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Abstract
The purpose of this study is to synthesize the new branched magnetic nanocomposite to carry the therapeutic agents and bio-macromolecules. Although topotecan (TPT) has significant antitumor activity to lung, ovarian, breast, pancreas, and stomach cancers, lactone ring opening causes a reduction in cytotoxic activity and severe side effects in physiological conditions. In order to contribute to the removal of the handicap (lactone ring opening), magnetic dextran branched with NαNα-Bis (carboxymethyl)-l-lysine hydrate (NTA) nanoparticles (MD3) were prepared. The characterization of the resulting MD3 material was done by using multi-pronged analyses. The stability and release of TPT with synthesized and characterized new material of the MD3 was studied using various essential factors like concentration, dosage, pH, and time. The entrapment efficiency and loading capacity of TPT onto MD3 was calculated as 32.2% and 1.44 mg/g, respectively, at pH 5. Release studies were performed with drug-loaded MD3 at different pH values. It was seen that the best release was obtained at the cancerous site pH. Initial drug concentration was measured as 0.118 mM. The loaded drug concentration was calculated as 0.0380 mM at pH 5 and 0.00092 mM of drug was released after 90 min at pH 5.8. Percentage released of drug was found as 2.42% during 90 min.
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Caco-2Human epithelium colorectal adenocarcinoma


