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a b s t r a c t 

In the present study, the surface of halloysite nanotubes (Hal) grafted with a reactive β-cyclodextrin 

based monomer carrying vinyl carboxylic acid functional groups (MAH- β-CD) was designed and prepared 

through free radical copolymerization (Hal-V/MAH- β-CD) for anticancer drug delivery. Doxorubicin (DOX) 

was loaded effectively to the Hal-V/MAH- β-CD nanocarrier via physical adsorption with high loading 

efficiency. Drug release investigations demonstrated that DOX@ Hal-V/MAH- β-CD nanocarrier has a high 

drug release at cancerous condition (pH 5.4). From MTT assay, it was found that DOX@Hal-V/MAH- β-CD 

exerted great anticancer effect against MCF-7 breast cancer cells. The hemolysis experiments exhibited 

that nanocarrier has no remarkable hemolytic effect on human red blood cells (HRBCs), indicating the 

blood compatibility of the nanocarrier. Taken together, the newly prepared Hal-V/MAH- β-CD nanocarrier 

can be considered as a promising tool for DOX delivery to the MCF-7 breast cancer cells. 

© 2022 Elsevier B.V. All rights reserved. 
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. Introduction 

Nowadays, breast cancer (BC) is known as one of the most life 

hreatening women’s cancer in the world and currently about 12% 

f cancers in women is related to the BC [ 1 , 2 ]. Beside surgery, ra-

iation therapy and hormonal therapy, chemotherapy still plays a 

ey role in BC treatment. In this regard, some chemotherapeutic 

gents such as paclitaxel (PTX), 5-fluorouracil (5-FU) and doxoru- 

icin (DOX) are frequently used in clinics. Among them, doxoru- 

icin (DOX) is an important anthracycline antibiotic with excel- 

ent therapeutic properties for treatment of various cancers includ- 

ng breast cancer [3] . Although, DOX showed a high chemothera- 

eutic effect towards different cancer cells, its clinical application 

as been limited by various parameters including nonspecific dis- 

ribution and short biological half-period which leads to remark- 

ble side effects such as vomiting, diarrhea, nausea and conges- 

ive heart failure [4–6] . In the past few decades, nanotechnology 

ad a great impact on development of novel safe biocompatible 

rug delivery systems with low toxicity for cancer therapy. Thus, 

y rapid development in nanotechnology, a variety of nanocar- 

iers such as organic and inorganic nanocarriers have been de- 

eloped and applied for DOX delivery to specific types of can- 
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er cells [7–9] . Halloysite (Hal) nanotubes as economically avail- 

ble natural two-layered alumosilicate deposits with the chemi- 

al formula of Al 2 Si 2 O 5 (OH) 4 •n H 2 O (where n is 4 or 2) have at-

racted remarkable attention in drug delivery and cancer therapy 

10] . Hal nanotubes have the following characteristics: (1) hollow 

ubular structure with length of 20 0–10 0 0 nm and diameter of 

0–70 nm; (2) high thermal and mechanical stability; (3) high ad- 

orption capacity; (4) ease of dispersion within polymers; (5) facile 

urface modification ability; (6) low toxicity and biocompatibil- 

ty [ 10 , 11 ]. However, uncontrolled drug release profile limited its 

pplications in drug delivery [12] . Therefore, Hal nanotubes have 

een usually combined with other biomolecules and biopolymers 

uch as L-dopa, chitosan, PVA , PLA , PLGA and PEG to generate 

ew inorganic/polymer hybrid materials with controlled drug re- 

ease behavior [10] . For example, chitosan oligosaccharide-grafted 

al (Hal-g-COS) hybrid materials were synthesized and used as 

OX carrier for efficient breast cancer therapy both in vitro and 

n vivo [13] . The same research group could successfully conju- 

ate PEG and FA on the surface of Hal nanotubes for effectively 

elivering DOX to breast cancer [14] . In other interesting reports, 

al nanotubes were modified with polyamidoamine (PAMAM) and 

olyethyleneimine (PEI) as promising nanovehicles for siRNA and 

DNA delivery, respectively [ 15 , 16 ]. Very recently, we have suc- 

essfully functionalized Hal surface with water soluble polyhedral 

ligomeric silsesquioxane nanoparticles for paclitaxel delivery into 

https://doi.org/10.1016/j.molstruc.2022.133004
http://www.ScienceDirect.com
http://www.elsevier.com/locate/molstr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molstruc.2022.133004&domain=pdf
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he cancer cells [17] . In recent years, β-cyclodextrin ( β-CD) and its 

erivatives have received great interest due to the properties pos- 

essed by them, for instance, unique conical scaffold, biocompati- 

ility, nontoxic nature and cost-effectiveness [18] . The remarkable 

eature of β-CD that allows the development of new drug carri- 

rs in controlled release systems is not only its capability for in- 

reasing the solubilization and stabilization of hydrophobic drugs, 

ut also decreasing the uncontrolled side effects related to the cor- 

esponding drugs [ 19 , 20 ]. According to these features, β-CD can 

e considered as a promising candidate in the preparation of hy- 

rid materials for the storage and delivery of anticancer drugs. 

