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Schematic illustration for dual-drug delivery of LAFNCC NPs. Once intravenously 

administrated, the MTX/CUR-LAFNCC NPs accumulated around the tumor site through the 

enhance permeability and retention (EPR) effect. The MTX/CUR-LAFNCC NPs internalize into 

the tumor cells by passive tumor targeting mediated-endocytosis and release both MTX and 

CUR in the acidic pH of the tumor cells. Both drugs delivered to the nucleus to achieve 

synergistic effect in combination cancer therapy. 

 

Highlights 

 L-lysine decorated modified cellulose nanoparticles are biocompatible. 
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 MTX/CUR loaded nanoparticles release in sustained and acidic-facilitate manner. 

  Adjuvant drug CUR synergize therapeutic efficacy of MTX in MCF-7 and MDA-MB-

231. 

 Combined drugs represent notable induction of apoptotic cell death than single one. 

 Nanocarriers are encouraging delivery platform for combinational cancer therapy. 

 

 

 

 

Abstract                    

Combination therapy by two or multiple drugs with different mechanisms of action is a 

promising strategy in cancer treatment. In this regard, a wide range of chemotherapeutics has 

used simultaneously to achieve the synergistic effect and overcome the adverse side effects of 

single-drug therapy. Herein, we developed a biocompatible nanoparticle-based system composed 

of nanocrystalline cellulose (NCC) and amino acid l-lysine for efficient co-delivery of model 

chemotherapeutic methotrexate (MTX) and polyphenol compound curcumin (CUR) to the MCF-

7 and MDA-MB-231 cells. The drugs could release in a sustained and acidic-facilitate manner. 

In vitro cytotoxicity results represented the superior anti-tumor efficacy of the dual-drug-loaded 

nanocarriers. Possible inhibition of cell growth and induction of apoptosis in the cells treated 

with different formulations of CUR and MTX were explored by cell cycle analysis and DAPI 

staining. Overall, the engineered nanosystem can be used as suitable candidates to achieve 

efficient multi-drug delivery for combination cancer therapy.  

Keywords 

Combination therapy; L-lysine; nanocrystalline cellulose (NCC); dual-drug delivery; sustained 

release; adjuvant drug; synergistic effect. 
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Among cancer-related death, breast cancer is the most common leading cause of death in 

women. In 2018 the American Cancer Society estimated about 266,120 cases for breast cancer, 

and among them, 40920 (about 14%) women will die from this disease (Bray et al., 2018).  

Cancer cells present out of control cell proliferation that leads to the formation of lumps and 

metastasis (Persidis, 1999). One of the most important mechanisms by which cancer cells display 

resistance to chemotherapeutics is multi-drug resistance (MDR). From the mixed population of 

malignant cells in tumor lumps, only drug-sensitive cells are destroyed by chemotherapy. In 

contrast,  a large population of drug-resistant cells remain alive and show a partial response to 

chemotherapy when the tumor regrows (Jain et al., 2014). 

As a solution, combination therapy, which deals with co-administration of two or more anti-

cancer agents, is a practical alternative over the single-drug treatment (Ahmed et al., 2006; Mi, 

Zhao, & Feng, 2013; Wang et al., 2011). Generally, combination therapy has shown to promote 

synergistic anti-cancer response through proper combinations of drugs, which leads to 

overcoming drug resistance via the variable mechanism of actions that medicines have in the cell 

growth cycle. Besides, it reduces adverse side effects accompanied by the high dose of single 

drugs as a result of the development in target selectivity and improved therapeutic efficacy (Al-

Lazikani, Banerji, & Workman, 2012; Greco & Vicent, 2009). 

Despite the positive features of combinatorial therapy, it still suffers from barriers such as low 

bioavailability and lack of tumor-specific strategy, resulting in decreased therapeutic efficacy 

and systemic toxicity, respectively (Peer et al., 2007). Integrating nanocarrier-based systems with 

combined therapy provides an effective strategy to co-deliver anti-cancer agents to the site of 

action as well as prevention of blood and renal clearance, leading to the improved bio-

availability of drugs in cancerous tissue with minimum toxicity to the adjacent healthy organs 

(Y. Liu, Fang, Kim, Wong, & Wang, 2014). However, improved efficacy of the co-delivery 

system with minimal toxicity of drug vehicles is required high drug loading efficiency (Huang, 

Zhang, Dorn, & Zhang, 2013). Furthermore, since the therapeutic efficacy of drug combinations 

is directly affected by the release kinetics of individual drugs, the controlled release of drugs is 

necessary for co-delivery systems (W. Xu et al., 2015).  

Most of the previous studies have focused on the design of polymers and nanoparticles (NPs) as 

carriers in drug delivery systems. As an example, recently, a novel polymer-dendrimer hybrid 
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NP-based system was designed as a platform for efficient and controlled co-delivery of two anti-

cancer agents: doxorubicin (DOX) and paclitaxel (PTX) (Z. Zhao, Lou, Hu, Zhu, & Zhang, 

2017).  The resulted nanosystem had a unique nano-in-nano structure in which multiple 

poly(amidoamine) PAMAM dendrimer NPs were embedded in one poly(lactic-co-glycolic acid) 

(PLGA) NP (Z. Zhao et al., 2017). In another study, to overcome the limitations with single 

drugs, an amphiphilic molecule with self-assembled property based on docetaxel (DTX) and 

gemcitabine (GEM) conjugating to the linker poly-ethylene-glycol (PEG) was developed 

(Kushwah, Katiyar, Agrawal, Gupta, & Jain, 2018).  The results showed enhanced therapeutic 

efficacy and reduced systemic toxicity of developed NPs over conventional free drugs.  

A variety of NP-based  platforms have been designed to deliver chemotherapeutics to the tumor 

site including micelles (T. Lu, Sun, Chen, Zhang, & Jing, 2009; H. Xu et al., 2015), dendrimers 

(Kesharwani & Iyer, 2015; Rahimi, Safa, & Salehi, 2017), liposomes (Bitounis, Fanciullino, 

Iliadis, & Ciccolini, 2012; ElBayoumi & Torchilin, 2009), and natural and synthetic polymeric 

nanoparticles (Doppalapudi, Jain, Domb, & Khan, 2016; Tarvirdipour, Vasheghani-Farahani, 

Soleimani, & Bardania, 2016). Previous studies demonstrated that the use of these NPs as the 

nanocarrier system could simply solve the problem of low water solubility that is along with the 

most of the anti-cancer agents, improve their biodistribution, and reduce their toxicity (X. Zhao 

et al., 2016).  