CMDCarboxymethyl dextran


CPTCamptothecin


CPT-11Irinotecan


EDCN-(3-dimethyl aminopropyl)-N-ethyl carbodiimide hydrochloride


EDXEnergy dispersive X-ray analysis


FT-IRFourier-transform infrared spectroscopy


HASHuman serum albumin


HPLCHigh-performance liquid chromatography


MCF-7Human breast cancer


MD1Magnetic dextran


MD2Magnetic O-carboxymethyl dextran


MD3New branched magnetic dextran nanocomposite


MNPsMagnetic nanoparticles


NHSN-Hydroxysuccinimide


NTANαNα-Bis (carboxymethyl)-l-lysine hydrate


PACAPolycyanoacrylate


PCLPolycaprolactone


PLAPolylactic acid


PLGAPolylactic-co-glycolic acid


SEMScanning electron microscope


TEMTransmission electron microscope


TPTTopotecan


VSMVibrating sample magnetometer


XPSX-ray photoelectron spectroscopy




Introduction
Nanomedicine, a branch of the nanotechnology, aims to repair a damaged tissue at a molecular level or treat a disease in a very specific way. In recent years, there has been an increased interest in areas involving the use of polymer-DNA complexes, polymer-drug conjugates, and polymer micelles carrying hydrophobic drugs to increase the efficiency of cancer therapy agents. Due to their small size and excellent biocompatibility, nano-sized therapeutic polymeric agents can remain in the blood stream for a long time to reach the target site. In addition, ligands that bind specifically to receptors by chemical modification of therapeutic polymeric agents can increase the interest to cancer cells. Thus, they can improve the effectiveness of the therapy significantly. Such studies summarize that polymeric nanomedicine will allow development of nano-drug targeting facilities and logical approaches to the characteristics of cancer in the future (Cao et al. 2011).
The level of concentration required for magnetic nanoparticles (MNPs) coated with a suitable polymer is generally below a certain toxic level in drug delivery applications (Karlsson et al. 2008). Therefore, the design of a high drug loading capacity and stable delivery systems are important. While magnetic drug delivery systems are being designed, many factors such as magnetic properties, particle sizes, and drug loading capacity need to be considered (Cao et al. 2011).
Polymeric nanoparticles compared with the structure of colloidal carrier are more stable in biological fluids, provide sustained drug release, and some of the advantages of the polymer (Schweiger et al. 2011; Zhou et al. 2011). In recent years, it is noteworthy that biodegradable polymeric nanoparticles can be applied to the targeted organ or tissue in the distribution of drugs and can be used as a DNA carrier in gene therapy (Gaucher et al. 2005; Lee et al. 2005; Neuberger et al. 2005; Ogris and Wagner 2002; Park et al. 2008; Torchilin 2002; Thomas 2010).
Natural and synthetic polymers are used for preparing the polymeric nanoparticles. The natural polymers are composed of two groups: proteins (albumin, gelatin, etc.) and polysaccharides (alginate, chitosan, dextran, etc.). Synthetic polymers are composed of pre-synthesized polymers (polyanhydrides, polycaprolactone-PCL, poly (lactic acid)-PLA, poly (lactic-co-glycolic acid)-PLGA, etc.) or polymers during preparation (poly (cyanoacrylate)-PACA, etc.) (Ak 2010). Natural polymers are preferred because of their biodegradability, ability to be metabolized, stability and controllable size distribution, and high loading capacity for water-soluble drugs (Park et al. 2005).
Dextran is one of the macromolecules that contain glucose from simple monosaccharides. It is commonly used for the conjugation of anticancer drugs. This biopolymer containing polyglucose, it is at the head of the polymers that are to be studied in drug delivery systems because of its plasma-expanding properties, desirable physicochemical properties, low cost of ownership, and attractive clinical traits. In the study by Singh et al., uncoated magnetite, uncoated maghemite, dextran-coated magnetite, and dextran-coated maghemite particles were studied comparatively in terms of cytotoxicity and were seen that the samples did not show cytotoxicity under 100 mg/mL (Singh et al. 2012; Lee et al. 2011; Pisanic et al. 2007). Dextran biopolymer and derivatives are widely used for in the biomedical applications and chemical conjugation because of their excellent properties such as water solubility, biodegradability, biocompatibility, and non-fouling (McIntosh et al. 1997; Shahnaz et al. 2010; Sun et al. 2010; Thambi et al. 2014). Especially carboxymethyl dextran (CMD) has several functional groups (hydroxyl, carboxyl, and aldehyde at the end of the chain). Due to these functional groups, the CMD–drug conjugates have been geared up. The drugs can be released by degradation of the polymers (McIntosh et al. 1997; Thambi et al. 2014).
Recently, especially carboxymethyl dextran is the most preferred dextran derivatives in drug delivery systems as they form cytotoxic drug conjugates. Carboxymethyl dextran through that having carboxyl groups provides an effective conjugation with the polymer-drug interaction. These conjugate have generally a long-term effect and reduced toxicity in many in vivo and in vitro studies. Based on this information, a better polymer-drug conjugation provides by increasing the active carboxyl groups on the surface (Goodarzi et al. 2013; Lee et al. 2004; Mert et al. 2012; Xie et al. 1999; Zhang et al. 2007; Zhu et al. 2009).
Rodriguez-Luccioni et al. synthesized magnetic carboxymethyl dextran. They examined the cytotoxicity properties of these particles and tested them on human epithelium colorectal adenocarcinoma (Caco-2) and human breast cancer (MCF-7) cells. They also investigated the effects of these particles on the cell viability by applying the magnetic fluid hyperthermia and hot-water hyperthermia properties on to the model of two cancer cells (Rodriguez-Luccioni et al. 2011).
Harada et al. have shown that camptothecin (CPT) derivatives, irinotecan (CPT-11), and topotecan (TPT), which are widely used clinically in spite of toxicity, are the most promising classification of anti-tumor agents. They have synthesized denoted T-0128 to improve the pharmacological profile of the new macromolecular pro-drug. This pro-drug which has a molecular weight of Mr 130,000 is conjugated to a novel CPT analog (T-2513)—carboxymethyl (CM) dextran via triglyceride (Harada et al. 2000).
TPT, which is the most widely used anticancer drug, is a CPT analog and is acting as topoisomerase I inhibitor (Pommier 2006; Pommier et al. 2010). This enzyme is responsible for DNA replication during cell division (Staker et al. 2002; Bertrand et al. 1994). TPT is used effectively in the treatment of mainly ovarian cancer and small-cell lung cancer and also used for the treatment of breast cancer and prostate cancer. The structure of TPT contains the α-hydroxy δ-lactone ring and is a good soluble in water. Active lactone form is prepotent under acidic conditions. It is hydrolyzed to the carboxylate form at the neutral and alkaline pH. At physiological pH (7.4), the lactone ring is opened reversibly and the equilibrium is favored in the carboxylate form. The carboxylate form is penetrated less by the cells and is bound at 98% of human serum albumin (HSA) at physiological pH. The opening of lactone ring results in loss of activity and high toxic effects.
Mert et al. have shown that the lactone ring opening (E-ring, as seen in Scheme 1) can facilitate under physiological and base conditions due to the stabilization of the transition state via strong intramolecular hydrogen bonding between 20-OH and acyl carbon. To preclude this phenomenon, it is taken advantage of intermolecular hydrogen bonding between the 20-OH groups of the lactone ring and carbonyl groups of the lactide units in the PLLA-mPEG diblock copolymer. So, it is most likely reduced intramolecular hydrogen bonding within the lactone ring of the TPT (Mert et al. 2012; Fugit and Anderson 2014). The purpose of this study is to synthesize the new branched carboxymethyl dextran magnetic nanocomposite with NαNα-Bis (carboxymethyl)-l-lysine hydrate (NTA) suitable for carrying the therapeutic agents and bio-macromolecules (e.g., drug, enzyme, antibody, DNA), having magnetic, chemical, and physical properties in order to use effectively drug loading and release studies. By increasing -COOH groups on the surface, it can be ensured that the molecules are more easily and effectively bonded to the surface. In addition, superparamagnetic nanocomposite can be carried to the target area in a short time with an external magnetic field. In this study, firstly magnetic nanoparticles were coated with dextran polymer thus magnetic dextran (MD1) was obtained. Then magnetic O-carboxymethyl dextran (MD2) was synthesized from MD1. Finally, the synthesis of new branched carboxymethyl dextran magnetic nanocomposite (MD3) with NTA was generated from MD2. Secondly, it was studied on drug loading and release conditions for anti-cancer drug topotecan.
[image: A40543_2019_189_Sch1_HTML.png]
Scheme 1Proposed mechanism of the conversion of the lactone ring to the carboxylate form of TPT





