 1960, helps to identify the drug kinetics dispersed in a solid 

matrix. According to Higuchi Model, drug release occurs with Fickian diffusion [110]. 
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The Korsmeyer-Peppas Model describes the exponential correlation between release 

and time in release kinetics. This model is often used to investigate drug delivery from 

sources like tablets, membranes, hydrogels, and fibers. The explanation of the value 

of n according to the drug transport mechanism is shown in Table 4.6 below [110]. 

Table 4.6 : Drug mechanism model by n value [135]. 

Exponent (n) Drug Release Mechanism 

n ≤ 0.45 Fickian diffusion (Case I diffusional) 

0.45 < n < 0.89 Anomalous (non-Fickian) diffusion 

n = 0.89 Zero Order (Case II transport) 

n > 0.89 Super case II transport 

The Hixson-Crowell model is a kinetic model based on two assumptions. The first 

assumption is that drug release is limited only by drug dissolution rate. The second 

assumption is to keep the initial shape constant in matrix erosion and reduce the size 

of the matrix. In the Hixson-Crowell model, drug release does not occur by diffusion. 

Dissolution varies with surface area and particle diameter [110]. 

Mathematically modeling the release kinetics in this study helps to optimize existing 

drug delivery nanosystems and to design a polymer-based therapeutic systems in 

which the drug will be released at the required rate and concentration [134]. In this 

study, various kinetic models were used in order to interpret drug release mechanisms 

and kinetics mathematically. For this purpose, drug release data were adapted to 5 

different drug release kinetic models. The parameters calculated for the Zero Order, 

First Order, Higuchi, Korsmeyer-Peppas, and Hixson-Crowell Models are shown in 

Table 4.7. 

Table 4.7 : Parameters of kinetic models in drug delivery. 

Kinetic Models Parameters 

Drug Delivery Systems (MTX/hBN ratio) 

pH 4.5 pH 7.4 

2.5/3.0 5.0/3.0 2.5/3.0 5.0/3.0 

Zero Order 
k0 3.6201 1.6306 0.2007 1.2251 

R2 0.8645 0.7477 0.3722 0.7683 

First Order 
kF 3.6201 1.6306 0.2007 1.2251 

R2 0.8698 0.7482 0.3718 0.7695 

Higuchi 
kH 6.9135 3.2058 0.3918 2.3884 

R2 0.9420 0.8615 0.4105 0.8679 
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Table 4.7 (continue) : Parameters of kinetic models in drug delivery. 

Kinetic Models Parameters 

Drug Delivery Systems (MTX/hBN ratio) 

pH 4.5 pH 4.5 

2.5/3.0 2.5/3.0 2.5/3.0 2.5/3.0 

Korsmeyer-

Peppas 

kP 2.8032 2.0407 0.2445 1.3446 

R2 0.9399 0.9195 0.2943 0.8997 

n 0.2703 0.1782 0.1826 0.2054 

Hixson-Crowell 
kS 0.0974 0.1041 0.1088 0.1054 

R2 0.8645 0.7477 0.3722 0.7683 

When each data set was evaluated (Figure 4.22), it was found that the release 

mechanism at pH 4.5 for the 2.5/3.0 system could be explained by Higuchi (R2=0.94) 

model. Since the highest R2 value at pH 7.4 was 0.41, no release kinetic model in this 

study was suitable for the system. Furthermore, for the 5.0/3.0 system, both release 

mechanisms at pH 4.5 and 7.4 were explained by the Korsmeyer-Peppas model 

(R2=0.92, R2=0.90, respectively).  

 

Figure 4.22 : Release kinetic models of MTX-hBN nanosystems; a) Zero Order, b) 

First Order, c) Higuchi, d) Korsmeyer-Peppas, and e) Hixson-Crowell. 
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In addition, the n value characterizing the release mechanism of the drug in the 

Korsmeyer-Peppas model was found to be less than 0.45 in all systems except the 

system (2.5/3.0) at pH 7.4 medium with the lowest R2 value. In this case, the drug 

release mechanism of all systems corresponds to the diffusion mechanism obeying 

Fick's law and is compatible with the literature [109,135].  