It is noteworthy to pay attention that, most of the nanocarriers discussed in the litterateurs are 

spherical. In recent years the overwhelming studies on non-spherical nanoplatforms as 

nanomedicine have been done. There is evidence that elongated nanoparticles have prolonged 

blood circulation time as well as better extravasation as a result of extensive surface-to-volume 

ratio, which leads to align in the blood stream and alter the interactions with the phagocytes 

(Geng et al., 2007). The rod-like nanoparticles prepared from carbon nanotubes (Z. Liu et al., 

2007), iron oxide (Park et al., 2009), gold nanorods (J. Choi, Lee, Park, & Kim, 2018), and some 

other polymers (L. Zhang et al., 2019) represent prolonged blood circulation, and non-

cytotoxicity compared with spherical counterparts. An ideal nanocarrier should have the 

capability to bind reversibly to the hydrophilic as well as hydrophobic drugs. also, it should be 

responsible for extrinsic stimuli (light, radiofrequency, magnetic field, etc.) or intrinsic stimuli 

(pH, temperature, redox, etc.). One of the prominent candidates that attracted more attention in 
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the field of drug delivery could be cellulose NPs or its composition with other polymers (Li et 

al., 2019). For the cancer therapy, the NPs should be small enough to pass through the biological 

barriers and accumulates in tumor tissue. Thereby, nanoscale cellulose, known as nanocrystalline 

cellulose (NCC), is usually used as nanomedicine because of their prominent physicochemical 

properties such as high aspect ratio due to the rod-like structure, no cytotoxicity, numerous 

surface hydroxyls that facilitate its surface modification, renewability, and biodegradability 

(Sunasee et al., 2019). The dimension of the rod-like NCC-based NPs is about 50-1000 nm in 

length and 1-100 nm in diameters (Habibi, Lucia, & Rojas, 2010; Matos Ruiz, Cavaille, 

Dufresne, Gerard, & Graillat, 2000). Typicality, NCCs are prepared by acid hydrolysis of native 

and microcrystalline cellulose, leading to the dissolving amorphous regions and imparting 

negatively charged acidic sulfate esters (-OSO3 
− H+) on the surface of crystals via the 

esterification between surface hydroxyl groups and sulfuric acid molecules. (Azizi Samir, Alloin, 

& Dufresne, 2005; Habibi et al., 2010; Revol et al., 1994). Therefore, due to electrostatic 

repulsion between the colloidal particles, the stable aqueous NCC suspension would be obtained 

(Araki, Wada, Kuga, & Okano, 1998; X. M. Dong, Revol, & Gray, 1998; Rånby, 1951). One of 

the main disadvantages of NCC NPs is their strong tendency to the irreversible self-

agglomeration during the drying process owing to the formation of inter- and intra-molecule 

hydrogen bonds. The bio-functionalization of NCC is an effective approach to overcome the 

mentioned problem (Yin, Tian, Jiang, Wang, & Gao, 2016). In this regard, amino acids are 

suitable candidates since they have not only an important role in the body but also some 

therapeutic effects in cancer treatment (Marinescu et al., 2006; Tie, Lin, Lee, Bae, & Lee, 2006).   

In recent decades, several biomedical applications of amino acid-functionalized polymers, 

dendrimers, and hyperbranched polymers are reported (Bao, He, & Li, 2012; J. S. Choi et al., 

2004; D. Lu, Hossain, Jia, & Monteiro, 2015). Besides, the improvement of cell penetration 

efficiency by the attachment of positively charged lysine and arginine hyperbranched cores are 

presented (Aldawsari et al., 2011). L-lysine, known as an essential amino acid, could be 

generated by the fermentation process that is unstable for long term usage. Therefore, l-lysine 

hydrochloride is typically employed for application in food, feed additives, and drugs (Fitz, 

Jakschitz, & Rode, 2008; Zhou, Wu, Chi, & Yang, 2007). Also, it has essential applications in 

the medical filed including production of antibodies, enzymes, and hormones, promoting calcium 

absorption, and their use for tissue regeneration and repair (Durmus et al., 2009). 
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Methotrexate (MTX) is one of the typical anti-cancer agents that has commonly used in the 

treatment of cancers with over-expressing folate receptors on the surface of cancer cells due to 

the similarity of its structure with folic acid (Barnes et al., 1999). Its therapeutic effect is fulfilled 

by inhibiting the activity of dihydrofolate reductase (DHFR), an enzyme participating in folate 

metabolism (Boechat et al., 2015; Roberts, Feeney, Birdsall, Charlton, & Young, 1980; Zeb et 

al., 2016). However, the cytotoxic effect and poor pharmacokinetics of MTX limited its clinical 

applications (Cronstein, 2005). Besides, tumor cells may show resistance to the MTX due to 

either decreasing cellular uptake through diminished folate carriers and receptors or increasing 

the efflux of MTX (Y.-H. Chen et al., 2007).   

Curcumin (CUR), the hydrophobic polyphenolic pigment extracted from turmeric, has a lot of 

pharmacological effects including antioxidant, anti-inflammatory, wound healing, anti-cancer, 

and anticoagulant (Aggarwal, Kumar, & Bharti, 2003; Naksuriya, Okonogi, Schiffelers, & 

Hennink, 2014; Xie et al., 2017). At high concentration, CUR shows anti-cancer and anti-oxidant 

activity due to the inhibition of tumor cell proliferation through topoisomerase II-mediated DNA 

cleavage (Y. Zhang et al., 2016). Also, it has proven to overcome the MDR phenomenon through 

the down-regulation of P-glycoprotein (P-gp) expression (Um et al., 2008). Furthermore, it has a 

dose-dependent effect on cancer cells (2.5-80 M) while preventing toxicity to healthy cells 

(Mohan Yallapu, Ray Dobberpuhl, Michele Maher, Jaggi, & Chand Chauhan, 2012; Strimpakos 

& Sharma, 2008). However, its clinical applications have limited by low stability and water 

solubility, and inadequate concentration of the drug at tumor site due to the poor uptake and bio-

distribution in the body (S. He et al., 2016).  

To overcome the problems associated with MTX and CUR utilization in combinatorial therapy, 

nanomedicine can be used to provide a more efficient strategy for cancer treatment. In this 

regard, nano formulations of CUR/MTX, along with the sustained release of them from a 

nanocarriers can increase bioavailability and decrease the required dose of drugs for cancer 

therapy. 