Materials and Methods
Materials
FeCl2.4H2O (purists. p.a., ≥ 99.0% RT, Sigma-Aldrich) and FeCl3.6H2O (ACS reagent, 97%, Sigma-Aldrich) were used for the synthesis of Fe3O4. NH3 (anhydrous, ≥ 99.98%, Aldrich) was used for precipitation in the basic medium during synthesis of Fe3O4. Dextran 70 (United States Pharmacopeia (USP)) was provided for synthesis dextran-coated iron oxide nanoparticles. Bromoacetic acid (reagent grade, 97%, Aldrich) was taken for synthesis of O-carboxymethyl dextran from dextran polymer. New branched carboxymethyl dextran was synthesized by using N-(3-dimethyl aminopropyl)-N-ethyl carbodiimide hydrochloride (EDC) (≥ 98%, Aldrich), N-hydroxysuccinimide (NHS) (98%, Aldrich), and NTA (≥ 97.0% (TLC) (Aldrich) based on O-carboxymethyl dextran. MES hydrate (≥ 99.5% (titration) (Sigma)) was used to solve reactant in the synthesis stage. Isopropanol and Ethanol were used in the synthesis and washing processes. Acetic acid (Glacial) (Merck 100%) was provided for the pH adjustment of the mobile phase used in high-performance liquid chromatography (HPLC). Sodium hydroxide (NaOH) and hydrochloric acid (HCl) were used to adjust the pH. Acetonitrile (Chromasolv Sigma-Aldrich) was provided for the HPLC mobile phase. Phosphate buffer saline (Sigma 100 Tablet) was used for drug loading and release studies. Triethyl amine (99% Sigma-Aldrich) was used to prepare triethyl amine acetate buffer. Topotecan (Sigma) is an anti-cancer drug.