owever, through literature review, we noticed that there are few 

tudies on the surface functionalization of Hal nanotubes with β- 

D and its biomedical application. In one report, carboxylated β- 

D was covalently coated on the surface of magnetic aminolated 

al nanotubes using EDC chemistry and used to capture and iso- 

ate the cancer cells from normal cells [21] . In continuation of 

ur interest in the preparation of hybrid materials and their ap- 

lication in various fields [22–38] , herein, we designed and fab- 

icated a new Hal based hybrid material (Hal-V/MAH- β-CD) as 

n efficient nanocarrier for DOX delivery into the cancer cells for 

he first time. Firstly, Hal nanotubes and β-CD were functional- 

zed with 3-(trimethoxysilyl)propyl methacrylate and maleic an- 

ydride to obtain Hal-V and MAH- β-CD as active polymerizable 

onomers, respectively. Secondly, Hal-V was modified with MAH- 

-CD by a simple free radical copolymerization to prepare Hal- 

/MAH- β-CD nanocarrier. Finally, DOX as a widely used anticancer 

rug was loaded onto Hal-V/MAH- β-CD via adsorption. The suc- 

essful preparation of Hal-V/MAH- β-CD was approved using vari- 

us characterization methods. In addition, DOX@Hal-V/MAH- β-CD 

as subjected to biological studies including hemolysis assay, cy- 

otoxicity evaluations and cellular uptake. 

. Materials and methods 

.1. Materials 

Halloysite nanotubes (Hal) and β-cyclodextrin ( β-CD), 3–(4, 5- 

imethylthiazole-2-yl) −2, 5-di-phenyl tetrazolium bromide (MTT), 

oluene, and doxorubicin were obtained from Sigma-Aldrich (Ger- 

any). Maleic anhydride (MAH), Redox Initiator ammonium per- 

ulfate (APS), 3-(trimethoxysilyl)propyl methacrylate, and N, N - 

ethylenebis (acrylamide) (MBA) were purchased from Merck 

Germany). All other chemicals were analytical grade and used as 

eceived. 

.2. Functionalization of Hal with 3-(trimethoxysilyl)propyl 

ethacrylate: preparation of Hal-V 

Initially, Hal surface was functionalized with 3-(trimethoxysilyl) 

ropyl methacrylate. Generally, 3-(trimethoxysilyl)propyl 

ethacrylate (8 mL) was added drop wise into a 250 mL beaker 

quipped with a magnetic stirrer containing a suspension of Hal 

4.8 g) in dry toluene (120 mL), and allowed to stir vigorously for 

5 min. Subsequently, the reaction mixture was refluxed at 110 °C 

vernight. After completion of the reaction, the product (Hal-V) 

as filtered off, washed three times with dried toluene and dried 

nder vacuum at 100 °C for 24 h. 

.3. Preparation of β-CD based reactive monomer (MAH- β-CD) 

At first, β-CD (2.84 g, 0.0025 mol) was dissolved in DMF 

20 mL), then MAH (2.45 g, 0.025 mol) was added into the reaction 

ixture under inert atmosphere and stirred to obtain transparent 

olution. This solution was stirred vigorously at 100 °C for 10 h. 

fter that the reaction mixture was allowed to cooling at room 
2 
emperature, followed by adding 25 mL of chloroform. Obtained 

hite precipitate (named MAH- β-CD) was washed several times 

sing 100 mL acetone, dried under vacuum at 80 °C overnight. 