In order to improve nanocarriers efficiency with minimum side effects, stimuli-responsive  

nanoparticles (NPs), which can produce physicochemical changes in response to external signals 

(e.g., magnetic field (Tian, Jiang, Chen, Shao, & Yang, 2014), ultrasound (Schroeder et al., 

2009), light (Yu et al., 2015)) and internal signals (e.g., pH (Y. Zhang et al., 2016), temperature 
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(K.-J. Chen et al., 2012), redox potential (Han, Tang, & Yin, 2015),  enzymatic activity (Xiong 

et al., 2012)), were developed. From the various stimuli-responsive NPs, pH-sensitive NPs have 

attracted special interest as anti-cancer drug delivery systems due to the difference between 

normal tissue and cancerous tissue (Tang et al., 2011). In pH-responsive nanocarriers, drugs 

release in the target site based on difference between the pH of the blood and healthy tissue (7.4), 

the acidic extracellular environment of the tumor (pH 6.0-7.0) and even more acidic environment 

of intracellular endosomes/lysosomes (pH 5.0-6.5) (S. S. Han et al., 2015).  

In the present study, we focused on designing a pH-responsive NP-based system for an efficient 

and controlled co-delivery of model anti-cancer agents MTX and CUR. The resulting positively 

charged system is composed of NCC NPs to which amino acid l-lysine was embedded using 3-

amino propyl-3-methoxy silane (APTMS) as a bridging molecule. The compound APTMS was 

used as a coupling agent to react with the surface -OH groups of NCC and produce the more 

stable etheric linkages. The synthesized nanocarrier was characterized in terms of 

physicochemical and structural properties. To evaluate the biocompatibility of the designed 

nanocarrier, the hemolysis assay was carried out. The controlled release of the resulted dual-

drug-loaded nanosystem was also examined. Moreover, the in vitro cytotoxicity and anti-tumor 

efficacy evaluation of MTX/CUR-Lys.g.AFNCC NPs were performed by using MCF-7 and 

MDA-MB-231 human breast cancer cells, as sensitive and resistant cells, respectively. The 

possible inhibition of cell growth and induction of apoptosis in MCF-7 and MDA-MB-231 cells 

treated with different formulations of CUR and MTX were also explored by cell cycle analysis 

and DAPI staining.  

2. Experimental  

2.1. Materials  

Microcrystalline cellulose was purchased from the solarbio company. 3-aminopropyl-3-

methoxysilane and MTT (3-(4, 5- dimethylthiazol-2-yl)-2 were acquired from the Acros 

Organics Company. Fetal bovine serum (FBS, PAA Laboratories), trypsin, penicillin-

streptomycin, phosphate buffered saline (PBS), and Roswell Park Memorial Institute 1640 

growth medium (RPMI) were ordered from Gibco BRL Life Technologies (Carlsbad, USA). 

MTX was achieved by Zahravi Pharmaceutical Co. (Tabriz, Iran). Human red blood cells 

(RBCs) were obtained from the Iranian Blood Transfusion Institute (IBTI). MCF-7 and MDA-
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MB-231 human breast cancer cells were purchased from Cell Bank, Pasteur Institute of Iran, 

Tehran, Iran. All solvents were purchased from Merck Company and used without further 

purification. Deionized water was used for all experiments and purified with a Milli-Q water 

system. All other chemicals and reagents were achieved from Sigma-Aldrich Co., Ltd. unless 

otherwise noted. 

2.2. Instrumentation 

2.2.1. Thermogravimetric analysis (TGA)  

The TGA was conducted using a thermal analysis instrument (SDTA851, Mettler Toledo) in the 

temperature ranges from 50-800 °C at the heating rate of 10 °C min-1 under the nitrogen 

atmosphere. The initial (onset) degradation temperature (Ti) along with residual mass percent at 

700 °C was defined from the TG curve, while maximum thermal degradation temperature (Tmax) 

was also collected from DTG peaks maxima. 

2.2.2. Differential scanning calorimetry (DSC) 

The thermal properties of NCC, AFNCC, and LAFNCC were characterized by DSC using a 

differential scanning calorimeter (PerkinElmer, Jade). The NCC, AFNCC, and LAFNCC NPs 

were heated from 25 to 250 °C at the heating rate of 10 °C min-1 under the nitrogen atmosphere. 

2.2.3. X-ray Diffraction (XRD) 

XRD analysis of NCC, AFNCC, and LAFNCC NPs was performed using a Bruker D8 

ADVANCE diffractometer equipped with a Scintillation control (nal) detector (Bruker AXS, 

Inc.). The samples were scanned at the speed of 2s per step at step size 0.04° with Cu Kα 

radiation (λ=1.5406 A) over a 2ϴ range from 5 to 80° and an anode voltage and current of 40 kV 

and 35 mA, respectively.  

2.2.4. Elemental Analysis  

The percentage of carbon (C), hydrogen (H), oxygen (O), and nitrogen (N) content of NCC, 

AFNCC, and LAFNCC NPs was determined using the elemental analyzer, COStech instruments. 

2.2.5. Dynamic Light Scattering technique (DLS)     
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The particle size distribution and zeta-potential of NCC, AFNCC, and LAFNCC NPs in the 

aqueous phase was measured at 25 °C using dynamic light scattering (DLS) (Zetasizer Nano 

ZS90; Malvern Instruments, UK). The concentration of samples was prepared in 0.1wt%.     

2.2.6. Transmission electron microscopy (TEM) 

The TEM images of unmodified NCC, AFNCC, and LAFNCC NPs were taken using Zeiss, Leo 

906 microscope 100 kV working voltage. A drop of 0.01wt% ultrasonically aqueous dispersion 

of samples was deposited onto the carbon-coated copper grids and allowed to dry at room 

temperature overnight. The images were processed using ImageJ Software (Schneider, Rasband, 

& Eliceiri, 2012).  

2.2.7. Field Emission Scanning Electronic Microscopy (FESEM) 

The morphological characterization of samples was investigated using field emission scanning 

electron microscopy (FESEM) (Hitachi, S4160). The samples were settled onto a stub containing 

carbon and were covered with a conducting layer of gold.   