Methods
The techniques used in the characterization of samples
Fourier-transform infrared spectroscopy (FT-IR), transmission electron microscopy (TEM), scanning electron microscope (SEM), energy dispersive X-ray analysis (EDX), X-ray photoelectron spectroscopy (XPS), and vibrating sample magnetometer (VSM) analysis techniques were used for elemental analysis, size and surface morphology, structural analysis, and magnetic characterization of synthesized nanocomposite. All of the drug loading and release studies were analyzed by HPLC.
FT-IR analyses were made with Thermo Scientific Nicolet 95 IS10 FT-IR spectrometer device. VSM analysis was made with Cryogenic Limited PPMS device. TEM analyses were made with JEOL mark JEM 2100F model transmission electron microscopy. SEM and EDX analyses were made with QUANTA 400F Field Emission SEM high-resolution scanning electron microscope. XPS analyses were made with PHI 5000 Versa Probe device. HPLC analyses were made with Agilent Technologies 1260 Infinity HPLC.

The synthesis of MD3 with NTA
A series of reactions are necessary for MD3 synthesis, all of which are given below. Firstly, 30 mL of deionized water was placed in a 250 mL three-necked round bottom flask in an N2 gas atmosphere. Then, 1:2 mole ratio (0.86 g/2.36 g) FeCl2.4H2O/FeCl3.6H2O iron salts was completely dissolved with a mechanical stirrer. Further, 200 mg dextran dissolved in 20 mL deionized water was added to this mixture and stirred in an oil bath under the reflux up to 80 °C. After then, 28% 1.2 mL NH3 solution was added dropwise to the reaction medium and provided precipitation of MD1. The system was stirred with a mechanical stirrer for 1 h after then closed. The suspension mixture was precipitated with the aid of an external magnet and washed 3–4 times with deionized water (Hong et al. 2008; Li et al. 2011). The synthesized MD1 (0.16 g) was thoroughly dispersed in deionized water with a sonicator and stirred with a mechanical stirrer for a few minutes. Then, 0.1 molar bromoacetic acid (1 mmol) was dissolved in 10 mL 2 molar NaOH solution and added on this suspension. It was stirred with a mechanical stirrer for 24 h. The suspension mixture was precipitated with the aid of an external magnet and MD2 was synthesized. It was washed with deionized water and the filtrate was discarded. The schematic representation of the reaction steps were given in Fig. 1 (Li et al. 2011; Han et al. 2010).
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Fig. 1The reaction steps for the synthesis of MD1 and MD2




In the previous step, synthesized MD2 was thoroughly dispersed in deionized water with a sonicator. Then, 240 mg EDC and 1060 mg NHS were dissolved in 2.5 mL MES hydrate buffer which had previously been adjusted to pH value of 4.5 and added on the dispersion. The mixture was incubated at 200 rpm for 1 h at a laboratory temperature. After 1 h, the unreacted EDC and NHS were removed by washing three or four times with MES hydrate buffer at pH 6. After that, 0.3 g NaCl and 3 g NTA were dissolved in MES hydrate buffer at pH 6 and added in the mixture. The mixture was stirred by vortex for 2 s and was kept for 2 h at laboratory temperature. After 2 h, the obtained MD3 was washed with MES hydrate buffer at pH 6 and then with deionized water several times. The schematic representation of reaction steps were given in Fig. 2 (Tural et al. 2008; Mojarradi 2011).
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Fig. 2The reaction steps for the synthesis of MD3