.4. Decoration of Hal surface with MAH- β-CD: synthesis of 

al-V/MAH- β-CD 

To synthesize the copolymerized nanocarrier, Hal-V (1.2 g) was 

ispersed in distilled water under ultrasonic irradiation of power 

00 W for 15 min. To the resulting suspension, MAH- β-CD (1.2 g) 

nd MBA (0.1 g) were added and the reaction temperature was in- 

reased to 70 °C. Following this, APS (0.04 g) as polymerization ini- 

iator was added to allow the polymerization proceed. After 24 h, 

he formed nanocarrier was centrifuged and washed with distilled 

ater repeatedly to remove unreacted monomers. The obtained 

roduct was dried in a vacuum oven at 100 °C to reach constant 

eight and assigned as Hal-V/MAH- β-CD. 

.5. In-vitro drug loading and drug release investigations 

DOX loading on the Hal-V/MAH- β-CD was conducted accord- 

ng to the following procedure: 100 mg of Hal-V/MAH- β-CD was 

dded in 10 mL DOX solution (10 mg DOX in PBS, pH = 7.4) and ul-

rasonically dispersed in the iced bath. The mixture was allowed to 

tir at room temperature for 24 h under dark condition. DOX@Hal- 

/MAH- β-CD was separated by centrifugation and washed sev- 

ral times with PBS to eliminate unloaded DOX. At the end, DOX- 

anocarrier was freeze-dried and kept for the next in-vitro stud- 

es. To measure the amount of unbounded DOX, the supernatant of 

bove solution was collected and analyzed for the concentration of 

OX left using a UV–Vis spectrophotometer at 480 nm according 

o the calibration curve ( Fig 1 S). The drug loading efficiency (DLE) 

nd drug encapsulation efficiency (DEE) were calculated using the 

ollowing equations [39] : 

LE ( % ) = 

Weight of drug in nanocarrier ( mg ) 

Weight of nanocar r ier ( mg ) 
× 100 

EE ( % ) 

= 

Weight of initial l y ad d ed d rug - weight of f ree d r ug in super natant 

Weight of initial l y ad d ed d rug 
× 100 

To study the in-vitro release profile of DOX from Hal-V/MAH- β- 

D nanocarrier, 10 mg of DOX-loaded nanocarrier was suspended 

n a 2 mL of phosphate buffered saline (PBS) at two different pH 

alues (5.4 and 7.4) as the release medium. At certain time inter- 

als, 2 mL of release medium was replaced with 2 mL of fresh 

edium. Finally, the concentration of released DOX was measured 

sing a UV–Vis spectrophotometer at 480 nm. All release experi- 

ents were carried out in triplicate, and the average data was re- 

orted. 

OX Release ( % ) = 

amount of DOX released in medium 

amount of DOX in nanocar r ier 
× 100 

.6. Cell culture and cytotoxicity studies 

Human breast cancer cell lines (MCF-7) were grown according 

o the protocol as previously reported in the literature [40] . Briefly, 

CF-7 cells were cultured in Gibco® RPMI-1640 containing 10% fe- 

al bovine serum (FBS) and 1% benzylpenicillin/streptomycin and 

ncubated at 37 °C for 24 h under a humidified atmosphere with 

% CO 2 . MTT assay was used to assess the in-vitro cytotoxic effects 

f free drug and drug-loaded nanocarrier on MCF-7 cells. MCF-7 

ells were seeded in a flat-bottomed 96-well plates at the den- 

ity of 5 × 10 3 per well and incubated overnight (37 °C, 5% CO 2 ).

hen, MCF-7 cells were treated with pristine DOX and DOX@Hal- 

/MAH- β-CD nanocarriers at various concentrations (62.5, 125, 
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Fig. 1. FTIR spectra of the Hal, Hal-V, Hal-V/MAH- β-CD (A), XRD pattern of Hal, Hal-V/MAH- β-CD (B), N 2 adsorption–desorption isotherm of Hal-V/MAH- β-CD (C), Thermal 

gravimetric analysis (TGA) curves of Hal, Hal-V, Hal-V/MAH- β-CD (D). 
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50, 50 0, 10 0 0 and 20 0 0 μM) and incubated at temperature 37 °C.

fter 24 h, the media were replaced with 50 μL MTT solution 

2mgmL −1 ) and 150 μL of fresh culture media, and incubated at 

7 °C for another 4 h. After removing of the medium in each 

ell, appropriate DMSO was added to each well to solve the for- 

azan precipitates. Finally, ELISA plate reader (Awareness Technol- 

gy, Palm City, FL, USA) was employed to determine the optical 

ensity (OD) at 570 nm. Following equation was used to calculate 

he percentage viability of cell. 

el l v iabil it y ( % ) = 

OD ( t reated ) 

OD ( cont rol ) 
× 100 

.7. Statistical analysis 

For cell culture experiments, statistical analysis was performed 

sing the IBM Statistical Package for the Social Sciences Statistical 

oftware (SPSS, version 16.0). All experiments were done in tripli- 

ate. Experimental data were presented as mean ± standard devi- 

tion. One-way Analysis of Variance (ANOVA) and Tukey’s test for 

osthoc analysis were used to calculate statistical differences be- 

ween multiple groups. P values < 0.01 and 0.05 were considered 

tatistically significant. 