2.3. Preparation of nanocrystalline cellulose (NCC) 

NCC suspension was obtained by using a typical acid hydrolysis method with further 

modification (Zainuddin, Ahmad, Kargarzadeh, & Ramli, 2017). Initially, microcrystalline 

cellulose (MCC) (5 g) was pre-treated with sulfuric acid 64% in an ice bath under vigorous 

stirring. Then, the suspension continued to stir constantly at 45 °C for 1 hour. After the 

completion of the reaction time, the slurry was diluted with cold distilled water to quenched the 

reaction. To remove acid, the suspension was subjected to centrifugation at 9000 RPM for 20 

min. The precipitate was dispersed in water and ultrasonically agitated for 10 min. Centrifugation 

and sonication processes were continued three times. Subsequently, the aqueous suspension was 

transferred into the dialysis bag (molecular-weight cutoff of 14,000 Da) and dialyzed toward 

distilled water for several days until the pH of the water reaches to 5.5-6. Finally, nanocrystalline 

cellulose was received after freeze-drying. 

2.4. Surface functionalization of NCC with 3-amino propyl-3-methoxy silane (APTMS) 
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 As the first step, tartaric acid (0.25 mmol, 0.037 g) was added into the toluene/methanol (10:0.5) 

mixture and stirred thoroughly to dissolve in it. Then, NCC (1 eq, 3.1 mmol, 5g) was added to 

the solution and dispersed ultrasonically. APTMS (1.5 eq, 4.7 mmol, 0.8 ml) was subsequently 

added dropwise to the mixture under the nitrogen atmosphere at 80 °C. The reaction mixture was 

kept under stirring at 80 °C overnight. Amine functionalized nanocrystalline cellulose (AFNCC) 

NPs were then precipitated by centrifugation (9000 RPM, 20 min). After that, the supernatant 

was separated, and NPs were dispersed in toluene and centrifuged. This step was repeated twice, 

followed by washing two times with ethanol (96%) to remove unreacted APTMS. The 

precipitates were dried inside the vacuum oven overnight and stored in a desiccator for future 

use. 

2.5. Preparation of nanocarrier Lys.g.AFNCC (LAFNCC) 

Firstly, the carboxyl group of l-lysine (270 mg) was activated by N, N′-

Dicyclohexylcarbodiimide (DCC)/ N-Hydroxysuccinimide (NHS) with the molar ratio of l-

lysine: DCC: NHS 1: 1: 1 in 10 mL dimethyl sulfoxide (DMSO) solution at room temperature 

for 24 h. Then the resultant solution was centrifuged to precipitate the by-product 1, 3-

dicyclohexylurea (DCU). The activated l-lysine was remained in the supernatant. Secondly, the 

activated l-lysine was dripped drop by drop into the 5 ml DMSO solution containing Amine 

functionalized nanocrystalline cellulose (AFNCC) under the nitrogen atmosphere at room 

temperature and keep stirring for 24 h. The resultant solution was centrifuged (9000 RPM, 20 

min) to precipitate the modified NPs. The precipitate was washed twice with ethanol (96%) to 

remove unreacted l-lysin. Finally, LAFNCC NPs dried inside the vacuum oven overnight and 

stored in a desiccator for future use.  

2.6. In vitro hemolysis assay 

The hemolytic activity of LAFNCC was performed according to a previously described  

procedure with minor modifications (Gao et al., 2016). In brief, an appropriate amount of human 

fresh blood samples (anticoagulated with ethylenediaminetetraacetic acid (EDTA)), obtained 

from the Iranian Blood Transfusion Institute (IBTI), diluted with a Phosphate-buffered 

saline (PBS) and red blood cells (RBCs) isolated from serum by centrifugation at 1500 rpm for 

10 min. The precipitated RBCs were washed with PBS several times to remove the total lysis 
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hemoglobin. Then, the stock suspension was prepared by ten times dilution of the collected 

RBCs with PBS. The dispersions of LAFNCC NPs were prepared in PBS buffer with the final 

concentration 5, 10, 20, 40, 80, 160, 320, 640, and 1000 µg.ml-1. Subsequently, 0.5 ml of the 

stock suspension was added to 0.5 ml of the NP dispersions and also, 0.5 ml of water and PBS as 

a positive and negative control with the hemolysis rate of 100% and 0%, respectively. The 

samples were mixed and incubated for 3 h at 37 °C in an incubator-shaker. Following incubation, 

the samples were evaluated under an optical microscope using the magnification of 100X. The 

images were processed by ImageJ Software (Schneider et al., 2012). Finally, the samples were 

centrifuged (1500 RPM, 10 min), and the supernatants were transferred into the 96-well plate. 

The samples were assayed for the absorbance of the released hemoglobin at λ=540 nm using 

ELISA-reader. Three independent experiments were conducted for each sample. Hemolysis rate 

for the different concentration of nanocarrier was determinate by the following equation: 

Hemolysis rate (%) =
A(s) − A(−)

A(+) − A(−)
× 100 

where A (s), A (-), and A (+) are the absorbance of test samples, negative control, and the positive 

control, respectively. 

2.7. Preparation of dual-drug loaded LAFNCC nanocarrier 

As the first step, 8 mg of MTX was added to 5 ml well-dispersed mixture of nanocarrier in PBS 

(10 mM, pH 7.4) and continued to stir for 24 h at room temperature in the dark. The resultant 

product was collected by centrifugation (9000 RPM, 20 min) and the supernatant was taken out 

to measure the unbounded MTX using its calibration curve that was placed in supporting 

information (Figure S1). Due to the hydrophobic property of CUR, its dissolution needs to be 

performed under the sink condition. To increase the water-solubility of the CUR, the surfactant 

tween 80, and the solvents Methanol (MeOH) and DMSO were added to the dissolution medium 

(PBS) with the optimum ratio 1: 15.2: 0.8: 83, respectively. For CUR loading, 1 ML of 8 mg/ml 

solution of CUR in PBS/MeOH/DMSO/Tween 80 was added to re-dispersed MTX loaded NPs 

in 4 ml of PBS. They mixed thoroughly by sonication for 3 min using 30% amplitude with 30 s 

ON and 30 s OFF pulses. The mixture gently stirred at room temperature for 24 h in the dark. 