Topotecan loading studies on the MD3 nanocomposite
In this study, 1 mM and 2 mM Topotecan stock solutions were prepared in dimethyl sulfoxide (DMSO) for drug loading studies. TPT loading studies were carried out by the synthesized MD3 nanocomposite and the drug loading efficiency of MD3 was determined. In this study, the effect of pH, interaction time between the drug and surface, the concentration of drug and the dose of nanocomposite on loading efficiency were investigated. In drug loading study, the effect of pH was studied at pH 5, 5.5, and 6 to determine the optimum pH values depending on time. Then, 0.118 mM TPT was prepared from the stock solution 1 mM and dissolved in 2 mL phosphate buffer which was interacted with 25 mg nanocomposite in the incubator at 200 rpm and 25 °C. The percentage of drug loading was calculated using the following Eq. (1) at each pH value.
[image: $$ \mathrm{Drug}\ \mathrm{loading}\ \mathrm{efficiency}\%=\frac{\mathrm{Initial}\ \mathrm{drug}\ \mathrm{concentration}\ \left(\mathrm{mM}\right)-\mathrm{Supernatant}\ \mathrm{drug}\ \mathrm{concentration}\ \left(\mathrm{mM}\right)}{\mathrm{Initial}\ \mathrm{drug}\ \mathrm{concentration}\ \left(\mathrm{mM}\right)}\mathrm{x}\ 100 $$]

 (1)


The influence of biosorbent dosage was studied varying the nanocomposites mass from 1 to 25 mg and the wet nanocomposite was used in experiments. These amounts of nanocomposite were interacted with 0.118 mM TPT in 2 mL phosphate buffer at pH 5, 200 rpm and 25 °C.
Furthermore, three different concentrations of TPT and 15 mg nanocomposite were interacted in 2 mL phosphate buffer at pH 5, 200 rpm, and 25 °C to examine the effect of drug concentration on loading efficiency depending on time.

Drug release studies
Drug release studies were carried out with drug-loaded MD3 at different pH values and depending on time. The pH values in literature were taken into consideration in drug release studies (Danhier et al. 2010). Therefore, the release studies were carried out at pH values of 5.8, 6.5, and 7.4. All of the studies were conducted in phosphate-buffered medium. The percentages of the release were calculated at different pH values according to the following Eq. (2).
[image: $$ \mathrm{Drug}\ \mathrm{release}\%=\frac{\mathrm{Drug}\ \mathrm{in}\ \mathrm{the}\ \mathrm{medium}\ \left(\mathrm{mM}\right)}{\ \mathrm{Drug}\ \mathrm{entrapment}\ \left(\mathrm{mM}\right)}\mathrm{x}\ 100 $$]

 (2)




Result and Discussion
Characterizations
The FT-IR spectrum of Fe3O4 nanoparticles and MD1 nanocomposite were given in Fig. 3a. The broad absorption band of the O–H stretching vibration at 3400 cm−1, H-O-H vibrations at around 1610 cm−1, O-H bending vibrations at 1390 cm−1, and characteristic Fe-O peak at 540 cm−1 were shown in the Fig. 3a for Fe3O4 nanoparticles (Kim et al. 2001; Liu et al. 2009). In addition, the spectrum of MD1 was shown in Fig. 3a. The broad peak of –O-H group at 3145 cm−1, the stretching peak of -C-H at 2920 cm−1, the -C-H bending vibration at 1430 cm−1, the alcoholic hydroxyl (-C-O) stretching vibration at 1100 cm−1, and the Fe-O band at 520 cm−1 were observed in the spectrum of MD1 (Dumitraşcu et al. 2011; Khalkhali et al. 2015; Koneracká et al. 2010). The FT-IR spectrums of MD2 and MD3 were given in Fig. 3b. As can be seen in Fig. 3b, the characteristic -O-H stretching peak at 3379 cm−1 and -C-H stretching at 2850 cm−1 were demonstrated. The carboxylic acid peak (-C=O) was given at 1630 cm−1 for MD2 nanocomposite. This characteristic -C=O peak was found on MD2 spectrum but not found on MD1 spectrum. This is the evidence of that MD2 was successfully synthesized. It was determined that the deformed -CH2 stretching peak at 1430 cm−1, the alcoholic hydroxyl -C-O stretching was shown at 1040 cm−1, and the characteristic Fe-O peak was given at 550 cm−1 for MD2 nanocomposite (Ayala et al. 2013; Creixell et al. 2010). On the other hand, the FT-IR spectrum of MD3 was given in Fig. 3b. In the figure, the characteristic -O-H stretching peak at 3254 cm−1 was shown for MD3. The bands at 1660 cm−1 and 1610 cm−1 anticipated the presence of functional groups of amide I (-C=O) and amide II respectively. The symmetrical carboxylic acid stretching vibration peak was indicated at 1400 cm−1. The peak at 1090 cm−1 was represent in -C-O alcoholic hydroxyl stretching and at 550 cm−1 was demonstrated the characteristic Fe-O peak for MD3 nanocomposite (Aguirre et al. 2014; Andersson et al. 2007; Kaya and Mr 2012; Souaya et al. 2000).
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Fig. 3The FTIR spectrums of Fe3O4 and MD1 (a). The FTIR spectrums of MD2 and MD3 (b)