.8. In-vitro blood compatibility: hemolysis assay 

Human blood was kindly donated by the Iranian Blood Transfu- 

ion Institute (IBTI) and then centrifuged at 2500 rpm for 10 min 

o obtain human red blood cells (HRBCs), followed by washing 

everal times with PBS to become the supernatant of the sample 

lear. Ten times diluted HRBCs (0.5 mL) by PBS were mixed with 

.5 mL of nanocarrier suspension with different concentrations in 

BS (the final nanocarrier concentration: 10, 25, 50, 10 0, 20 0, 40 0, 

0 0, 160 0 μgmL −1 ) in test tubes. Moreover, the mixture of 0.5 mL

f HRBCs suspension with 0.5 mL of deionized water and PBS were 

ssigned as the positive (100% hemolysis rate) and negative con- 

rols (0% hemolysis rate), respectively. All prepared samples were 
3 
tirred gently at 37 °C for 4 h. After separation using centrifuge, 

ll separated supernatants were taken up and subjected to ELISA- 

eader to measure the OD of released hemoglobin at 540 nm. The 

emolysis rate (%) was calculated based on the following equa- 

ion: 

emolysis rate ( % ) = 

OD ( sample ) − OD ( −) 

OD ( + ) − OD ( −) 
× 100 

.9. Cellular uptake study: using fluorescent microscopy imaging 

Fluorescent microscopy imaging was used to assess the inter- 

alization of the DOX@Hal-V/MAH- β-CD nanocarrier into the cells. 

riefly, seeded and incubated MCF-7 cells (6 × 10 4 ) in a 6-well 

late containing coverslips were treated with DOX-loaded nanocar- 

ier at a concentration of IC 50 for 0.5, 1, 2, and 3 h. To observe

anocarrier uptake by cells, the coverslips were put and fixed onto 

he glass microscope slides, followed by recording images using a 

uorescence microscope (Olympus microscope Bh2-RFCA, Japan). 

.10. Instruments 

.10.1. Fourier transform infrared spectroscopy (FT-IR) 

Fourier transform infrared (FT-IR) spectra were recorded on a 

in-Bomem spectrometer, version 3.04 Galactic Industries Corpo- 

ation over the range of 40 0–40 0 0 cm 

−1 . 

.10.2. Hydrogen nuclear resonance ( 1 H NMR) 

The 1 H NMR spectrum of samples were recorded on a Bruker 

T-NMR 500 MHz spectrometer in D 2 O solvent. 

.10.3. Wide-angle X-ray diffraction (XRD) 

The XRD diffraction patterns of samples were collected with a 

ruker D8 Advance diffractometer using a Cu K α radiation source 

 λ = 0.154059 nm) at 30 keV in the scan range (2 θ ) from 4 to 70 °
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Scheme 1. Schematic illustration of possible procedures for the synthesis of Hal-V/MAH- β-CD. 
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.10.4. N 2 adsorption-desorption analysis 

N 2 adsorption-desorption isotherm was recorded using BEL- 

ORP Mini II apparatus 

.10.5. Thermogravimetric analysis (TGA) 

Thermogravimetric (TGA) analyses were carried out using a Lin- 

eis L81A1750 (Germany) at a heating rate of 10 °C/min under high 

urity nitrogen atmosphere from 50 to 800 °C. 

.10.6. Scanning electron microscopy (SEM) 

The morphology of the samples were examined using VWGA3 

ESCAN (20.0 KV) microscope field emission scanning electron 

icroscope (FE-SEM) at an accelerating voltage of 20 keV with 

n energy-dispersive X-ray (EDX) microanalyzer for compositional 

nalysis. 

.10.7. Transmission electron microscopy (TEM) 

All samples were fixed in the electron microscope station with 

onductive adhesive. Then, transmission electron microscopy (TEM) 

bservations were carried out over a transmission electron micro- 

cope (Philips CM10 operating at 60 kV tension). 

.10.8. UV–Vis measurements 

UV–Vis absorption spectra were recorded on a Shimadzu UV- 

800 model spectrophotometer. 

