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Erlotinib Entrapped in Cholesterol-Depleting Cyclodextrin 

Nanoparticles Shows Improved Antitumoral Efficacy in 3D Spheroid 

Tumors of the Lung and the Liver

Erlotinib (ERL), a tyrosine kinase inhibitor approved for therapeutic use in non-

small cell lung cancer is further researched for eventual liver cancer treatment. 

However, conventional ERL has important bioavailability problems resulting 

from oral administration,  poor solubility and gastrointestinal degradation into 

inactive metabolites. Alternative administration routes and nanoparticulate drug 

delivery systems are studied to prevent or reduce these drawbacks. In this study, 

ERL-loaded CD nanosphere and nanocapsule formulations capable of cholesterol 

depletion in resistant cancer cells were evaluated for ERL delivery. Drug loading 

and release profile depended largely on the surface charge of nanoparticles. 

Antiproliferative activity data obtained from 2D and 3D cell culture models 

demonstrated that polycationic βCD nanocapsules were the most effective 

formulation for ERL delivery to lung and liver cancer cells. 3D tumor uptake 

studies further revealed that nanocapsule formulations penetrated deeper into the 

tumor through the multilayered cells. Furthermore, all formulations were able to 

extract membrane cholesterol from lung and liver cancer cell lines, indicating 

induction of apoptosis and overcoming drug resistance. In conclusion, given their 

tumoral penetration and cell membrane cholesterol depletion abilities, 

amphiphilic CD nanocapsules emerge as promising alternatives to improve the 

safety and efficiency of ERL treatment of both liver and lung tumors.

Keywords: 3D multicellular spheroid; amphiphilic cyclodextrin; cholesterol; 

erlotinib; nanoparticle; hepatocellular carcinoma; non-small cell lung carcinoma

Introduction

Cancer is a complex disease that can be defined as the uncontrolled division and 

reproduction of cells in an organ or tissue. Tumor microenvironment contains different 

stromal cells besides malignant cells and this complex area requires special and 

selective treatment strategies [1]. These strategies are surgery, chemotherapy, 
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radiotherapy, phototherapy, immunotherapy, hormone therapy and targeted therapy. 

Targeted therapy is expected to enhance selectivity of the therapeutic effect on tumors 

and avoid adverse effects on non-tumoral tissues [2].

Erlotinib hydrochloride (ERL) is a tyrosine kinase inhibitor drug belonging to 

BCS Class II, characterized by high permeability and low solubility. ERL is known to 

target epidermal growth factor receptors (EGFR) [3]. It was approved in 2004 for non-

small cell lung cancer (NSCLC) and the approval was modified in 2016 for advanced or 

metastatic pancreatic cancer treatment by U.S. Food and Drug Administration (FDA) 

[4,5]. ERL is available in oral tablet form under the trade name Tarceva® in the market. 

There are several completed and ongoing clinical studies on the use of ERL, which has 

a broad spectrum of anticancer efficacy, focusing on the treatment of breast, liver and 

colorectal cancers. As with most anticancer drugs, poor water solubility brings many 

drawbacks, eventually leading to a decrease in effectiveness of treatment. ERL has 

important bioavailability problems resulting from poor solubility and also the formation 

of 60% of ineffective metabolite in the gastrointestinal system as a result of oral 

administration [6]. In addition, diarrhea, rash, anemia and ocular lesions have been 

reported as side effects of ERL in clinical use [3]. 

Nanoparticles are remarkable platforms for use in different cancer treatments by 

eliminating or reducing the side effects of many drugs and / or biomolecules. Today, 

there are several anticancer drug preparations formulated with different nanocarriers in 

the market and successful results are obtained in the clinic [7,8] with these 

nanomedicines and their follow-on products; nanosimilars. In the meantime, new 

formulation strategies have been developed for ERL to improve efficacy and to reduce 

side effects [9-13]. There are clinical trials at various stages focusing on ERL 

therapeutic indication as well as formulation. However, there are no nanomedicines for 
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ERL on the market yet. Numerous different systems based on PLGA, albumin or 

liposomes are being developed for the use of targeted ERL delivery [13-15]. 

Cyclodextrins (CDs) are cyclic oligosaccharides obtained through enzymatic 

degradation of starch, consisting of α(1→4)-linked glucopyranose units. The cyclic 

structure of most prominent CD examples (namely α, β and γ-CD consisting of 6, 7 and 

8 glucopyranose subunits, respectively) defines a relatively hydrophobic cavity of 

nanometric dimensions that readily host non-polar guests of appropriate size [16]. As a 

consequence, CDs have been profusely employed to improve the bioavailability of a 

number of poorly soluble drugs [17]. Amphiphilic CDs, like other CD derivatives, have 

been synthesized to manipulate the properties of natural CDs such as increasing the 

interaction with biological membranes and loading capacity for hydrophobic molecules. 

In addition, amphiphilic CDs have the ability to spontaneously self-assemble into 

nanoparticles in aqueous media. This feature plays an important role in the use of 

amphiphilic CDs as drug delivery systems [18,19]. Amphiphilic CD nanoparticles in 

different forms have been reported as safe and effective drug delivery systems for a 

number of anticancer molecules/genes with bioavailability problems [20-32]. 

Tumorigenesis is a biological process controlled by extracellular matrix (ECM), 

cancer cell, and stroma. In this biological process, the development and metastasis of 

cancer cells depend on many factors, such as growth factors, hormones, and other cells 

within the ECM [33]. These spherical tumors formed in vitro can be considered as small 

microtumors because they are self-assembling cancer structures formed in a hierarchical 

arrangement where intercellular contacts form a 3-dimensional  (3D) spherical structure 

[32,34]. Cell-based assays are the main tool for assessing the potential efficacy of a new 

compound in drug discovery. In order to obtain the most reliable results, the cell culture 

model used as the test platform should work similarly to the cells in vivo. 
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Cholesterol is one of the main components in the structure of the cell membrane 

and plays an important role in cell viability. However, clinical and experimental 

findings show that cholesterol metabolism may play an important role in carcinogenesis 

and tumor development. The amount of cholesterol in the membrane of cancer cells is 

higher than that in healthy cells. Moreover, it is known that anticancer drug resistant 

tumor cells contain more cholesterol in their membranes than drug sensitive cancer cells 

[35,36]. The inherent ability of certain cyclodextrins to extract cholesterol from cell 

membranes provides the opportunity to use them in the treatment of cholesterol-related 

diseases, overcoming of drug resistance in cancer being among the most important 

potential outcome of this unique property. 

The aim of the present study was to design and evaluate nanospheres and 

nanocapsules based on amphiphilic α- and β-CD in order to increase the tumoral 

penetration, intracellular delivery and anticancer efficacy of ERL. For this purpose, 

three different amphiphilic CD derivatives, namely 6OCapro-αCD, 6OCapro-βCD and 

PC βCDC6 were synthesized and used to prepare nanospheres and nanocapsules. Blank 

and ERL-loaded nanoparticles were formulated and characterized in terms of mean 

particle size, polydispersity index, zeta potential, ERL loading capacity and in vitro 

release profile. Safety studies of blank nanoparticles were performed on L929 mouse 

fibroblast cells and the anticancer activities of ERL-loaded nanoparticles were 

determined against A549 human lung cancer and HepG2 hepatocellular carcinoma cell 

lines by both 2D and 3D cell culture methods. The cellular uptake and tumoral 

penetration imaging studies were performed with fluorescent nanoparticles on 3D tumor 

model. In addition, the developed amphiphilic CD nanoparticles were evaluated for 

their capacity of cholesterol extraction from lung and liver cancer cells.
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Materials and Methods

Materials

Nonionic amphiphilic CDs 6OCaproβCD (Mw: 1822 g/mol) [37] and 6OCaproαCD 

(detailed synthesis and characterization data were given in the Supplemental file)  (Mw: 

1562 g/mol) and polycationic amphiphilic CD PC βCDC6 [38] (Mw: 3178 g/mol) were 

synthesized and purified according to previously reported procedure. Methyl-βCD 

(Cavasol® W7 M Pharma) was purchased Wacker Chemie AG, USA. Erlotinib 

hydrochloride (Mw: 429.9 g/mol) was a kind gift of Nobel Pharmaceuticals, Turkey 

purchased from Hetero Labs (Gaddapotharam, India). Dialysis Tubing Cellulose 

Membrane (avg. flat width 25mm, MWCO: 14000 Da) was purchased from Sigma 

&Aldrich, Germany. A549 (ATCC® CCL-185™) and HepG2 (ATCC® HB-8065™) 

cell lines were purchased from American Type Culture Collection (ATCC). Poly(2-

hydroxyethyl methacrylate) (poly-HEMA) (P3932) was purchased from Sigma-Aldrich, 

Germany. Matrigel® Basement Membrane Matrix (356234) was purchased from 

Corning, USA.  Cholesterol quantitation kit (MAK043) was purchased from Sigma-

Aldrich, USA.  All other chemicals used were of analytical grade and obtained from 

Sigma & Aldrich, USA. Ultrapure water was obtained from Millipore Simplicity 185 

Ultrapure Water System (Millipore, France).