Finally, MTX/CUR-LAFNCC NPs were collected by centrifugation at 9000 RPM for 20 min, 

and the supernatant was kept to evaluate the loading content of CUR. The fabricated NPs were 

Jo
ur

na
l P

re
-p

ro
of



lyophilized and stored at 4 °C for later use. To compare the loading efficiency of drugs in 

different formulations, the same feeding contents of MTX and CUR were used to prepare MTX-

LAFNCC and CUR-LAFNCC. The entrapment efficiency (EE) and loading content (LC) is 

defined as: 

EE(%) =
mass of the loaded drug in NPs 

mass of total feeding drug
× 100 

 

LC(%) =
mass of the loaded drug in NPs

  NPs mass
× 100 

2.8. Testing the in-vitro release kinetics of drugs 

In vitro release kinetics of MTX and CUR from MTX/CUR- LAFNCC nanocarriers (NCs) was 

evaluated by using a sample and separate method (D’Souza, 2014). In brief, 5 mg of NPs were 

dispersed in 2ml PBS including 1% (w/w) Tween 80, 15.2 % (v/v) MeOH and 0.8% (v/v) 

DMSO at two pH values (7.4, 5.0). The release study was conducted under gentle stirring at 37 

°C. At predetermined time intervals, 1 mL of released solution (supernatant) was taken out for 

testing and refilled with equivalent fresh buffer. The amount of MTX and CUR released from 

MTX/CUR-LAFNCC NCs were detected by UV-visible spectrophotometry at 290 nm and 420 

nm, respectively. Each sample in the release study was conducted in triplicate. 

2.9. In vitro cytotoxicity studies 

In vitro cytotoxicity of free drugs, dual and single drug-loaded nanocarriers was evaluated by 

MTT assay as reported previously (Curcio et al., 2018). Cells were seeded into 96-well plates at 

a density of 15×103 cells/well and incubated for 24 h. Subsequently, the culture medium was 

replaced with fresh medium, and cells were treated with different concentrations of drug 

formulations. To verify the biocompatibility of the nanocarrier, cells were treated by blank 

nanocarrier at different concentrations. Also, untreated cells in the medium were used as a 

control with 100 % viability. After incubation for 48 h, the culture medium was replaced with 

fresh medium containing 100 μL of MTT (2 mg/mL), and cells were incubated for another 4 h at 

37°C. Following incubation, the medium was taken out immediately, and 100 μL DMSO was 

added to solubilize the obtained formazan crystal. Finally, absorbance was measured at 570 nm 
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using ELISA plate reader (Bio-Tek Instruments, USA). The viability percentage of cells was 

calculated using the following equation: 

Cell viability (%) =
OD of the treated cells

OD of control
× 100 

The inhibitory concentration in half maximum (IC50), which is the drug concentration to produce 

50% cell death, was calculated using GraphPad Prism 8 (GraphPad Software, Inc., La Jolla, CA). 

The combination index (CI) values were calculated utilizing CompuSyn v.1 software (T. Chou & 

Martin, 2005) according to the Chou and Talalay’s equation:(T.-C. Chou, 2006)  

 CIX =
D1

(ICx)1
+

D2

(ICx)2
 

Where, (ICx)1 and (ICx)2 are the ICx of MTX-loaded NPs and CUR-loaded NPs, respectively. 

(D)1 and (D)2 are the concentration of MTX and CUR in the dual drug-loaded NCs at the ICx 

value. 

2.10.  DAPI staining for apoptosis study 

To visualize the apoptotic effect of MTX and CUR formulations toward MCF-7 and MDA-MB-

231 cells, the nuclei of the cells were stained with DAPI. For this, MCF-7 and MDA-MB-231 

cells were seeded onto a 6-well plate at the concentration of 2×105 cells/well in 2 mL of medium 

and cultured for 24 h. After incubation for 24 h, the culture medium was replaced with fresh 

medium containing free drugs, free and drug-loaded nanocarrier in which their concentration was 

around IC50, followed by incubation for 48 h. Then, the medium was removed, and the cells were 

washed with PBS three times. One mL of freshly prepared 4% (w/v) paraformaldehyde was 

added to each well and incubated for 1h to fix the cells. The fixed cells were permeabilized by 

adding 0.5 mL of 0.1% (v/v) Triton X-100 and incubated for 5 min. After washing the cells with 

PBS, the nuclei were stained with 1µg/mL of DAPI for 10 min incubation. Finally, the cells were 

imaged using florescence microscopy (bio-teck-USA- Citation 5) at 400× magnification, and 

excitation at 405 nm for DAPI. The images were processed by using ImageJ Software (Schneider 

et al., 2012).  

2.11. Cell Cycle Analysis  
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To evaluate the therapeutic efficiency of MTX/CUR-LAFNCC NCs, cell cycle analysis was 

conducted on MCF-7 and MDA-MB-231 cells. For this, cells in the logarithmic growth phase 

were seeded in a 6-well plate at a density of 2×105 cells/well and incubated at 37˚C for 24 h. The 

cells were treated with different formulations of MTX and CUR in which their concentration was 

around IC50 as well as blank nanocarrier at a final concentration of 200 µg/ml and incubated for 

48 h. The cells were harvested into centrifuge tubes and washed with PBS, then fixed with 

ethanol 70% and stored at 4°C. After that, the cells were collected by centrifugation (3000 rpm, 5 

min), washed twice with PBS, and resuspended in PBS (300 µl), followed by the addition of 

RNase A (10 µg/ml) and incubation for 30 min. After incubation, DNA intercalating dye PI (10 

µg/mL) was added to the suspension and incubated for 15 min in the dark. The cell distribution 

in the different cell cycle phases was analyzed from the DNA histogram by Becton-Dickinson 

FACS Calibur Flow Cytometer and CellQuest software (Becton Dickinson, San Joes, CA, USA). 

2.12. Statistical analysis 

Statistical analysis was conducted using GraphPad Prism 8 (GraphPad Software, Inc., La Jolla, 

CA). Data were analyzed using one-way ANOVA Analysis of Variance. All the samples were 

analyzed in triplicates and were presented as mean ± standard deviation (SD) for n = 3. Different 

combinations of NPs were considered to be statistically significant. The level of significance was 

calculated by p-value. *P<0.05 is considered statistically significant, **p <0.01, ***p < 0.001 

and ****p < 0.0001   are considered highly significant. 

3. Results and discussion 

3.1. Preparation and characterization of dual drug-loaded LAFNCC NCs  

 A biocompatible nanosystem based on cellulose biopolymer was used as a platform to carry 

anti-cancer drugs including MTX and CUR. As the first step, sulfuric acid hydrolysis of 

microcrystalline cellulose (MCC) resulted in negatively charged NCC NPs. Subsequently, NPs 

functionalization was carried out with APTMS, which led to charge reversal of modified NPs. 