.10.9. Dynamic light scattering (DLS) 

The size distributions of the samples were determined by a 

ano-ZS instrument (Malvern Instruments Ltd., UK). 
4 
. Results and discussion 

.1. Preparation and characterization of reactive monomers (Hal-V 

nd MAH- β-CD) and Hal-V/MAH- β-CD hybrid nanocarrier 

Cyclodextrin ( β-CD)-functionalized halloysite nanotubes (Hal- 

/MAH- β-CD) were prepared according to the steps outlined in 

cheme 1 . Firstly, Hal-V and MAH- β-CD as two important poly- 

erizable monomers were prepared by reacting of Hal nanotubes 

nd β-CD with 3-(trimethoxysilyl)propyl methacrylate and maleic 

nhydride, respectively. On the other hand, pristine Hal nanotubes 

ere initially functionalized with silane coupling reagent via sim- 

le hydrolysis/condensation reaction. Then polymerizable β-CD 

erivative containing vinyl carboxylic acid functional groups were 

ynthesized by a ring-opening reaction between β-CD and MAH. 

inally, Hal-V/MAH- β-CD nanocarrier was obtained using free rad- 

cal copolymerization in the presence of MBA as cross-linker. 

he successful synthesis of Hal-V, MAH- β-CD and Hal-V/MAH- β- 

D nanocarrier were confirmed by using various physicochemical 

nalyses. 

From Fig S2B, 1 H NMR spectrum of MAH- β-CD showed the 

haracteristic peaks at 3.2–5.9 ppm corresponding to –CH-1, 2, 3, 4, 

, 6 and –OH groups of β-CD (Fig S2A) [41] . Moreover, the appear-

nce of two new peaks at 6.30 and 6.46 ppm related to –CH = CH-

roup indicated the successful incorporation of MAH onto the β- 

D backbone. In Fig S2C, the FTIR spectrum of MAH- β-CD was il- 

ustrated and compared with that of β-CD. The structure of β-CD 

an be clearly elucidated in the spectrum of the MAH- β-CD by ob- 
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Fig. 2. The SEM images of (A) bare Hal, (B) Hal-V/MAH- β-CD and the TEM images of (C) bare Hal, (D) Hal-V/MAH- β-CD. 
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erving the peaks at 1026 cm 

−1 and 1150 cm 

−1 , that were indica- 

ive of glycosidic C 

–O-C stretching and coupled C 

–C/C 

–O stretch- 

ng vibrations, respectively [42] . In the spectra of MAH- β-CD, two 

ew additional peaks at 1628 cm 

−1 and 1722 cm 

−1 were seen that 

ould be assigned to the stretching vibration of C = C and C = O,

espectively, indicating successful reaction of MAH with β-CD. In 

ddition, the FTIR spectra of Hal-V/MAH- β-CD and Hal-V were 

onducted and compared with bare Hal nanotube. From Fig 1 A, 

ll distinguished peaks related to Hal such as 471 cm 

−1 (Al-O-Si 

eformation vibration), 542 cm 

−1 (Si-O-Si deformation vibration), 

95 cm 

−1 and 754 cm 

−1 (Si-O stretching vibration), 912 cm 

−1 

O 

–H deformation vibration of inner Al-O-H groups), 1034 cm 

−1 

Si-O-Si stretching vibration), 1095 cm 

−1 (Si-O stretching vibra- 

ion), 1634 cm 

−1 and 3443 cm 

−1 (O 

–H stretching vibration of ad- 

orbed water) and 3621 cm 

−1 and 3695 cm 

−1 (O 

–H stretching vi- 

rations of Al-OH groups) could be seen in the FTIR spectra of both 

al-V and Hal-V/MAH- β-CD, suggesting that Hal structure was in- 

act even after modification with silane group and incorporation of 

iopolymer [42] . However, the appearance of two new characteris- 

ic peaks at 2895 cm 

−1 and 1736 cm 

−1 in the Hal-V spectrum, cor- 

esponding to –CH 2 and C = O functionalities, indicated its success- 

ul preparation [43] . After the polymerization, two new peaks at 

565 cm 

−1 and 1693 cm 

−1 were seen in the FTIR spectrum of Hal- 

/MAH- β-CD that could be assigned to N 

–H (bending) and C = O

stretching) vibrations of amide in the polymeric network [21] . To 

lucidate possible changes in the structure of Hal upon polymer 

ecoration, the XRD pattern of nanocarrier was obtained and com- 

ared with that of bare Hal, Fig 1 B. As depicted, the eight charac-

eristic peaks at 2 Ɵ = 12.1 °, 20.1 °, 24.7 °, 26.5 °, 35.6 °, 38.4 °, 55.1 °
nd 62.6 ° corresponded to the structure of Hal (JCPDS No. 29–
5 
487) could be also detected in the XRD pattern of Hal-V/MAH- 