 Statistical Analysis Results 

Drug loading and release data were analyzed statistically, as demonstrated by one-way 

ANOVA analysis. Since p>0.05 according to drug loading data in pH 6.0 medium, 

there was no difference observed between the means of any groups. On the other hand, 

in the loading data in pH 9.0 medium, a statistically significant difference was found 

at a very high level, as it was much smaller than p<0.05. Likewise, all of the drug 

release data in pH 4.5 and 7.4 mediums were much smaller than p<0.05; therefore, a 

very high statistically significant difference was noticed. According to the one-way 

ANOVA test results, the t-test was performed to reveal the difference between which 

groups in the data with a statistically significant p value. When comparing the 2.5/3.0 

versus 5.0/3.0 nanosystem in loading data at pH 9.0, there was no difference between 

them; however, at pH 4.5 and 7.4, there was a very high statistically significant 

difference between these nanosystems. 
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 CONCLUSIONS 

Cancer treatment is an area where many disciplines, such as genetics, medicine, 

biochemistry, and molecular biology, work together and aim to prevent millions of 

deaths. For an effective treatment, it is aimed that cancer drugs affect the tumor area 

in a minimum time and with maximum efficiency. At the same time, the damage to 

healthy tissues should be minimal. Hexagonal boron nitrides (hBN), which are 

nanosized and have a surface small enough to easily enter the targeted cell, are a 

structural analog of carbon-based graphene material, and draw attention with their non-

toxicity when compared to other nanocarriers used in cancer treatment. However, 

according to some studies, since the biocompatibility of hBNs has not yet been 

determined and the biocompatibility varies according to the size, shape, and surface 

area of the nanomaterial, these materials may need to be functionalized. 

In this study, drug transport and release performances of hBNs, which were 

successfully synthesized by Chemical Vapor Depotision (CVD) method and with high 

purity, were investigated in detail. The non-covalent interaction of hBNs with the 

Mitoxantrone anticancer drug chosen as the model drug, was investigated for the first 

time in this study, which made the study innovative. 

The most important step in designing a drug delivery system in cancer therapy is the 

synthesis of the nanocarrier. The properties of each nanomaterial vary according to the 

raw materials and the synthesis method. After synthesizing hBNs with boric acid as a 

boron precursor, various characterization analyses were performed and their 

morphological and spectroscopic structures were extensively investigated. According 

to the analysis results, the synthesis was carried out successfully because the hBNs 

were of high purity, uniform, and similar to thrombocytes. 

To design a drug-hBN nanosystem in cancer treatment, the drug loading capacity of 

hBNs in different pH mediums (6.0 ve 9.0) was investigated by UV/Vis spectroscopy 

by keeping the hBN amount constant at a different drug:hBN (1.25/3.0 mg/mg, 2.5/3.0 

mg/mg, 5.0/3.0 mg/mg) ratios. Drug loading results were 6.0% (0.024 mg/mg), 4.6% 

(0.036 mg/mg), 6.3% (0.102 mg/mg) for pH 6.0 medium based on 1.25/3.0 mg/mg, 
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2.5/3.0 mg/mg and 5.0/3.0 mg/mg MTX/hBN ratios, respectively; 20% (0.111 

mg/mg), 27.9% (0.284 mg/mg), 32.8% (0.657 mg/mg) for pH 9.0 medium, 

respectively, was performed. The amount of drug loading increased when the amount 

of the drug increased in loading solution. Thus, the optimum drug loading condition 

for the MTX-hBN system is the 5.0/3.0 MTX/hBN system in a pH 9.0 medium. 

The peaks at about 778 and 1352 cm-1 observed in the FT-IR spectra of the MTX-hBN 

nanosystem corresponded to B-N-B and B-N vibrations from hBN, respectively. In 

addition, the slight peaks between at 1231-1021 cm-1 belong to the C-H bonds in the 

chain from MTX. Furthermore, a weak peak attributed to the -OH bond was observed 

for MTX-hBN at 3197 cm-1. Moreover, the absence of any peaks in the functional 

group region (4000-1450 cm-1) proved that there were not any functional groups in the 

MTX-hBN system.   

It was clearly seen in SEM images that, the morphology of pure hBNs has completely 

changed after drug-loading process. That means, MTX molecules cover the hBNs 

surfaces and drug-loading was performed successfully. 