Preparation of Blank and Erlotinib Loaded Amphiphilic Cyclodextrin 

Nanoparticles

Blank or ERL-loaded nanosphere and nanocapsules were prepared using the 

nanoprecipitation method [30,39]. Briefly, for blank nanospheres, amphiphilic CD was 

dissolved in ethanol (1 mg/mL). Then, this organic solution (1 mL) was added dropwise 

into aqueous phase (2 mL) by dispenser tip under magnetic stirring at room 
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temperature. The organic solvent was then evaporated under vacuum at 40˚C to obtain 

final nanosphere dispersions (2 mL). ERL-loaded nanoparticles were prepared with the 

same method with ERL completely dissolved in organic phase (0.1 mg/mL). 

On the other hand, to obtain the blank or ERL-loaded nanocapsules, the same 

technique was used with the exception of an oil phase of Miglyol 812 (10 μL) which 

was added to the organic phase consisting of the CD and ERL.

Size Distribution and Surface Charge of Nanoparticles

Blank or ERL-loaded amphiphilic CD nanoparticles were characterized in terms of 

mean particle size, polydispersity index and zeta potential. Mean particle size (nm), 

polydispersity index (PDI) and zeta potential of blank or ERL-loaded amphiphilic CD 

nanoparticles were determined by Dynamic Light Scattering (DLS) technique (Malvern 

Zetasizer NanoZS; Malvern Instruments, UK). All formulations were measured at an 

angle of 173˚ for particle size and 12˚ for zeta potential (mV) at room temperature by 

triplicate. 

Encapsulation Efficiency of Amphiphilic Cyclodextrin Nanoparticles 

The encapsulation efficiency of ERL into amphiphilic CD nanospheres and 

nanocapsules was quantified directly by a validated HPLC method [40]. Briefly, ERL-

loaded nanoparticle formulations were centrifuged at 5000 rpm for 10 minutes to 

remove free drug. Supernatant was collected and lyophilized for 24 h. The lyophilized 

nanoparticle powder was dissolved in Dimethyl Sulfoxide (DMSO) to quantify the 

amount of nanoparticle bound ERL. For the quantification, a C18 Purospher®STAR 

analytical column (250 mm x 4.6 mm, 5μm) was used for HPLC analysis. The mobile 

phase was composed of ammonium acetate buffer (pH 4.0) and acetonitrile (65:35 v/v). 

Mobile phase was used as solvent in all samples for HPLC analyses. ERL absorbance 
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was measured at 247 nm using diode array detector with flow rate of 1 mL/min and 

injection volume was 20 μL. 

Drug loading capacity was calculated using the following equation (1) to express 

the percentage of ERL bound to nanoparticles.

Associated drug (%) =
Experimental drug loading

Initial drug quantity x 100                                    (1)

Physical Stability of ERL-loaded Nanoparticles

The physical stability of ERL-loaded nanoparticles was evaluated after storage at +4 ˚C 

for up to 30 days. At time points of 0,1,4,7 and 30 days all nanoparticles were 

characterized for mean particle size, PDI, and surface charge by using DLS technique. 

The measurements were performed in triplicate at room temperature.

Drug Release Studies

In vitro drug release profile of ERL from the amphiphilic CD nanoparticles were 

determined by using dialysis membrane (MwCO = 14.000 Da) method. For this 

purpose, ERL-loaded nanoparticle dispersion was prepared freshly, and 1 mL of 

nanoparticle added into dialysis membrane bag. The bag was transferred into 20 mL of 

phosphate buffer saline (PBS, pH 7.4) with 0.1% (v/v) Tween 80. The process was 

conducted under sink conditions at 37˚C and shaking with 50 rpm. At specific time 

points, sample (0.5 mL) was collected from the medium and replaced with fresh PBS at 

same volume and temperature. The samples were diluted equally with the mobile phase 

used in the HPLC method for analysis. Drug release percentage over time of the ERL-

loaded amphiphilic CD nanocarriers was calculated and plotted for each formulation 

[13,14].
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Cell Culture Studies

All cell lines were cultured in the same conditions in Dulbecco’s modified Eagle’s 

medium (DMEM) supplemented with 10% fetal bovine serum (FBS), penicillin (100 

units/mL) and streptomycin (100 µg/mL). The cultures were maintained at 37°C in a 

humidified 5% CO2 incubator.

Determination of Safety of Blank Amphiphilic CD Nanoparticle 

In order to evaluate the safety of blank amphiphilic CD nanospheres and nanocapsules, 

metabolic activity assay was performed on L929 mouse fibroblast cells by WST-1 

(Water-soluble Tetrazolium 1) assay. L929 healthy mouse fibroblast cells are the cell 

line recommended by the United States Pharmacopoeia (USP) 87 and ISO 10993-

5:2009 [41] for the in vitro determination of toxicity in mammalian cell culture of 

polymeric materials that will directly or indirectly contact the patient. For this purpose, 

L929 cells were seeded in 96-well tissue culture plates at a density of 5 x 104 cells/well 

(100 μL) in DMEM. After 24h, culture medium was replaced with different 

concentration of blank nanoparticles within fresh complete medium and incubated 48h. 

After incubation, WST-1 assay was applied. Finally, optical density (OD) was 

determined by microplate reader at 450 nm and cell proliferation was calculated for 

each treatment group and non-treatment control group.

Determination of IC50 Value of Erlotinib Solution and Erlotinib Loaded 

Amphiphilic Cyclodextrin Nanoparticles

The IC50 value of ERL and ERL-loaded nanoparticle formulations was determined on 

A549 human lung carcinoma cells and HepG2 human hepatocellular carcinoma cells. 

For this purpose, cells were seeded in 96-well tissue culture plates at a density of 5 x 

104 cells/well (100 μL) in DMEM, separately. After 24h, cell media was replaced with 
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different concentrations (2, 10, 25, 50 and 100 μM) of ERL solutions or ERL-loaded 

nanoparticle formulations in DMEM. After 24 and 48 h incubation time, cell viability 

was determined by WST-1 assay. Cells treated with the DMEM were considered as 

control and 100% viable. The IC50 value of ERL solution and each ERL-loaded 

nanoparticle formulations were calculated by using GraphPad Prism version 6. 

According to the results of the IC50 study, 1:16 (v:v) concentration (equivalent to 7.8 

uM ERL) was selected as working concentration in all cell culture studies. 

Cytotoxicity of Blank and ERL-Loaded Amphiphilic CD Nanoparticles 

In order to determine the anticancer activity of blank or ERL-loaded amphiphilic CD 

nanoparticles against A549 and HepG2 cells. Firstly, cells (5 x 104 cells/well) were 

seeded in DMEM (100 µL) and incubated for 24 h. Then, media containing CD 

nanoparticles was added to the cells and incubated for 48 h. The cell proliferation was 

determined by WST-1 assay as detailed above. 