-CD by a decrease in the intensity [44] . Moreover, the XRD pat- 

ern of Hal-V/MAH- β-CD showed no remarkable shift or change 

n the interlayer distance when compared with that of bare Hal, 

ndicating the formation of crosslinked networks by growing the 

olymeric chains on the surface of Hal [43] . The effect of MAH- 

-CD polymerization on the surface properties of Hal was inves- 

igated using N 2 adsorption-desorption isotherm of Hal-V/MAH- β- 

D ( Fig 1 C). Based on a previous report, the specific surface area 

nd the pore diameter of bare Hal were found to be 51 m 

2 g −1 

nd 5.4 nm, respectively [43] . In this study, the specific surface 

rea of Hal-V/MAH- β-CD was 48 m 

2 g −1 , indicating that function- 

lization of Hal surface by β-CD did not alter significantly the 

forementioned value. In contrary, the pore diameter of nanocar- 

ier was increased to 12 nm. This could be explained that the re- 

ulted polymeric network provided higher porosity by the forma- 

ion of inter-particle pores on the surface of Hal. The TGA analysis 

as exploited to study the thermal stability of bare Hal, Hal-V and 

al-V/MAH- β-CD, as depicted in Fig 1 D. Both bare Hal and Hal- 

 showed two main weight losses at around 100 °C and 550 °C 

orresponded to the loss of water and Hal structure dehydroxyla- 

ion, respectively [45] . Compared to the thermogram of bare Hal, 

n observable weight loss ( ̃4 wt.%, around at 300 °C) was oc- 

urred in the thermogram of Hal-V, which indicated the degra- 

ation of grafted silane. The weight loss of Hal-V/MAH- β-CD was 

igher than those of Hal and Hal-V, which could be assigned to the 

uccessful coating of Hal surface with β-CD. Notably, the content 

f silane and β-CD were calculated to be 4 and 12 wt.%. 

The SEM images of Hal and Hal-V/MAH- β-CD were shown in 

ig 2 A and B, respectively, to investigate their direct surface visual- 
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Fig. 3. The cumulative release curve of the DOX@Hal-V/MAH- β-CD at pH 7.4 and 5.4(A) and kinetic models for DOX release from nanocarrier: Korsmeyer-Peppas model (B) 

and Higuchi model (C). 
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zations. A neat tubular structure can be seen from Fig 2 A for bare

al. From Fig 2 B, the comparison of the SEM images of Hal with

al-V/MAH- β-CD showed that upon introduction of β-CD on the 

urface of Hal, tubular shape did not change remarkably. However, 

t should be noticed that Hal-V/MAH- β-CD exhibited more dense 

nd compact morphology, which can be due to the intertwining of 

he polymeric chain. Furthermore, comparative TEM images from 

anotubes before and after modifying β-CD were shown in Fig 2 C 

nd D, respectively. Observable clear changes could be seen from 

he TEM image of Hal-V/MAH- β-CD. On the other hand, modify- 

ng β-CD not only, increased the thickness of the Hal nanotubes 

about 10–15 nm), but also located on the surface of Hal as dark 

olor layer in which caused the hollow tubular structure of Hal 

ecome less dateable. All these observations from SEM and TEM 

mages are in good agreement with those reported results for Hal 

urface modification [46–48] . 

Furthermore, the results of DLS measurements to record the av- 

rage hydrodynamic diameter of bare Hal and Hal-V/MAH- β-CD 

ere shown in Fig S3 A and B, respectively. The average hydro- 

ynamic diameter of bare Hal was ∼339.3 nm, while Hal-V/MAH- 

-CD possess an average diameter of 350.3 nm, which was 11.0 nm 

arger than bare Hal. The DLS size difference between bare Hal and 

al-V/MAH- β-CD clearly demonstrated that the surface of Hal was 

oated with a thick β-CD layer. 