TEM images were taken to get information about the morphology and dimensions of the synthesized nanoparticles and the nanocomposite. As can be seen in Fig. 4a, b, the particles showed a spherical structure for Fe3O4 (a) and MD3 (b). TEM images also showed that the particle sizes of Fe3O4 and MD3 were about 10 ± 3.6 nm and 8 ± 2.1 nm respectively at 20 nm scale in Fig. 4b. Furthermore, TEM image of MD3 showed that the particle sizes decreased with the coating and better dispersed. SEM image of MD3 was given in Fig. 4c. As understood from the image, there was no clear information about the surface morphology due to the very small particle sizes. Also, the measurement result of EDX was shown in Fig. 4d for MD3. It was successfully synthesized when looking at the atomic content, and also no significant impurity was found in the sample.
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Fig. 4TEM images of the Fe3O4 (a) and MD3 (b). SEM image of the MD3 (c) and EDX spectrum of the MD3 (d)




The magnetization value of the synthesized nanocomposite was measured by the change of the magnetic field versus magnetization at ambient condition. In our previous study, the magnetic saturation value of Fe3O4 was measured as the 68 emu/g (Tarhan et al. 2015). However, MNPs coated with polymer caused a decrease in magnetic saturation. This reduction is due to the fact that the superparamagnetic particles are coated with the diamagnetic polymer and therefore the mass values of the particles cannot be accurately measured. However, the surface area increased as the particle size decreased and the magnetic saturation values decreased due to the spin distortions on the surfaces (Lee et al. 2005). As a result, the relative magnetization values of the particles are reduced depending on the particle size and the coating percentage. In Fig. 5a, the magnetization value of the MD3 nanocomposite was measured as 55.7 emu/g. It was found ideal value for drug delivery systems. Also, MD3 was characterized with general spectrum by using XPS in Fig. 5b. The observation of chemical bonds in this spectrum were used for clarification of the structures. The atomic percent of C (1s), O (1s), Fe (2p3), and N (1s) were measured as 25.6%, 58.8%, 12.4%, and 2.9% respectively for MD3 nanocomposite.
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Fig. 5Magnetization curve versus the magnetic field (a) and XPS wide scan spectrum (b) for the MD3 nanocomposite




In the high-resolution spectrum of C (1s), the peaks at ~ 284.4, ~ 286.4, ~ 287.1, and ~ 288.7 eV were attributed to C-C, C-O, C-N, and NH-C=O, respectively in Fig. 6a (Wang et al. 2014; Zhang et al. 2016). Also, the O (1s) spectrum should be fitted with three peaks at ~ 528.0, ~ 530.5, and ~ 531.5 eV, corresponding to the O-Fe, O-C, and O=C bonds, respectively, as shown in Fig. 6b (Chellouli et al. 2016; Zheng et al. 2016).
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Fig. 6High-resolutions XPS C 1s (a), O 1s (b), N 1s (c), and Fe 2p (d) spectrums of MD3