Antitumoral Activity of ERL-loaded CD Nanoparticles on 3D Spheroid Tumor 

Culture

Antitumoral efficiency of ERL-loaded nanoparticles were performed in 3D multicellular 

tumor spheroids against A549 and HepG2 cell lines. For this purpose pre-coated plates 

with poly-HEMA were prepared as described previously [32,42]. Then, A549 or HepG2 

cell suspension of 5x104 cells/mL with 3% Matrigel® Basement Membrane Matrix 

(356234, Corning) of total volume was prepared and 200 μL cell suspension was added 

in pre-coated plate. The plates were centrifuged at 1000 rpm for 10 min and gently 

allowed to incubate to conserve the cell clusters in wells. Culture media was refreshed 

every 2 days by replacing 100 μL of the media. The spheroid formation was examined 

microscopically. After ten days, culture medium was replaced with ERL-loaded CD 
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nanoparticles and cell viability was determined with WST-1 assay after 48 and 72 h.

Tumoral Penetration Properties of ERL-Loaded Amphiphilic CD Nanoparticles 

on 3D Tumor Model

In order to determine tumoral penetration of nanoparticles, Nile Red (NR) loaded 

amphiphilic CD nanoparticles were prepared by the nanoprecipitation method used to 

prepare nanoparticles. Firstly, a stock solution of NR was prepared in ethanol (1mg/mL) 

and 100 μL NR solution was added into the organic phase of 1 mL volume. After ten 

days of seeding of 3D tumor spheroids, 100 μL DMEM was replaced from each well. 

Then, 100 μL of NR-loaded nanoparticles within DMEM was added into the spheroids. 

Later incubating for 6h, media was removed, and spheroids were washed 3 times with 

PBS to remove free nanoparticles or dye and further imaged with a fluorescence 

microscope. 

Cholesterol Depletion Ability of Amphiphilic Cyclodextrin Nanoparticles

Cholesterol depletion activity of amphiphilic CD nanoparticles in A549 and HepG2 

cells was determined with the Sigma MAK043 cholesterol assay kit. First, cells were 

seeded into 6-well plates (106 cells /mL) separately and incubated for 24h. After that, 

the media on the cells was replaced with new media containing the blank CD 

nanoparticle formulation and the cells were incubated for 24h. Cells incubated with 

methyl-βCD were used as positive control group. The manufacturer's protocol was 

applied at the end of the appropriate incubation periods. 

Statistical Analysis 

All statistical analyses were performed by Student’s t-test and ANOVA test using 

GraphPad Prism version 6 (San Diego, CA, USA). p < 0.05 was considered to denote a 
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statistically significant difference.

Results

In vitro Characterization of Blank and Erlotinib Loaded Amphiphilic 

Cyclodextrin Nanoparticles

All amphiphilic CD nanoparticle formulations were prepared by the nanoprecipitation 

method [19,31]. The physical characterization data of blank and ERL-loaded 

amphiphilic CD nanospheres and nanocapsules are shown in Table 1. 

The mean particle size in all blank nanosphere formulations was determined to 

be between 100 to 300 nm with narrow polydispersity (PDI < 0.4). Blank 6OCaproβCD 

and PC βCDC6 nanospheres systematically resulted smaller than 6OCaproαCD ones. 

As expected, all nanocapsules formulations were larger than the nanospheres because 

the oil droplet formed during the spontaneous spherical crystallization process acts as a 

template, effectively determining the final nanocapsule size. When the zeta potential 

values are examined, it is seen that 6OCaproαCD and 6OCaproβCD have negative and 

PC βCDC6 derivative has positive surface charge in aqueous environment as expected  

[19,31,32,37,39].

In addition, as depicted in Table 1, the mean particle sizes of ERL-loaded 

nanoparticles were determined to be between 88-270 nm. Regardless of their cationic or 

anionic nature, there was no significant change in the surface charge of nanoparticles, 

homogeneity being slightly improved in most of cases upon ERL encapsulation. 

Interestingly, there was a generalized decrease in the particle size of most of 

formulations after drug loading. NP shrinking might be indicative of a more efficient 

hydrophobic-driven compaction, that usually leads to a higher encapsulation efficiency 
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[43]. In turn, these results point to the fact that ERL is mostly included into the NP core 

rather than adsorbed on the surface of the nanoparticles.

Encapsulation Efficiency of Amphiphilic CD Nanoparticles

The amount of drug entrapped in the nanoparticle formulations was determined directly 

by HPLC analysis and the results are shown in Figure 1. Drug loading efficiencies for 

all nanoparticle formulations vary in a wide range (between 49% and 87%) depending 

on CD type and formulation type. The encapsulation efficacy increases in order 

6OCaproβCD < 6OCaproαCD < PC βCDC6 for both nanospheres and nanocapsules (p 

< 0.05).  In addition, nanocapsules have higher loading efficiency than nanospheres, 

which is in accordance with literature when lipophilic drug encapsulation is concerned. 

The oily core provides a better reservoir for lipophilic molecules than the matrix 

structure of the nanospheres [43-45]. 

Short-Term Physical Stability of ERL-loaded Amphiphilic CD Nanoparticles

Physical stability of nanoparticles upon storage is an important critical quality 

parameter. Nanoparticles should maintain their major attributes like particle size 

distribution and surface charge for a reasonable period of time to allow controlled 

release of the encapsulated drug and show the therapeutic effect required from the drug 

delivery system. To evaluate the short-term storage stability, ERL-loaded nanosphere 

and nanocapsule dispersions in water (0.5 mg CD/mL) were stored at +4 ˚C for one 

month. The mean particle size (nm), polydispersity index and zeta potential (mV) of 

nanoparticles were measured at five time points. The data obtained from the physical 

stability studies of ERL-loaded amphiphilic CD nanoparticles prepared using 

nanoprecipitation method are shown in Figure 2.  

Page 15 of 54

URL: http://mc.manuscriptcentral.com/gdrt  Email: journaldrugtargeting@googlemail.com

Journal of Drug Targeting

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review Only

None of the changes in particle size over time were found statistically significant 

(p > 0.05) and aggregation did not occur in the formulations. Furthermore, there was no 

significant difference in PDI of the formulations over the time (p > 0.05). According to 

the results, it can be said that ERL-loaded amphiphilic CD nanosphere and nanocapsule 

formulations remained stable for 30 days and these amphiphilic CD derivatives are 

suitable polymers for preparing a nanoparticulate delivery system for ERL.

As depicted in Figure 2b, there were no significant differences in zeta potential 

changes of amphiphilic CD nanoparticles during storage for 30 days. It has been 

observed that nanoparticles maintain surface charge during storage at +4°C. In this 

study, the effect of the surface charge of the nanoparticles on cellular uptake and 

anticancer activity was also examined. Therefore, the stability of the nanoparticles in 

terms of zeta potential allow to evaluate the effect of nanoparticle surface charge on 

anticancer activity and cellular uptake properties.

Drug Release Studies

Targeted nanoparticles are expected to release the drug entrapped in their structure for a 

certain period of time in a controlled manner. Although particles in the nanometer range 

have a large surface area that accelerates the release of the drug, polymer structure and 

surface modifications as well as the affinity of the encapsulated drug to the polymer 

host can prolong the release of the drug. Burst release is expected for the drug that is 

adsorbed on the surface of the particles followed by a more gradual release of the drug 

entrapped inside mostly depending on the diffusion rate. On the other hand, drug release 

from nanocapsules is mainly controlled by the oil-water partition coefficient of the 

encapsulated drug.

The ERL release profile of amphiphilic CD nanocapsules and nanospheres was 

obtained by dialysis membrane method under sink conditions. The data obtained by 
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HPLC analysis are shown in Figure 3. The study was carried on for 12h and peak areas 

were calculated from sample: mobile phase mixture at 1:1 (v/v) ratio. Anionic 

6OCaproβCD nanosphere and nanocapsules showed the fastest burst release, with 

nearly 50% of encapsulated drug being liberated in one hour, while the other CD 

nanoparticles released this amount in two hours. The slowest release was obtained with 

cationic PC βCDC6 nanospheres. At the end 12h of release studies, it was shown that 

PCβCDC6 nanospheres had the slowest release behavior compared to other groups 

statistically with t-tests (p<0.05). 