.2. DOX loading and release of Hal-v/MAH- β-CD and kinetics 

odeling 

In this study, DOX was loaded on Hal-V/MAH- β-CD via phys- 

cal adsorption for 24 h under stirring at neutral pH condition. 
6 
he loading efficiency of Hal-V/MAH- β-CD is measured ˜48.12% 

hich is higher than that of pristine Hal ( ̃18.9%). It is obvious 

hat the loading capacity of pristine Hal is limited [49] , but the 

odification of Hal surface by β-CD could significantly increase 

he drug loading capacity. This fact is in a good agreement with 

 study that DOX loading capacity of Hal nanotubes was increased 

rom 18.6% to 31.6% after coating with polyglycerol layer [12] . Basi- 

ally, various parameters such as adsorption conditions, drug in- 

eractions, and the most importantly the structures and surface 

roperty of Hal nanotube have significant influence on the load- 

ng and release of DOX [ 13 , 50 ]. In vitro release profile of DOX

rom Hal-V/MAH- β-CD was evaluated in PBS solutions at two dif- 

erent pH values (5.4 and 7.4), which simulated weak acidic tu- 

or and neutral blood microenvironments, respectively [51] . As 

hown in Fig 3 A, approximately, 36% of DOX was released after 

 h at pH 5.4, while only 24% of DOX was released at pH 7.4

s neutral condition during the same period. After that, the re- 

ease rate of Hal-V/MAH- β-CD reached a maximum value of 60% 

nd 38% in 48 h at pH 5.4 and 7.4, respectively. It should be 

ighlighted that the higher DOX release rate at low pH value 

5.4) not only could be attributed to cavity change of Hal-V/MAH- 

-CD nanocarrier but also increased hydrophilicity of DOX (due 

o the protonation of its NH 2 group), leading to fast release of 

OX in acidic conditions. The same trend in DOX release behav- 

or was observed in previous reports [ 12 , 14 ]. Therefore, the pH-

ependent DOX release behavior of Hal-V/MAH- β-CD nanocarrier 

an be clearly seen which is very important from chemotherapy 

oint of view [52] . 

To clarify and understand the DOX release mechanism, the ob- 

ained in-vitro release data were analyzed using release kinetics 
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Fig. 4. Cytotoxicity of free DOX, DOX@nanocarrier and nanocarrier in-vitro on MCF-7 cells at different concentrations, ∗ρ ˂ 0.05, ∗∗ρ ˂ 0.01(A),The calculated IC 50 values 

using Graph Pad (prism) software (B), Hemocompatibility evaluation of nanocarrier (DI water and PBS as the positive and negative controls, respectively) and (C) fluorescent 

microscopy images for DOX@nanocarrier uptake by MCF-7 cells after 0.5 (a), 1 (b), 2 (c) and 3 h. 

Table 1 

The calculated kinetic parameters of DOX release according to Higuchi and Korsmeyer- 

Peppas models. 

Higuchi model Korsmeyer-Peppas model 

Nanocarrier K (h −1/2 ) r 2 n K (h −n ) r 2 

@Hal-V/MAH- β-CD pH 5.4 11.24 0.17 0.22 26.9 0.93 

pH 7.4 6.297 0.35 0.25 14.2 0.92 
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odels, namely Korsmeyer-Peppas ( Eq. (1) and Fig 3 B) and Higuchi 

 Eq. (2) and Fig 3 C) [ 33 , 37 ]. 

 t/M 0 = K KP t 
n (1) 

 = K H × t 1 / 2 (2) 

Based on Fig 3 B and C, there is a better fit from Korsmeyer-

eppas equation, indicating that the release kinetics of DOX follow 

he Korsmeyer-Peppas model. Moreover, all parameters such as dif- 

usion exponent (n), correlation coefficients (r 2 ) and rate constants 

k) were summarized in Table 1 . 

Since the n value is less than 0.45, it could be concluded that 

he DOX release mechanism is Fickian diffusion [53] . An obvious 

H effect could be observed when comparing k values across the 

xperiments. On the other hand, the k value in acidic environment 

as higher than that of pH 7.4, suggesting the higher release rate 

nder acidic condition [54] . 
7 
.3. In-vitro cell cytotoxicity, blood compatibility and cell 