Then, amino acid l-lysine was grafted onto the NPs using amide bond formation between DCC-

activated carboxylic acid groups of l-lysine and amine groups of NPs, which in turn increased the 

amount of positive charge on the surface of NPs. Notably, Grafting of l-lysine onto the surface of 

NPs prolonged circulation lifetime of NPs in the presence of biological barriers. Finally, MTX 
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and CUR were loaded to the pH-responsive NPs via electrostatic interactions. The constructional 

route is illustrated in Figure 1A and 1B.    

3.2. Characterization  

The FT-IR spectra of NCC, AFNCC, LAFNCC, and l-lysine are shown in Figure 1C-F. The 

peaks at 3300-3500 cm-1 in NCC, AFNCC, and LAFNCC corresponded to the -OH stretching 

vibration and reflected the tendency of NPs to be hydrophilic. Another relatively broad peak 

around 2900 cm-1 could be attributed to the aliphatic C-H stretching bond. Additionally, in the 

spectrum of  NCC, the peak around 1640 cm-1  was corresponding to the bending mode of -OH 

groups of adsorbed water (Hokkanen, Bhatnagar, Repo, Lou, & Sillanpää, 2016). Despite the 

drying prosses, it was difficult to completely remove adsorbed water from NCC due to the 

cellulose-water interactions. In the NCC spectrum, the peaks at 1432, 1370, 1325, 1114, and 

1060 cm-1 were typical nanocellulose absorption peaks that could be assigned respectively as 

CH2 bending, CH2 rocking, asymmetrical and symmetrical C-O stretching (Chieng, Lee, 

Ibrahim, Then, & Loo, 2017). Also, the peak at 1162 cm-1 in the NCC spectrum was 

corresponding to the sulfate group, owing to the sulfonation of cellulose during the hydrolysis 

process with sulfuric acid (Chieng et al., 2017). The peak around 1636 cm-1, which was 

contributed by N-H bending vibration of primary amine, were observed in the spectrum of 

AFNCC and LAFNCC, respectively, indicating the successful introduction of the functional 

groups onto the surface of NCC (Selulosa-Polivinilklorida, SHELTAMI, KARGARZADEH, & 

ABDULLAH, 2015). Meanwhile, the N-H stretching was overlapped with the -OH stretching 

bond. The peaks of Si-O- cellulose and Si-O-Si bridges that referred to the condensation between 

methoxy groups of silane compound with -OH groups of cellulose, and silanol groups of another 

silane compound, respectively, were not easily observed by FT-IR since their vibration bands are 

around 1135 and 1150 cm-1, which were masked by broad and intense C-O-C vibration band 

(Britcher, Kehoe, Matisons, & Swincer, 1995). A peak at 1520 cm-1, which was corresponding to 

the C=O stretching bond of lysine, is shown in the spectrum of LAFNCC NPs. As a result of 

overlapping with the N-H bending vibration, the C=O stretching bond was shifted to the lower 

wavenumbers. The appearance of the carbonyl stretching bond in the spectrum of LAFNCC NPs 

confirmed the successful embedding of l-lysine onto the surface of amine functionalized NCC. 
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Figure 1. Synthetic route and functional groups characterization of MTX/CUR-LAFNCC NCs. 

A) Synthetic steps of Lys.g.AFNCC NPs fabrication via the formation of etheric bond between 

NCC and APTMS, followed by the formation of amide bond between l-Lysine and AFNCC.B) 

Schematic representation for the preparation of MTX/CUR-LAFNCC NCs. C-F) FT-IR spectra 

of NCC NPs, AFNCC NPs, LAFNCC NPs, and l-lysine, respectively. 

The thermal stability and degradation profile of NCC, AFNCC, and LAFNCC NPs were 

assessed by TGA and DTG at 10 °C min-1 under the N2 atmosphere (Figure 2). The mass loss 

and some characteristic temperatures are brought in Figure 2C.  
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A)  B) 

 

C) 

Parameter a NCC AFNCC LAFNCC 

Ti (onset) (°C) 115 210 225 

Tf (°C) 450 370 395 

Tm (°C) 242, 355 312 260, 325 

ML% (115-450) 62.66 46.2 46.7 

ML% (50-680) 100.57 99.35 83.04 

Residual mass% 

(700°) 
0.002 0.65 16.96 

aTi: initial thermal degradation temperature; Tm: the temperature at 

the maximum degradation rate; Tf: final thermal degradation 

temperature; Ml: mass loss. 

D) 

 

Figure 2. The thermal properties and degradation profile of NCC, AFNCC, and LAFNCC. A-B) 

TGA and DTG curves of NCC, AFNCC, and LAFNCC. C) Thermal parameters derived from 

TGA and DTG data of NCC, AFNCC, and LAFNCC. D) DSC thermograms of NCC, AFNCC, 

and LAFNCC.   

The TGA and DTG curves showed the loss of water around 100 °C (about 3% weight loss) for 

NCC and AFNCC, indicating that the hydrophilic property of cellulose nanowhiskers was not 

affected by modification with APTMS (Khanjanzadeh et al., 2017). In contrast, after embedding 

lysine, the water loss happened at 100-130 °C with 10% weight loss, which referred to 

improvement in the hydrophilicity of nanowhiskers as a result of increasing the number of 

interactions with water (Villegas et al., 2017). As shown in Figure 2A and 2B, the main 

degradation process of NCC had two maximum degradation rates around 242 °C and 355 °C. 

The lower degradation temperature referred to the highly accessible and more sulfated 

amorphous regions, while the second peak related to the breakdown of unsulfated crystals 
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(Dassanayake, Gunathilake, Dassanayake, Abidi, & Jaroniec, 2017). The remained peaks related 

to the thermal decomposition of cellulose. The DTG curve demonstrated that the modification of 

NCC with APTMS followed by the embedding of l-lysine onto the surface of NPs increased both 

initial degradation temperature and temperature with maximum degradation rate, resulting in 

enhanced thermal stability. The initial degradation temperature (Ti) for AFNCC was about 210 

°C compared to that of unmodified NCC, which was around 115 °C. After grafting of l-lysine 

onto the surface of amine functionalized NCC, the initial degradation temperature increased to 

225 °C. The main degradation process took place in the range of 115-450 °C, 210-370 °C, and 

225-395 °C, corresponding to 62.66%, 46.2%, and 46.7% weight loss for NCC, AFNCC, and 

LAFNCC, respectively. As depicted in Figure 2B, LAFNCC NPs had a two-step main 

degradation process. The first one took place in the ranges of 225-270 °C (about 7.6% weight 

loss), which corresponded to the lysine decomposition. Therefore, the NCC NPs modification 

could improve dispersion, reduced aggregation, and agglomeration of NPs as well as increased 

thermal stability. Similar results in terms of improving the thermal stability of nanocellulose after 

modification reported by some related works (Li et al., 2019; Zainuddin et al., 2017).   