Cell Culture Studies 

Determination of Safety of Blank Amphiphilic CD Nanoparticles 

The effect of blank amphiphilic CD nanoparticles on cell viability in healthy cells was 

compared with the control group. According to the results shown in Figure 4, blank 

amphiphilic CD nanoparticles did not cause any toxicity in the healthy cells (p > 0.05). 

Cell viability is above 85% for all nanoparticle formulations. These results show that 

the inherent toxicity of amphiphilic CD nanoparticles on healthy L929 cells is minimal.

Determination of IC50 of ERL solution and ERL-loaded Nanoparticles on A549 

and HepG2 cell lines

The half-maximal inhibitory concentration (IC50) values of ERL solution in DMSO and 

ERL-loaded into nanoparticles were determined in A549 and HepG2 cells with WST-1 

assays for 24 and 48h. The water-soluble formazan crystal formation was quantified 

spectrophotometrically at 450 nm using a microplate reader. According to Table 2, it 

can be said that the sensitivity of cancer cell lines to ERL is different and the 

nanoparticle formulations increase drug sensitivity and lower IC50 for ERL especially 

after 48 h.
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All formulations induced a more efficient cell proliferation inhibition at 48h than 

at 24h incubation time in both cells. Though, this efficiency improvement was larger for 

ERL-encapsulated than for the non-encapsulated control. Besides, it was determined by 

the IC50 value that the anticancer activities of nanoparticle formulations prepared from 

different CD derivatives are different from each other. According to the results, the PC 

βCDC6 derivative has the lowest IC50 value in both cell lines. Interestingly, the IC50 

value of the 6OCaproαCD nanospheres was higher than the drug solution at 24 h in both 

cell lines suggesting a much slower onset of the anticancer drug inside the cells. 

However, after 48 h, the number of viable cells decreased significantly for all 

formulations indicating time-dependent cytotoxicity. 

Appropriate dose of nanoparticle formulations for use in subsequent cell culture 

studies was therefore selected as 1/16 (v:v) dilution rate corresponding to 7.8 µM that is 

above the IC50 values determined for ERL solution in both cell types. 

Anticancer Efficacy of Blank and ERL-loaded Amphiphilic CD Nanoparticles

The anticancer activity of blank or ERL-loaded nanospheres and nanocapsules was 

determined by WST-1 assay on cell viability in lung and liver cancer cell lines. As seen 

in Figures 5a and 5b, ERL-loaded PC BCDC6 nanocapsules induced the lowest cell 

viability. Furthermore, even the least active formulations (p < 0.05) was found to induce 

higher cell inhibition than the conventional ERL solution for both cell lines.

A closer analysis of these data indicated that ERL-loaded nanoparticles exhibit 

disparate anticancer activity in lung and liver cancer cell lines. Nanocapsule 

formulations of all amphiphilic CD derivatives caused higher cell death in HepG2 cells 

than nanospheres. In lung cancer A549 cells it was found that the PC βCDC6 

nanocapsule formulation is more effective than nanosphere formulations. The situation 

is opposite for the anionic 6Caproα- and β-CD nanoparticles. Moreover, the 
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nanoparticle formulations have been found to cause more cell death in A549 cells than 

HepG2 cells.

Cholesterol Depletion Ability of Amphiphilic Cyclodextrin Nanoparticles

The effect of amphiphilic CD nanoparticles on total cholesterol amount in cancer cells 

was determined with the commercially available cholesterol kit, and the data obtained 

are shown in Figure 6. Methyl-β CD that is a known cholesterol depletion agent was 

used as positive control. As depicted in Figure 6, all nanoparticle formulations depleted 

significant cholesterol amounts in both cancer cell lines. In addition, in the study with 

the same number of cells, it was observed that the total cholesterol content of A549 

cells was 1.8 times higher than HepG2.

According to the results, it can be said that neither the nanoparticle formulation 

type (nanosphere or nanocapsule) nor their ζ-potential play a relevant role on 

cholesterol extraction abilities. Furthermore, when the amphiphilic CD derivatives were 

compared, it was observed that the groups treated with amphiphilic β-CD derivatives 

(6OCaproβ and PC βCDC6) had lower cholesterol content, especially in A549 cells. 

This result is similar in HepG2 cells treated with amphiphilic CD nanocapsules. 

Promisingly, cholesterol depletion activity of all CD nanoparticulate groups were higher 

than that of the reference Methyl-β CD apart from polycationic -β CDC6 that showed an 

equivalent cholesterol extraction capacity to the reference.

Antitumoral Activity of ERL-loaded Amphiphilic CD Nanoparticles on 3D 

Spheroid cell cultures

Among the different formulations explored, PC BCDC6 nanocapsules achieved highest 

anticancer effect. Cell proliferation inhibition increases at prolonged incubation times 

for all formulations. For all different CDs, nanocapsules form was more effective as 
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antiproliferative agent against lung and liver cancer cells. However, blank nanocapsules 

did not exert cytotoxic activity against healthy fibroblast cells (Figure 4) ruling out any 

intrinsic toxicity of the nanocapsules formulations. 

The antitumoral activities of ERL in amphiphilic CD nanoparticle formulations 

were determined quantitatively in scaffold-based 3D multicellular spherical tumor 

model. The results are shown in Figures 7. According to the results, cell viability after 

48 h was 86% for HepG2 spheroid and 81% for A549 spheroid in the cells treated with 

ERL solution alone. At the end of 72 h, these values were evolved to 80% and 61% 

respectively. When the results are evaluated in terms of antitumoral activity of 

amphiphilic CD nanoparticles, it can be said that PC βCDC6 nanocapsule is the most 

effective formulation at both time points. Cell viability for the PC βCDC6 nanocapsule 

was 43% for HepG2 spheroid and 46% for A549 spheroid after 72 h. The other most 

effective formulation is the 6OCaproβCD nanocapsule with 62% cell viability for 

HepG2 spheroids and the PC βCDC6 nanoparticle formulation with 46% cell viability 

for A549 spheroids.

Tumoral Penetration Properties of Amphiphilic CD Nanoparticles on 3D Tumor 

Model

Nanoparticles are expected to accumulate at tumor site as a result of the EPR effect and 

reduce tumor size by releasing the anticancer drug within the tumor site acting as drug 

reservoir facilitating drug diffusion or by internalization by the cancer cell via 

endocytosis. However, the tumor structure is highly dense and complicated with cancer 

cells as well as fibroblast cells. Therefore, the nanoparticle should also be able to 

penetrate into the deeper levels of this complex structure. In order to determine the 

tumor penetration capability of drug loaded CD nanospheres and nanocapsules with 

different surface charges and molecular structures in 3D spherical tumor model, Nile 
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red was loaded as a fluorescent marker to the nanoparticles. The 3-dimensional tumor 

model was prepared with HepG2 and A549 cells using the Matrigel® assisted cell 

culture method. Images obtained by fluorescence microscopy are shown in Figure 8. 

According to these microscope images, the presence of tumor penetration of all 

three CD derivatives was observed. When the luminous intensity of fluorescence dye is 

examined microscopically in NR- loaded nanoparticle formulations, it can be said that 

the cellular uptake of nanocapsules is higher than the nanosphere formulations in both 

cell lines. In particular, it has been observed qualitatively that polycationic PC βCDC6 

nanoparticles reach the depth of the tumor structure.