nternalization of nanocarrier 

Low cytotoxicity of drug nanocarriers in drug delivery systems 

s an essential key item, which is obtained from MTT assay re- 

ults. Fig 4 A depicted the cytotoxic effect of free DOX, nanocar- 

ier and DOX@nanocarrier on MCF-7 cells. As the results were ex- 

ibited, the synthesized nanocarrier (Hal-V/MAH- β-CD) has no re- 

arkable cytotoxicity on MCF-7 cells, with greater than 95% cell 

iability even at a concentration of 20 0 0 μM, suggesting the ex- 

ellent non-toxicity and biologically friendly of Hal-V/MAH- β-CD 

anocarrier. However, free DOX and DOX@nanocarrier illustrated 

ytotoxicity in a dose-dependent manner toward MCF-7 cells af- 

er 24 h incubation. Compared with free DOX, DOX@nanocarrier 

isplayed higher toxicity as shown in Fig 4 A. For instance, the 

ell viability of DOX@nanocarrier (250 μM) is 48% but free DOX 

s 62% at the same concentration. By increasing the concentration 

f DOX@nanocarrier, the cell viability decreased under 20% at the 
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oncentration of 20 0 0 μM. Moreover, the half-maximal inhibitory 

oncentration (IC 50 ) values for free DOX and DOX@nanocarrier 

ave been determined as 358 μM and 205 μM, respectively 

 Fig 4 B). This can be attributed to the ability of nanocarrier to 

ontrol the release of drug and gradual drug release inside the 

ells. These results showed that DOX loading in Hal-V/MAH- β- 

D nanocarrier facilitated its uptake in cancer cells, leading to 

igher toxicity when compared with free DOX. In addition to en- 

anced drug uptake, reduced drug efflux by multidrug resistance 

roteins could be another reason for higher drug accumulation 

hen loaded in nanocarrier compared with free drug. Moreover, 

eduction in IC 50 value and effective drug concentration can lead to 

nhibition of drug resistance development and damage to healthy 

issues which is very crucial in chemotherapy. 

Based on FDA recommendations, the biocompatibility evalua- 

ion of materials applied as drug carrier in intravenous injection 

s substantial and in-vitro hemolysis experiments should be con- 

ucted to test for hemolytic effect [55] . Previous reports showed 

n abnormal destruction of red blood cells (hemolysis) when RBCs 

ere exposed to bare Hal nanotubes over a range of concentrations 

56] , and the fact could be easily decreased after surface modifi- 

ation of Hal by chitosan grafting and PEI grafting [ 16 , 57 ]. In this

tudy, the dose-dependent hemolytic effects of Hal-V/MAH- β-CD 

anocarrier at the various concentrations ranging 10–3200 μgmL −1 

n RBCs were shown in Fig 4 C. The hemolysis rate of Hal-V/MAH- 

-CD is less than 1.10% in all concentrations. This phenomenon in- 

icated that Hal-V/MAH- β-CD nanocarrier can be classified as non- 

emolytic material according to national biological safety. 

Due to fluorescent nature of DOX, DOX@Hal-V/MAH- β-CD 

anocarrier internalization can be easily observed by fluores- 

ent microscopy to evaluate the qualitative cellular uptake into 

he MCF-7 cells. In this regard, nanocarrier-loaded with DOX 

DOX@Hal-V/MAH- β-CD) was exposed with MCF-7 cells in a time- 

ependent manner, as shown in Fig 4 D, for 0.5, 1, 2 and 3 h.

he images showed that the accumulation of DOX@Hal-V/MAH- β- 

D nanocarriers inside the cells was increased over the time, and 

ould be considered as a clear witness for successful nanocarrier 

ptake by the cells. 

. Conclusion 

Taking the advantages of biocompatibility and easy functional- 

zation of Hal nanotubes, for the first time, a novel pH-sensitive 

al-based nanocarrier (Hal-V/MAH- β-CD), as a drug delivery sys- 

em, was designed and prepared through simple free radical 

opolymerization of Hal-V and MAH- β-CD in the presence of MBA 

or delivery of DOX to enhance the chemotherapeutic efficiency 

n MCF-7 breast cancer cells. Various characterization techniques 

ere used to confirm the successful preparation of Hal-V/MAH- 

-CD hybrid nanomaterial. Hal-V/MAH- β-CD nanocarrier showed 

igher DOX cumulative release in acidic medium (pH 5.4) than 

he neutral medium (pH 7.4). Based on cytotoxicity studies, DOX- 

oaded hybrid nanocarrier exhibited more cytotoxic effect than 

ree DOX. Moreover, the cellular uptake studies by fluorescent mi- 

roscopy validated successful cell internaliaztion of DOX-loaded 

al-V/MAH- β-CD. All aforementioned results in the current study 

mplied that the surface modification of Hal nanotubes with β-CD 

ot only increased its blood compatibility, but also could be effec- 

ively employed as a potent drug delivery system for cancer ther- 

py. 
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