DSC was carried out to further confirm the physicochemical characteristics of NCC, AFNCC, 

and LAFNCC NPs. The Tg did not profoundly vary among the samples. As depicted in Figure 

2D, the glass transition temperature (Tg) of NCC, AFNCC, and LAFNCC was found to be 32.86, 

34.98, and 33.85 °C, respectively. The difference in Tg demonstrated some changes in the 

crystalline and amorphous regions of NCC (Li et al., 2019). The results were in accordance with 

crystallinity index (Cr.I) in Figure 3B. In all thermograms, endothermic peaks from 50 °C to 170 

°C were observed, which were attributed to water evaporation (Ciolacu, Ciolacu, & Popa, 2011). 

In NCC, maximum temperature of the dehydration process appeared at 65 °C, while AFNCC and 

LAFNCC had two endothermic peaks with maximum temperature at 65 °C, 100 °C, and 70°C, 

130 °C, respectively. The shift of maximum dehydration temperature to the higher values were 

consistent with the decrease of the crystallinity index (Ciolacu et al., 2011). Another endothermic 

peak was also observed in the LAFNCC thermogram in the ranges between 235-260 °C. This 

thermal effect was in accordance with the one observed in TGA/DTG curves, confirming that  

amino acid l-lysine was successfully grafted onto the surface of cellulose nanocrystals (Martins, 

Matos, Vicentini, & Isolani, 2005).  
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  A) C) 

           a degree of surface substitution. 

Sample C (%) H (%) N (%) aDS  

NCC 36.82 5.80 - - 

AFNCC 37 6.17 1.47 0.210 

LAFNCC 37.57 5.50 1.49 0.213 

B) 

Sample 
Crystallite dimensions a (nm) Interplanar spacings b (nm)  

110̅ 110 200 004 110̅                                                        110 200 004 CrI c (%) 

NCC 4.06 3.75 4 3.3 0.583 0.534 0.391 0.259 77.77 

AFNCC 4.2 4.9 4.6 4.1 0.586 0.543 0.385 0.258 80.7 

LAFNCC 3.8 3.5 3.6 3.2 0.590 0.536 0.390 0.258 76.4 

a Crystallite dimension in the direction normal to the lattice plans, calculated from 2ϴ values using Scherrer equation, 

 using 0.94 for the shape factor. b Spacing between the lattice plans, calculated with the Bragg equation. c Crystallinity 

 Index.  

Figure 3. Crystallinity characterization and elemental composition of NCC, AFNCC, and 

LAFNCC NPs. A) X-ray diffractograms of unmodified NCC, AFNCC, and LAFNCC. B) 

Crystalline dimensions, Interplanar spacing and Crystallinity Index amounts derived from XRD 

data of NCC, AFNCC, and LAFNCC. C) Elemental analysis and DS of unmodified NCC, 

AFNCC, and LAFNCC.  

To assess the effect of chemical modification on the crystallinity of cellulose NPs, the powder X-

ray diffraction measurements of NCC, AFNCC, and LAFNCC was performed. As shown in 

Figure 3A, four characteristic peaks were observed at 2θ  angle around 15.2°, 16.6°, 22.7°, and 

34.6° attributing to the main reflection planes 11̅0, 110, 200, 004 of the cellulose I lattice, 

respectively (S. Dong, Cho, Lee, & Roman, 2014). The peaks at 15.2° and 16.6° were related to 

cellulose I polymorph structure, while the peak at 22.7 corresponded to the crystalline part 

(Golshan, Salami-Kalajahi, Roghani-Mamaqani, & Mohammadi, 2017).  

The relative degree of samples crystallinity was calculated according to the Segal empirical 

equation (Segal, Creely, Martin Jr, & Conrad, 1959): 
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CrI(%) =
I200 − Iam

I200
× 100 

where CrI is the crystallinity index of the sample, I200 is the maximum intensity of the cellulose I 

(the crystallographic plane 200), and Iam is the diffraction intensity of amorphous cellulose 

segment at about 2θ = 18°. According to the results, the crystallinity index of NCC, AFNCC, and 

LAFNCC were obtained 77.77, 80.7, and 76.4 % respectively indicating that, the crystalline 

structure of NCC was retained during modification prosses and the modification mainly takes 

place on the surface of NPs.  

The crystallite dimensions, interplanar spacing, and CrI for NCC, AFNCC, and LAFNCC are 

listed in Figure 3B. The interplanar spacings of the AFNCC and LAFNCC were nearly the same 

as those of the cellulose NPs (NCC), demonstrating that chemical modification had no impact on 

crystal lattice of particles. However, it caused a slight change in crystallite dimensions and 

degree of crystallinity. Meanwhile, modification with APTMS caused an increase in dimensions 

normal to 11̅0, 110, 200, and 004 lattice planes. In contrast, the embedding of l-lysine onto the 

surface of NPs decreased dimensions normal to 11̅0, 110, 200, and 004 lattice planes. This could 

be evidenced by the recorded crystallinity index in Figure 3B. It should be noted, however, that 

the crystallite dimensions did not necessarily indicate the dimensions of the NPs.   

The elemental composition of NCC, AFNCC, and LAFNCC was evaluated by elemental 

analyses. The results listed in Figure 3C revealed that in contrast to unmodified NCC, the NCC 

modified with APTMS followed by l-lysine contained atomic nitrogen confirming the successful 

modification of cellulose NPs. The percent of atomic nitrogen, however, was slightly more in 

LAFNCC in comparison to AFNCC and attributed to both APTMS and l-lysine.  

The degree of surface substitution (DS) determined by the nitrogen percentage evaluated by 

elemental analysis based on the equation reported in the related studies (Song, Zhang, Gan, 

Zhou, & Zhang, 2011; Zainuddin et al., 2017).     