DISCUSSION

ERL, one of the first-generation tyrosine kinase inhibitors, is used in EGFR positive 

lung cancer and advanced metastatic prostate cancer. ERL has serious side effects in the 

clinic due to its low water solubility and oral bioavailability. In order to overcome these 

side effects, alternative formulation development studies have been carried out to 

increase the effectiveness of ERL. For example, Vaidya et al prepared cyclodextrin-

modified ERL-loaded PLGA nanoparticles for NSCLC treatment. It was observed that 

CD-ERL complex loaded into PLGA nanoparticles increase apoptosis in 2D cell 

cultures and enhanced antitumoral efficiency in 3D cell cultures compared to free ERL 

solution [13]. In another study, it was demonstrated by in vivo studies that 

galactosylated ERL liposomes increase circulation time and relative bioavailability of 

ERL [15]. In another study, it was reported that ERL-loaded albumin nanoparticles 

increase the effectiveness of the drug in pancreatic cancer cells [46]. In this study, three 

different amphiphilic CD derivatives (6OCaproαCD, 6OCaproβCD and PC βCDC6) 

with different physicochemical properties were synthesized and used to prepare 

nanoparticulate drug delivery systems in the form of nanospheres and nanocapsules. 
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The efficacy of amphiphilic CD nanoparticulate systems prepared for ERL was 

evaluated in lung and liver cells.

In vitro Characterization of Blank and Erlotinib Loaded Amphiphilic 

Cyclodextrin Nanoparticles

Amphiphilic CDs are highly remarkable cyclic oligosaccharides grafted with aliphatic 

chains to obtain spontaneous self-assembling into (quasi)spherical nanometric particles 

in aqueous environment, suitable for the preparation of colloidal drug delivery systems 

[18,47-52]. Due to their various advantages such as spontaneous nanoparticle formation 

without any surfactants, increased loading efficiency and increased interaction with 

biological membranes, amphiphilic CD nanoparticles have been the interest of several 

research groups [18]. Amphiphilic CDs, obtained by taking advantage of facial-

selective chemical functionalization schemes to install aliphatic chains at either the 

primary or secondary rims of native CDs, have been used in the literature to prepare 

self-assembling nanocarrier system for a wide variety of APIs [18,47-52]. 

Blank or ERL-loaded amphiphilic CD nanoparticles were prepared with 

nanoprecipitation method without any surfactant and co-solvent needed and 

characterized in terms of particle size, PDI and zeta potential. According to the results 

shown in Table 1, all formulations have particle size smaller than 300 nm suggesting a 

possible benefit from the EPR effect. Mean particle size range of ERL-loaded 

nanospheres was between 88 and 186 nm, and this range for corresponding nanocapsule 

formulations varied between 152-269 nm. Nanocapsules are known to have a larger 

particle size than nanospheres due to the oil core present in their structures. 

Nanospheres are defined as matrix type, solid, colloidal nanoparticles, while 

nanocapsules are vesicular systems consisting of an oily core surrounded by a 
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polymeric membrane. The hydrophobic active ingredient is usually dissolved in the oily 

core of nanocapsules. This oily core and vesicular structure causes an increase in the 

particle sizes of nanocapsules compared to nanospheres [53-55]. 

Particle size distribution of nanoparticles plays an important role in 

nanoparticle-entrapped drug delivery, targeting, blood circulating half-life, cellular 

uptake and tumoral penetration properties of carrier systems. It is reported that 

nanoparticles having particle sizes above 300 nm activate the complement system and 

are removed from the blood in a short time and accumulate in the liver and spleen [56]. 

On the other hand, irregular and complicated vascularization of tumor tissue allows 

passive targeting of nanoparticles. Nanoparticulate systems can reach the cancerous 

tissue from the circulatory system by taking advantage of the “EPR effect” [57]. The 

main feature of EPR physiology is that the leaky vascular structure allows particles such 

as proteins, macromolecules, liposomes and micelles to pass into the cell [58]. When 

the tumor tissue reaches a certain size, the original vessels are insufficient to provide the 

necessary oxygen and nutrients. As a result, cancer cells begin to die from the necrotic 

nucleus, leading to the secretion of growth factors that trigger angiogenesis in tumor 

tissue. In the tumor tissue, new capillaries are created from the surrounding capillaries. 

The newly formed blood vessels contain spaces called fenestra between the endothelial 

cells, and the length of these fenestrae varies between 200-800 nm depending on the 

tumor type. Nanoparticles in the circulatory system can also reach the tumor tissue by 

leaking through these openings between the endothelial cells, depending on their size 

usually smaller than 400 nm [57,59]. When ERL-loaded nanoparticles are evaluated in 

the light of this knowledge, it can be said that all amphiphilic CD derivatives are 

suitable for preparing a potential nanoparticulate system to benefit from passive 

targeting for ERL.
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According to the zeta potential values shown in Table 1, 6OCaproαCD and 

6OCaproβCD nanoparticles are negatively charged in aqueous media. Conversely, PC 

βCDC6 nanoparticles exhibit a heavy positive charge in ultrapure water. Amphiphilic 

6OCaproαCD and 6OCaproβCD are neutral because they do not contain charged 

groups. However, nanoparticle formulations prepared from these two derivatives are 

negatively charged. Zeta potential plays an important role in nanoparticle aggregation 

and stability as well as interaction with biological membranes, cellular uptake and 

opsonization in the bloodstream. Cationic nanoparticles can interact with cell membrane 

strongly owing to anionic molecules like proteoglycan, cholesterol and phospholipid of 

cell membranes compared to anionic nanoparticles [60]. Also, cationic nanoparticles 

have increased membrane surface tension and this results in pore formation on cell 

membrane [61,62]. Moreover, surface charge is effective in electrostatic attraction 

and/or improved vesicle enterocyte interactions as well as enhanced nanoparticle 

absorption from gastrointestinal barrier [63]. In addition, cationic nanoparticles are 

bound to the serum proteins especially after intravenous administration and removed by 

the mononuclear phagocytic system cells more rapidly. Therefore, the surface charge of 

nanoparticles should be designed in accordance with the potential route of application 

and target organ. In this study, ERL-loaded anionic 6OCaproαCD and 6OCaproβCD 

nanoparticles appear to be more suitable for intravenous administration. Besides, this 

study aimed to increase the effectiveness of ERL in lung and liver cancer. Considering 

the rapid access and accumulation of cationic charged nanoparticles to these two organs, 

it may also be advantageous to use PC βCDC6 nanoparticles as the ERL carrier 

nanoparticulate system.

Encapsulation Efficiency of Amphiphilic CD Nanoparticles

The ERL loading efficiencies of 6OCaproβCD nanospheres and nanocapsules are the 
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lowest among the derivatives calculated as 49% and 59%, respectively. However, for 

6OCaproαCD, ERL loading values increased to 79% in nanospheres and 80% in 

nanocapsules. Overall, drug loading capacity for the polycationic PC βCDC6, were 82% 

and 87%, respectively for nanospheres and nanocapsules slightly higher than the alpha 

CD based nanoparticles. In previous studies of our group with amphiphilic CD 

nanoparticles as anticancer drug delivery systems, 6OCaproβCD and PC βCDC6 

derivatives were used in the preparation of nanocarriers for different lipophilic drugs 

and the loading efficiency for both nanospheres and nanocapsules was found to be 

above 40% for anticancer drugs paclitaxel and camptothecin [19,30]. The higher 

loading capacity for ERL could result from its m-acetyleneaniline section to be far more 

hydrophobic and more prone to insert into CD cavity.  Loading efficiency of CD 

nanoparticles are largely affected by the affinity of the drug to the CD cavity [64]. It is 

known that the surface charge of nanoparticles is a determinant parameter for drug 

loading efficiency as well as biodistribution [65]. In the literature, positively charged 

polymeric nanoparticles have been reported to have higher drug loading efficacy 

compared to negatively charged nanoparticles [63]. When the results obtained in the 

light of this information are evaluated, it is thought that the surface charge plays a role 

in the highest encapsulation efficiency of PC βCDC6 nanoparticles.