As shown in Fig. 6c, the peaks of C-N bond and O=C-N bond were observed at ~ 398.1 eV and at ~ 402 eV binding energy, respectively in the high-resolution spectrum of N (1s) (Zhang et al. 2016). In the spectrum of Fe 2p (Fig. 6d), the peaks of Fe 2p3/2 and Fe 2p1/2 were located at ~ 709.2 and ~ 722.8 eV, respectively for the typical structure of Fe3O4. One of the two peaks represents the presence of Fe2+ ions (FeO) and the other Fe3+ ions (Fe2O3). The results were found to be consistent with the literature (Anderson et al. 1996; Godo et al. 2016; Nath et al. 2009; Unsoy et al. 2012; Wu et al. 2010; Xing et al. 2015; Zhang et al. 2012). The general and high-resolution spectrums of XPS showed that the MD3 nanocomposite was successfully synthesized.

Effect of pH
As shown in Table 1, 25 mg MD3 and 0.118 mM TPT were taken for interaction in 2 mL phosphate buffer at three different pH values (pH 5, 5.5, and 6) at 200 rpm at 25 °C, and the interaction results were given depending on time. Also after each time, the results of remaining concentrations of the lactone and carboxylate forms in the solution and the results of the total loaded drug concentration and loading capacity were shown in Table 1. Accordingly, the increase in pH not only increased the concentration of the loaded drug but also the remaining concentration of carboxylate form in the medium.
Table 1The result of topotecan loading studies on the MD3


	pH
	Time (min)
	Lactone(mM)
	Carboxylate(mM)
	Loaded drug (mM)a ± SD.b
	Loading capacity (mg/g)

	5
	0.5
	0.0788
	0
	0.0392 ± 0.0017
	1.44

	1
	0.0768
	0.0047
	0.0365 ± 0.0012
	1.34

	2
	0.0751
	0.0049
	0.0379 ± 0.0020
	1.39

	3
	0.0738
	0.0052
	0.0390 ± 0.0011
	1.43

	4
	0.0723
	0.0059
	0.0398 ± 0.0018
	1.46

	5
	0.0704
	0.0062
	0.0414 ± 0.0019
	1.52

	5.5
	0.5
	0.0659
	0
	0.0521 ± 0.0023
	1.91

	1
	0.0636
	0.0065
	0.0479 ± 0.0018
	1.75

	2
	0.0617
	0.0067
	0.0496 ± 0.0019
	1.82

	3
	0.0594
	0.0071
	0.0515 ± 0.0023
	1.89

	4
	0.0585
	0.0074
	0.0521 ± 0.0030
	1.91

	5
	0.0570
	0.0077
	0.0534 ± 0.0026
	1.96

	6
	0.5
	0.0498
	0
	0.0682 ± 0.0020
	2.50

	1
	0.0467
	0.0089
	0.0624 ± 0.0020
	2.29

	2
	0.0423
	0.0094
	0.0663 ± 0.0018
	2.43

	3
	0.0389
	0.0097
	0.0694 ± 0.0019
	2.54

	4
	0.0373
	0.0117
	0.0690 ± 0.0021
	2.53

	5
	0.0362
	0.0165
	0.0653 ± 0.0022
	2.39


aMean
bStandard deviation (n = 3)



The results of HPLC diagrams for remaining concentrations of lactone and carboxylate form were shown in Fig. 7a–c at pH 5, 5.5, and 6. The optimum pH value for this study was set at pH 5 because the concentration of carboxylate form increased with increasing pH. The toxic effect of the carboxylate form on healthy cells is undesirable. In addition, the first 30 s of interaction time was considered in this study. As the interaction time increased, the concentration of the carboxylate form remaining in the solution also increased therefore short -time interactions were considered suitable for this study. The TPT was thought to be loaded with physical interactions onto the MD3.
[image: A40543_2019_189_Fig7_HTML.png]
Fig. 7HPLC diagrams shown remaining concentrations of lactone and carboxylate form at pH 5 (a), 5.5 (b), and 6 (c)




The loaded concentration and loading efficiency (%) of drug onto the MD3 was given in Table 2 at pH 5, 5.5, and 6. According to the Tables 1 and 2, the increase in the pH caused an increase in both the drug-loaded concentration and the remaining concentration of carboxylate form in the solution.
Table 2The results of loaded drug and drug entrapment efficiency % on the MD3 (each experiment was studied in triplicate)