In the size distribution analysis performed according to the DLS method, hBNs with a 

size of 184.4 before drug loading and a size of 566.9 after drug loading showed that 

an effective drug loading has occurred. In Zeta potential results, the MTX-hBN 

nanosystem, which was formed after the interaction of -14.0 mV loaded hBNs with     

-30.15 mV loaded MTX drug molecule, proved to be a more stable system than hBNs, 

with -27.8 mV load. 

Cumulative drug release studies were observed by UV/Vis spectroscopy in two 

different pH mediums, which reflect the pH of the cancer cell (pH 4.5) and the healthy 

cell (pH 7.4) and bloodstream (pH 7.4). Based on the drug loading efficiency results, 

2.5/3.0 and 5.0/3.0 MTX/hBN systems were selected for release studies. Drug release 

were 12.5% (0.033 mg/mg) and 5.5% (0.018 mg/mg) for the pH 4.5 medium and 0.9% 

(0.005 mg/mg) and 4.3% (0.011 mg/mg) for the pH 7.4 medium, based on the 2.5/3.0 

mg/mg and 5.0/3.0 mg/mg MTX/hBN ratios, respectively. Accordingly, the drug 

release performance can be summarized as 2.5/3.0 @pH 4.5 > 5.0/3.0 @pH 4.5 > 

5.0/3.0 @pH 7.4 > 2.5/3.0 @pH 7.4. 

Moreover, it was determined that drug release was less than 50% in both systems, and 

MTX drug molecules formed a strong π-π interaction on the nanosurface of hBNs. In 
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addition, the stronger π-π interaction between hBNs and MTX in the 2.5/3.0 mg/mg 

nanosystem indicates that drug release occurs in a lower amount. Based on these 

results, the most successful MTX-hBN nanosystem showing both maximum release in 

pH 4.5 and minimum drug leakage in pH 7.4, was the 2.5/3.0 mg/mg nanosystem. 

When both drug loading and drug release performances are evaluated together, the 

optimum MTX-hBN medium is the drug-loaded MTX-hBN nanosystem at a ratio of 

2.5/3.0 mg/mg in a pH 9.0 medium. For this reason, FT-IR, SEM, Zeta potential, and 

size distribution analyzes were performed for this nanosystem to examine the drug 

loading performance. 

According to the drug kinetic models examined in detail with several release 

mechanisms, all drug releases except for the lowest R2 value at pH 7.4 medium, 

corresponded to the diffusion mechanism obeying Fick's law as expected. 

When all the data obtained are evaluated, it can be said that the MTX-hBN 

nanosystem, which is designed as an alternative treatment method for cancer disease, 

is significantly promising and will be played a very important role, especially in 

targeted cancer treatment.  

In future studies, functionalization with appropriate biomaterials is envisaged in order 

to increase the drug-loading capacity and completely eliminate the limited uncertainty 

on the biocompatibility of hBNs. Although there is no functionalization requirement 

in the use of hBN as nanocarriers, functionalization can be made with various 

biomaterials in order to strengthen its structure, to make hBNs dispersed, to increase 

the loading-capacity, and to add appropriate targeting agent. For future studies, the 

functionalization of hBNs by sonication can be recommended as it is a cheaper method 

and does not involve any additional process for purification. Another suggestion is that 

according to studies in the literature, drug-loading efficiency increased almost 3 times 

after functionalization with Folic acid biomolecule which was chosen for the targeting 

agent. It is suggested that functionalization studies can be performed with various 

biomolecules such as Fmoc-Glycine, Fmoc-Cysteine, Fmoc-Tryptophan amino acids. 

Moreover, a dispersion experiment can be performed to support Zeta potential results 

and to make a comment about the blood stay condition of the drug-loaded nanosystem. 

Furthermore, drug-loading capacity can also be increased by loading studies in cold 
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conditions. In addition, in order to save both time and material for the functionalization 

process, suitable simulation studies can be carried out before the experimental studies.  
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APPENDIX A 

 

 

Figure A.1 : pH 6.0 medium Mitoxantrone molecule calibration curve. 

 

 

 

Figure A.2 : pH 9.0 medium Mitoxantrone molecule calibration curve. 
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Figure A.3 : pH 8.0 medium Mitoxantrone molecule calibration curve. 

 

 

 

Figure A.4 : pH 4.5 medium Mitoxantrone molecule calibration curve. 
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Figure A.5 : pH 7.4 medium Mitoxantrone molecule calibration curve. 
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