Short-Term Physical Stability of ERL-loaded Amphiphilic CD Nanoparticles

Stability is an important parameter necessary to maintain quality, efficacy and safety 

pharmaceutical products and consists of physical, chemical, microbiological integrity 

valid both for the drug and the nanoparticle [66]. In this study, the physical stability of 

ERL-loaded nanospheres and nanocapsules was evaluated at +4˚C for 30 days in 

aqueous dispersion. There were no significant changes observed in particle size 

distribution, polydispersity index and zeta potential values for 30 days (p > 0.05). 
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Previous studies with amphiphilic CD derivatives and various active molecules have 

shown that the prepared nanosystems are stable [19,37,67-69]. CDs may enhance 

stability by reforming physicochemical and thermodynamic properties of drug because 

drug was partially or totally surrounded with CDs cavity [70]. 

Drug Release Studies

As with conventional drug dosage forms, in vitro release tests are an important 

analytical tool for nanoparticle formulation development. The drug release profile of the 

prepared formulation provides very important information about the reliability, 

effectiveness, and behavior of the dosage form. Generally, it is expected that, the active 

ingredient released from nanoparticulate drug delivery systems after reaching the 

targeted tissues by passive or active targeting. Drug release studies are important both 

for the pharmacokinetic properties of nanoparticles and for determining in vivo 

efficacy, stability and clearance rate [71,72].  According to results of drug release study, 

it can be said that ERL is released more slowly from PC βCDC6 nanocapsules than 

from any other formulation (p < 0.05). The rate of release between other formulations 

did not statistically differ. In general terms, the nanocapsules exhibited slower release 

profiles than nanospheres in all derivatives in first hour; especially in the case of the 

polycationic derivative. In drug release mechanisms, it is known that the drug adsorbed 

onto the surface of nanoparticles is released first, and then drug dissolved or entrapped 

in the nanoparticle matrix is released [72]. In addition, ERL solubility, surface charge 

and physical stability of nanoparticles in release medium are important factors affecting 

drug release. Clearly, the drug released rapidly within the first 30 minutes is attributed 

to the drug adsorbed to the surface. In addition, in all CD derivatives, the amount of 

ERL released from nanocapsules is greater than that released from nanospheres. The 

main reason for this is that nanocapsules have more loading efficiency for ERL than 
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nanospheres. Indeed, nanocapsules are known to have high drug loading capacity for 

lipophilic drugs due to the oil core [73]. As with other drugs, one reason for using CD in 

the formulation for ERL is to change the release profile of drug. For example, Vaidya et 

al. prepared ERL:Sulfobutylether-βCD inclusion complex loaded PLGA nanoparticles 

and obtained an ERL release profile that lasted about 5 days with this formulation [13].

Determination of Safety of Blank Amphiphilic CD Nanoparticles 

In order to determine the safety of blank amphiphilic CD nanoparticles, proliferation 

assay was performed on healthy L929 mouse fibroblast cells with WST-1 assay. As 

noted in the regulation, the study was completed in 24h after adding the formulations. 

The results are given in Figure 4 and show that the nanoparticles have dose-dependent 

antiproliferative effect in L929 cells. In the study where three different concentrations 

were tested, it was determined that even at the highest NP doses (1/8 v:v), cell viability 

was above 70%. According to ISO 10993-5, (2009), the minimum acceptable limit for 

biocompatibility is 70% cell viability [74]. Besides, in our previous studies, it was 

shown that 6OCaproBCD and PC BCDC6 have no toxic effect against both L929 and 

healthy bladder cell line (G/G) [39]. 

Determination of IC50 of ERL solution and ERL-loaded Nanoparticles on A549 

and HepG2 cell lines

IC50 value of ERL-loaded amphiphilic CD nanoparticles on lung and hepatocellular 

carcinoma cell line was determined. According to the results given in Table 2, at the end 

of the 48-hour, all nanoparticle formulations caused a significant decrease in the IC50 

value of ERL in both cell lines. This means that anticancer efficacy can be achieved by 

using a smaller amount of ERL. One of the most important advantages of using 

nanoparticulate systems in chemotherapy compared to conventional chemotherapy is to 
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provide successful treatment with less active molecule. In this way, the side effect of the 

drug can be reduced or eliminated. Increasing its effectiveness with nanoparticles is 

very important for ERL, whose clinical success has been proven but desired success 

cannot be achieved due to its side effects. Moreover, it is possible to prevent the drug 

resistance in cancer with reduced IC50 values because resistance is inevitable as a result 

of repeated exposure to chemotherapy. In this context, the amphiphilic CD 

nanoparticles have the potential to be the appropriate nanoparticulate system for 

efficient and safe ERL chemotherapy.

Anticancer Efficacy of Blank and ERL-loaded Amphiphilic CD Nanoparticles

The anticancer efficacy of ERL-loaded amphiphilic CD nanoparticles was compared to 

the drug in solution against lung and liver cancer cells. The results suggest that 

encapsulated ERL formulations provide increased anticancer activity compared to free 

ERL solution (p < 0.05). Furthermore, all nanoparticle formulations caused a significant 

decrease in cell viability in both types of cancer cells compared to untreated control 

group (p < 0.05). According to the results, blank amphiphilic 6OCaproαCD and PC 

βCDC6 nanocapsule formulations caused increased cell death in HepG2 cells than the 

conventional ERL solution. In A549 cells, blank 6OCaproβCD nanosphere and blank 

PC βCDC6 nanocapsule were found to be more effective than the free drug. In general, 

A549 cells were observed to be more sensitive and nanoparticles showed more 

anticancer activity in these cells. The main reason for this is thought to be doubling 

times of the cells. A549 cell doubling time is 22 h and the HepG2 cell doubling time is 

48 h. As untreated cells are used as control groups in assays, it is an expected result that 

A549 cells with shorter doubling time will be more sensitive after 48 h incubation 

period with nanoparticles. These results show that the effectiveness of ERL can be 
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increased in both liver and lung cells with amphiphilic CD nanoparticles.

Cholesterol Depletion Ability of Amphiphilic Cyclodextrin Nanoparticles

Amphiphilic CD nanoparticles were also evaluated in cell culture for their ability to 

deplete cholesterol. According to results of cholesterol assay, all amphiphilic 

cyclodextrin derivatives depleted cholesterol in HepG2 and A549 cell lines when 

compared to untreated control group. Besides, methyl-β CD treated cells were used as 

positive control group in cholesterol assay. The ability of the methyl-β CD to remove 

cholesterol from the cell membrane is known in the literature. It has been determined 

that PC βCDC6 nanosphere and nanocapsule formulations in HepG2 cells and 

6OCaproβCD nanosphere and nanocapsules in A549 cells are capable of extract almost 

equal cholesterol with methyl-βCD. It was observed that amphiphilic CD nanocapsules 

tend to remove more cholesterol from nanospheres, but this difference is not significant 

except for the amphiphilic 6OCaproαCD derivative. It can also be said that the 

cholesterol amount of cells incubated with beta-derived CD nanoparticles is lower than 

that of cells incubated with the alpha-derived CD nanoparticles. When evaluated 

together with the data given in Figure 5, it is thought that the nanoparticles showing 

higher anticancer activity in A549 cells may be attributed to the amount of cellular 

cholesterol. Amphiphilic CD derivatives exhibited synergistic effects on cancer cells 

due to their cholesterol affinities, and this activity was more pronounced on A549 cells 

with higher cholesterol levels.

It was shown in our previous study that 6OCaproβCD and PC βCDC6 triggered 

apoptosis by removing cholesterol from the membrane in human breast cancer MCF-7 

cells [39]. Similar findings have been reported to other CD derivatives, such as 

methylated-βCD, to improve drug uptake and overcome drug resistance for anticancer 

or anti-infective drugs through cell membrane cholesterol depletion [75,76]. In this 
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paper, this effect of amphiphilic CD nanoparticles has been shown against liver and 

lung cells. This intrinsic apoptotic activity of the anionic and cationic nanoparticles is 

an important parameter that may contribute to the anticancer efficacy of nanomedicines 

for anticancer activity. 