	Nanocomposite
	pH
	Loaded drug (mM)
	Drug Entrapment efficiency %

	MD3
	5
	0.0380
	32.2

	MD3
	5.5
	0.0511
	43.3

	MD3
	6
	0.0668
	56.6





Dose of MD3 and concentration of TPT
As can be seen from the Fig. 8a, the concentration of the loaded drug increased when the dose was increased. However, the MD3 nanocomposite was agglomerated in this dose (25 mg). It may be posed a problem ingestion of cellular in cytotoxicity experiments. Therefore, 5 mg was determined as the appropriate dose for this study. It was observed that as the concentration of TPT increased, the loaded drug concentration increased (Fig. 8b). Cytotoxicity studies in the literature related to TPT have generally been performed with drug concentrations at the μM or nM level (Aljuffali et al. 2011; Hormann et al. 2012). Therefore, 0.118 mM TPT was considered suitable for this study.
[image: A40543_2019_189_Fig8_HTML.png]
Fig. 8Loaded drug concentration versus dose onto MD3 (a) and versus time onto MD3 in different drug concentrations (b)





Release
Drug release studies were carried out in phosphate buffer with 5 mg nanocomposite at different pH values (5.8, 6.5, and 7.4) at body temperature. The drug release results were shown in Fig. 9 at pH 5.8, 6.5, and 7.4 respectively. The optimum pH value for release of drug was found to be 5.8 and the release of TPT was equilibrated after 40 min.
[image: A40543_2019_189_Fig9_HTML.png]
Fig. 9The drug release results at pH 5.8 (a), 6.5 (b), and 7.4 (c)




Release of the free and the loaded drug was shown in Fig. 10a, b, respectively. The drug release studies were shown that the loaded drug could stay in active form for a longer time than free drug onto the MD3 nanocomposite.
[image: A40543_2019_189_Fig10_HTML.png]
Fig. 10The release of the free drug (a) and release of the loaded drug on the MD3 (b)




Drug loading studies were carried out at pH 5 onto MD3 and the release was carried out at pH 5.8 at 36.5 °C. The loaded drug concentration was calculated as 0.0380 mM at pH 5 and 0.00092 mM TPT was released after 90 min. The percent of released drug was calculated according to the formula (2) and 2.42 % TPT was released after 90 min.


Conclusion
In this study, biocompatible, biodegradable, non-toxic, and superparamagnetic MD3 was synthesized for biomedical applications. By increasing the number of carboxyl groups branching to the surface, it was aimed to attach various molecules (e.g., drug, DNA, enzyme, antibody) more easily and effectively to the surface. The nanocomposite was synthesized for biomedical applications and was successfully characterized using different characterization techniques such as FT-IR, XPS, and EDX, and the results were consistent with the literature. The magnetic saturation value of the nanocomposite was measured by VSM and found to be suitable for drug delivery systems and magnetic targeting. In addition, particle sizes and surface morphologies were characterized by TEM and SEM and the particle size of MD3 was measured as 8 ± 2.1 nm.
The drug loading yield was found as 32.2% for the MD3 nanocomposite. Percentage of the drug released was found as 2.42% during 90 min and reached equilibrium after 40 min. On the other hand, MD3 was found to have a high drug-loading capacity and also drug loaded onto MD3 could remain in active form in a longer time and higher concentration than free drug. This may be due to the hydrogen bond interactions between the -COOH groups of MD3 and the hydroxyl groups on the lactone ring. In the pH-dependent drug loading studies, it was found that the lactone form was more stable at pH 5 than higher pH values. Furthermore, the pH-dependent drug release studies were carried out at different pH and the stable release has been at pH 5.8 (at the pH of cancer site). In conclusion, these results show that biocompatible and biodegradable branched magnetic nanocomposite (MD3) can be applied as a novel drug-delivery carrier for controlled drug release.
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