Cholesterol depletion ability of the CD nanocarriers are seen as an indicative of 

selective apoptotic effect on cancer cells and can be used a means to overcome drug 

resistance caused by cancer cell membranes that have more abundant cholesterol 

domains leading to cell membrane rigidity and drug resistance. As previously 

emphasized, one of the most important obstacles to ERL's clinical success is drug 

resistance. It is known that more than half of the patients develop resistance 

approximately 1 year after starting ERL treatment [77,78]. In addition, Chen et al. 

showed that the level of cellular cholesterol in the gefitinib (EGFR inhibitor) resistant 

lung cancer cell lines was significantly higher than that the gefitinib sensitive cell line 

and they also showed that a decrease in cellular cholesterol increases the sensitivity of 

gefitinib [79]. Besides, it is known that the cholesterol-rich cell membrane regulates the 

function of Multidrug Resistance P-Glycoprotein (P-gp). Moreover, it has also been 

shown to cause P-gp inhibition in NIH 3T3 MDR1 cells by decreasing cholesterol with 

heptakis (2,6-di-O-methyl) β-CD [80]. Erlotinib is also a P-gp substrate [81] and, thanks 

to its formulation with amphiphilic CD nanoparticles, increased efficacy can be 

achieved by P-gp inhibition by depleted cellular cholesterol. In line with the surface 

charge property, cholesterol depletion characteristics of the amphiphilic CD 

nanoparticles also affect anticancer efficacy of ERL and overcoming drug resistance in 

cancer cells.
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Antitumoral Activity of ERL-loaded Amphiphilic CD Nanoparticles on 3D 

Spheroid Method

The in vitro 3D tumor spheroid model is a bridge that fills the gap between 2D 

cell culture and in vivo trials. Tumorigenesis is a biological process controlled by 

extracellular matrix (ECM), cancer cell, and stroma. In this biological process, the 

development and metastasis of cancer cells depend on many factors, such as growth 

factors, hormones, and other cells within the ECM [33]. These spherical tumors formed 

in vitro can be considered as small microtumors because they are self-assembling 

cancer structures formed in a hierarchical arrangement where intercellular contacts form 

a 3D spherical structure [32,34] . Cell-based assays are the main tool for assessing the 

potential efficacy of a new compound in drug discovery. In order to obtain the most 

reliable results, the cell culture model used as the test platform should work similarly to 

the cells in vivo. Cellular responses to drug therapies in 3D cell culture models have 

been shown to be closer to the in vivo findings compared to 2D culture [82].  

The antitumoral efficacy of ERL-loaded amphiphilic CD nanoparticles in 3D 

tumors prepared from HepG2 or A549 cells were found to be significantly different 

from conventional cell culture results. At the end of both 48 and 72 h, the antitumoral 

activity of ERL-loaded nanoparticles on 3D tumors was less than that of 2D cell culture 

as can be expected (p<0.05). However, the results showed that all the formulations had 

stronger antitumoral activity than the drug solution after 72 h. Cells in 3D multicellular 

spherical tumors are typically known to have lower sensitivity to cytotoxic drugs than in 

2D culture. It is argued that this difference has various reasons such as decreased drug 

penetration, development of hypoxic nucleus and decreased cell growth [83]. It is also 

known that increased intracellular signaling by enhancing cell-cell interaction in 3D cell 

culture is an important factor in explaining the decreased drug sensitivity in spherical 

tumors. Conventional 2D cell culture data are somewhat limited as these studies do not 
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represent anatomic and physiologic condition of cells in live tissues [84]. 3D in vitro 

tumor models are accepted as crossover complementing shortfalls between 2D cell 

cultures and in vivo animal models [34].

Tumoral Penetration Properties of Amphiphilic CD Nanoparticles on 3D 

Tumor Model

According to the antitumoral penetration results of nanoparticles determined in 3D 

spherical tumor model, it was observed that all nanoparticles prepared from three 

different amphiphilic CD derivatives loaded with Nile Red were able to penetrate the 

multilayer tumor. Furthermore, penetration levels of different CD nanoparticles were 

determined qualitatively by fluorescence microscopy. When the luminous intensity of 

fluorescent dye is examined microscopically, it can be said that the penetration of 

nanocapsule formulations for all CD derivatives is higher than the nanosphere 

analogues. One of the reasons for this result can be attributed to the nanocapsules oil 

core [85] that results in a higher liquid content for the delivery system and decreases 

stiffness of the polymer membrane surrounding the core. We believe that this may have 

facilitated the intercellular passage of the nanocapsules within the 3D tumor model that 

is a dense and complicated structure. This finding is also in accordance with the 2D cell 

culture studies in which nanocapsule formulations for each CD resulted in higher 

cytotoxicity based probably on the higher cellular uptake of the nanocapsule-bound 

ERL. 

Figure 8 considered together with anticancer efficacy data reveal that PC 

βCDC6 nanocapsules were the most effective formulation in terms of anticancer 

efficacy and tumoral penetration for both lung and liver cancer models. As expected, 

positive surface charges of nanoparticles increase tumoral penetration. The positively 

charged nanoparticles form more rapid and strong interactions with negatively charged 
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components such as sialic acid, cholesterol and phospholipids in the membrane 

structure of the cells when compared to anionic nanoparticles of the same polymer 

family [86,87]. In the literature, it was reported that the surface charge of nanoparticles 

increases the cellular interaction. By considering electrostatic interactions between 

nanoparticles and negatively charged pores of the vessel wall, a mathematical model 

was developed for cationic gold nanoparticle delivery to glioblastoma tumors. It was 

emphasized that electrostatic attraction caused by cationic charges was shown to cause a 

two-fold increase in the transvascular passage of nanoparticles [88]. Moreover, cationic 

nanoparticles may cause more disruption of plasma-membrane integrity, stronger 

mitochondrial and lysosomal damage than negatively charged nanoparticles [89]. 

 Conclusion

In conclusion, ERL-loaded amphiphilic CD nanospheres and nanocapsules were 

prepared and characterized in this study. It was determined that the amphiphilic CD 

nanoparticles are suitable carrier systems for ERL in terms of mean particle size, 

polydispersity index and stability. In addition, it has been shown that nanoparticles 

increase ERL's anticancer efficacy with the conventional and 3D tumor model made in 

lung and hepatocellular carcinoma cells. When the cholesterol depletion, tumoral 

penetration and antitumoral efficacy studies are evaluated together, it is considered 

important to investigate the potential of ERL bound to amphiphilic CD nanocarriers 

against drug resistant lung or liver cancers.
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Table 1. Averaged hydrodynamic diameter (nm), polydispersity index and zeta potential 

(mV) measurement of blank and ERL-loaded amphiphilic CD nanospheres and 

nanocapsules (n = 3, ±SD).

Table 2. IC50 values (µM) of ERL solution and ERL-loaded nanoparticle formulations 

on cancer cell lines A549 (lung) and HepG2 (liver) for 24 and 48h (n = 3, ±SD) (*p < 

0.05 compared with ERL solution).

Figure 1. ERL encapsulation efficiency in amphiphilic CD nanosphere and nanocapsule 

formulations (n = 3, ±SD) *p < 0.05.

Figure 2. Time dependent mean particle size, PDI (a) and zeta potential (b) of ERL-

loaded amphiphilic CD nanosphere and nanocapsule formulations (n = 3 ± SD)

Figure 3. Cumulative release profile of ERL from different amphiphilic CD 

nanoparticles (n = 3, ±SD)

Figure 4. Effect of different blank amphiphilic CD nanoparticles on the proliferation of 

healthy L929 mouse fibroblast cells (n = 4, ±SD) 

Figure 5. Antiproliferative effect of blank and ERL-loaded amphiphilic CD nanospheres 

and nanocapsules against 2D HepG2 hepatocellular carcinoma cell line (a) and 2D 

A459 non-small cell lung cancer cell line (b) (n = 4; ± SD). *p < 0.05 compared with 

ERL solution

Figure 6. Total cellular cholesterol amount of A549 and HepG2 cells treated with blank 

amphiphilic cyclodextrin nanoparticles in 24 hours (n = 4; ±SD).

Figure 7. Antitumor effect of ERL-loaded amphiphilic CD nanospheres and 

nanocapsules against 3D HepG2 (a) and A549 (b) cell line (n = 4; ±SD). *p < 0.05 

compared with ERL solution

Figure 8. Tumoral penetration of Nile red-loaded amphiphilic nanospheres and 

nanocapsules into 3D A549 and 3D HepG2 spherical tumors.
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1

Figure 1. ERL encapsulation efficiency in amphiphilic CD nanosphere and nanocapsule formulations (n = 3, 

±SD) *p < 0.05.
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2

            

Figure 2. Time dependent mean particle size, PDI (a) and zeta potential (b) of ERL-loaded amphiphilic CD 

nanosphere and nanocapsule formulations (n = 3 ± SD) 
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3

Figure 3. Cumulative release profile of ERL from different amphiphilic CD nanoparticles (n = 3, ±SD)
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4

 

Figure 4. Effect of different blank amphiphilic CD nanoparticles on the proliferation of healthy L929 mouse 

fibroblast cells (n = 4, ±SD)
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5

Figure 5. Antiproliferative effect of blank and ERL-loaded amphiphilic CD nanospheres and nanocapsules 

against 2D HepG2 hepatocellular carcinoma cell line (a) and 2D A459 non-small cell lung cancer cell line (b) 

(n = 4; ± SD). *p < 0.05 compared with ERL solution
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Figure 6. Total cellular cholesterol amount of A549 and HepG2 cells treated with blank amphiphilic 

cyclodextrin nanoparticles in 24 hours (n = 4; ±SD). 
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7

Figure 7. Antitumor effect of ERL-loaded amphiphilic CD nanospheres and nanocapsules against 3D HepG2 (a) 

and A549 (b) cell line (n = 4; ±SD). *p < 0.05 compared with ERL solution
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Figure 8. Tumoral penetration of Nile red-loaded amphiphilic nanospheres and nanocapsules into 3D A549 and 

3D HepG2 spherical tumors.
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1

Table 1. Averaged hydrodynamic diameter (nm), polydispersity index and zeta potential (mV) 

measurement of blank and ERL-loaded amphiphilic CD nanospheres and nanocapsules (n = 3, ±SD) 

Amphiphilic 

CD Derivatives

Particle Size 

(nm)
PDI

Zeta Potential

(mV)

6OCaproβCD 173 ± 15 0.1 ± 0.1 -26.5 ± 3.1

6OCaproαCD 272 ± 12 0.2 ± 0.2 -18.5 ± 0.4
Blank Nanosphere 

Formulations
PC βCDC6 121 ± 17 0.3 ± 0.1 +73 ± 4.8

6OCaproβCD 264 ± 9.6 0.15 ± 0.02 -34.2 ± 5.6

6OCaproαCD 310 ± 25 0.18 ± 0.07 -28.6 ± 2.3
Blank Nanocapsule 

Formulations
PC βCDC6 259 ± 17.2 0.18 ± 0.1 +75.2 ± 4

6OCaproβCD 145 ± 11 0.09 ± 0.05 -27.3 ± 6

6OCaproαCD 187±11 0.18 ± 0.03 -19.2 ± 3
ERL-Loaded Nanosphere 

Formulations
PC βCDC6 88 ± 9 0.13 ± 0.05 +62.1 ± 5

6OCaproβCD 262 ± 20 0.16 ± 0.02 -28.5 ± 10

6OCaproαCD 270± 7 0.11 ± 0.02 -32.3 ± 2
ERL-Loaded Nanocapsule 

Formulations
PC βCDC6 152 ± 8 0.09 ± 0.01 +74.9 ± 7
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2

Table 2. IC50 values (µM) of ERL solution and ERL-loaded nanoparticle formulations on cancer cell lines 

A549 (lung) and HepG2 (liver) for 24 and 48h (n = 3, ±SD) (*p < 0.05 compared with ERL solution)

A549 HepG2
Formulation

24h 48h 24h 48h

6OCaproαCD nanosphere 14.2 ± 3.2 1.9 ± 0.2* 9.0 ± 0.1 2.2 ± 0.3*

6OCaproαCD nanocapsule 8.5 ± 0.1 2.7 ± 0.1* 3.4 ± 1.1 2.3 ±0.8*

6OCaproβCD nanosphere 5.1 ± 2.1 3.2 ± 0.4* 4.7 ± 1.2 3.1 ± 0.2*

6OCaproβCD nanocapsule 7.9 ± 2.3 2.8 ± 0.5* 3.9 ± 0.2* 2.6 ± 0.3*

PC βCDC6 nanosphere 6.5 ± 1.2 2.1 ± 1.3* 3.1 ± 1.4* 1.1 ± 0.2*

PC βCDC6 nanocapsule 4.6 ± 0.2* 1.5 ± 0.1* 1.6 ± 0.8* 0.2± 0.1*

Erlotinib solution 8.2 ± 2.0 5.1 ± 1.2 4.8 ± 0.3 3.8 ± 0.1
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Supplemental file: Synthesis and characterization of amphiphilic 6OCaproαCD
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Figure 1. Molecular structure of amphiphilic amphiphilic 6OCaproαCD  

Hexakis(6-hexanoyl)cyclomaltoheptaose. A solution of hexakis(6-bromo-6-

deoxy)cyclomaltoheptaose1 (3.57 g, 2.6 mmol) in anhydrous DMF (50 mL) stirred under 

Ar (or N2) atmosphere was dropwise cannulated over 1 h to a suspension of hexanoic 

acid (3.0 mL g, 2.76 g, 23.8 mmol, 1.5 eq) and Cs2CO3 (7.73 g, 23.8 mmol, 1.5 eq) in 

anhydrous DMF (50 mL) under Ar (or N2). Then, the mixture was gently warmed up to 

60 ºC and stirred for 16 h. The resulting suspension was concentrated until no more DMF 

distilled off and the syrupy residue was then suspended in water (200 mL). A white solid 

precipitated off upon stirring for 30 min and further collected by filtration. The slurry 

was re-suspended in acetone (100 mL) and the precipitate was again collected by 

filtration and dried under reduced pressure to afford the target compound in 59% yield 

(3.30 gr) as a white solid. Purity and identity of the product was assessed by 1H-, 13C-

NMR and MS. 1H NMR (400 MHz, 1:10 MeOD-DMSO-d6): δ 4.84 (d, 6 H, J1,2 = 3.3 Hz, H-

1), 4.28 (bd, 6 H, J6a,6b = 11.2 Hz, H-6a), 4.22 (dd, 6 H, J5,6b = 6.0 Hz, H-6b), 3.94 (m, 6 H, 

H-5), 3.78 (t, 6 H, J2,3 = J3,4 = 9.0 Hz, H-3), 3.41 (t, 6 H, J4,5 = 8.8 Hz, H-4), 3.34 (dd, 6 H, H-

2), 2.30, 2.23 (2 m, 12 H, 3JH,H = 7.4 Hz, CH2CO), 1.50 (m, 12 H, CH2CH2CO), 1.25 (m, 24 H, 

CH3CH2CH2) , 0.85 (t, 18 H, CH3CH2). 13C NMR (100.6 MHz, DMSO-d6): δ 173.1 (CO), 102.3 

1 H. H. Baer, A. Vargas Berenguel, Y. Y. Shu, J. Defaye, A. Gadelle, F. Santoyo Gonzalez, 
Carbohydr. Res. 1992, 228, 307-314. 
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(C-1), 82.8 (C-4), 73.5, 72.3 (C-2,3), 69.7 (C-5), 63.5 (C-6), 33.6 (CH2CO) 31.1, 24.6 

(CH2CH2), 22.3 (CH2CH3), 14.2 (CH3). ESI-MS (m/z): 1583.8 ([M + Na]+), 1559.6 ([M - H]-).

1H NMR (10:1 MeOD-DMSO-d6)

13C NMR (DMSO-d6)
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ESI-MS spectra
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