DS =
162 ×  N %

14 − 179.29 × N % 
 

Where the values of 14, 162, and 179.29 represent the molar mass of nitrogen, Anhydrous 

glucose unit (AGU), and APTMS, respectively. The results in the Figure 3C indicate that NPs 

were modified with a small degree of substitution, even these low degrees of substitution made 

them a proper candidate for drug loading based on electrostatic interactions. 
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To determine the particle size distribution and surface charge of prepared nanocarrier by 

dynamic light scattering (DLS) and zeta potential technique, the dried NPs re-dispersed 

ultrasonically using prob type sonicator (300 w, 20 s). As shown in Figure 4E, at pH 7.4, the 

average size of unmodified NCC, AFNCC, and LAFNCC was determined 336.7, 514, and 537 

nm respectively, suggesting the successful modification of NCC NPs. However, there was a 

small difference in the average hydrodynamic particle size of NPs at pH 5.0 in comparison to pH 

7.4. The resultant particle size was different from the particle size diameter measured for dry 

sample by SEM and TEM, since in DLS the hydrated diameter of particles in the liquid is 

determined. Meanwhile, the zeta-potential values for all of the samples are shown in Figure 4D. 

The unmodified NCC possessed negative zeta-potential due to the presence of sulfate ester 

(OSO3
-) groups arising from sulfuric acid in the hydrolysis process. The present observation 

showed that the zeta potential for NCC dispersion varied between -33.1 at pH 7.4 to 0.0 at pH 

5.0, which is in accordance with the earlier report (Molnes, Paso, Strand, & Syverud, 2017). In 

contrast, AFNCC and LAFNCC had positive zeta-potential as a result of amine groups 

protonation at pH 7.4, which further confirmed the successful amine surface modification. 

Increasing the number of amine groups in LAFNCC causes a more positive charge in 

comparison to AFNCC. Also, the slight decrease in the zeta potential of the prepared LAFNCC 

nanocarrier at pH 5.0 is probably due to the deprotonation of silanol groups (Si-OH) of the 

surface. All the results Implying to the pH-responsive property of the LAFNCC nanocarrier.  

The size distribution and morphology of the NPs were assessed by TEM. As shown in Figure 

4A, the re-dispersed LAFNCC NPs were rod-like with lower transparency and the length of 

about 240.68 ± 124.58 nm. The high transparency of the nanoparticles represent their weak 

contrast with the carbon coating of the copper grids, suggesting their thin nature (Xing, Chen, 

Liang, et al., 2018). Potentially, the wide range of NPs length was due to the poorly separation of 

multiple individual whiskers during the production. No apparent structural change was observed 

after the functionalization of NCC with APTMS and modification with l-lysine. 
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A) 

 

B) 

 

 

 

 

C) 

 
D) 

 

 

 

Sample Average size (d.nm) Zeta potential (mv) 

7.4 5.0 7.4 5.0 

NCC 336.7 376.2 -33.1 0.00 

AFNCC 514 408.3 12.4 5.79 

LAFNCC 537 531.2 14.3 2.15 
 

E) 

 

 

 
 

Figure 4. Characterization of the morphological and physicochemical properties of the NPs. A) 

TEM images representing the structure of the LAFNCC NPs. B) Particle size distribution of 
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LAFNCC NPs. C) FESEM micrographs of LAFNCC fabricated from the freeze-dried NCC NPs. 

Scale bars represent 1µm and 200 nm. D) Physicochemical properties of NCC, AFNCC, and 

LAFNCC NPs at two pH values 7.4 and 5.0.  E) The hydrodynamic size distribution of NCC, 

AFNCC, and LAFNCC NPs at pH 7.4.  

The SEM micrograph of freeze-dried LAFNCC NPs are represented in the Figure 4C. It is 

evident that after freeze-drying, NCC NPs agglomerated as a result of increasing the number of 

hydrogen bonds. So, the structure of the freeze-dried NCC NPs changed mostly from rod-like to 

flaky-like (Beck, Bouchard, & Berry, 2012). However, as can be seen in the bottom of the image 

(right), due to the total removal of the amorphous part in some regions of the NPs, the individual 

rod-like structure with smooth surface was observed or disintegration of nanorods in some parts 

take place during the hydrolysis process (Khili, Borges, Almeida, Boukherroub, & Omrani, 

2019). The modification did not alter the morphology of NPs significantly. After 

functionalization with the APTMS, the silyl groups were found in the spherical form.  

3.3. Hemocompatibility assay 

The evaluation of hemocompatibility is a critical issue in the design of nanocarriers as a result of 

the intravenous injection administration of the drug carriers in drug delivery systems. Hemolysis 

is the most typically used technique to assess the effect of injected material on the blood, since, 

in this way, the results of the in vitro study are in agreement with the results of in vivo study. 

Erythrocytes or red blood cells (RBCs), which are the most common in the blood, are 

responsible for delivering oxygen to the tissues and removal of carbon dioxide from them as well 

as taking part in acid-base blood balance. Therefore, in hemolysis, the ability of nanocarriers to 

damage erythrocytes is the commonly applied method of their toxicity assessment. As a result of 

erythrocyte destruction, hemoglobin releases from the erythrocyte plasma membrane to the 

blood, which is the sign of blood poisoning by any foreign material. It is noteworthy that, 

transition in physicochemical features of erythrocytes like size, surface charge, and shape 

determine their interactions with nanocarriers.  

Here, the effect of the fabricated nanocarrier LAFNCC on the shape and morphology of the 

RBCs have investigated by an optical microscope. In this regard, they were treated with various 

concentrations of nanocarrier (5-1000 µg ml-1) as well as PBS buffer (pH 7.4), and deionized 
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water as the negative and positive control, respectively. After incubation for 3 h, the shape 

changes of RBCs were investigated through the optical microscope (Figure 5B).  Treated of 

RBCs with PBS buffer did not alter the normal discocyte form while treated with deionized 

water, induced complete hemolysis of erythrocytes. The images in the Figure 5B imply that 

RBCs treatment with 1000 µg ml-1 nanocarrier, cause partly echinocytes formation due to the 

interactions of nanocarrier with the membrane of RBCs. As shown in Figure 5A, the hemolysis 

rate was used to analyze the biocompatibility of the LAFNCC NPs in different concentrations. It 

was observed that LAFNCC NPs had a negligible hemolytic effect in a concentration-dependent 

manner, which was lower than the acceptable doses so that it could make it suitable for the in 

vivo application. Therefore, the fabricated LAFNCC NPs up to 1000 μg mL-1 were found ideal 

for intravenous injection application.  
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Figure 5. A) Hemolysis rate of RBCs being exposed to different concentrations of LAFNCC 

NPs to estimate their potential effects on the lysis of RBCs followed by releases of hemoglobin 

to the supernatant. Data are the mean ± standard deviation of three independent experiments. 

PBS and water were used as a negative and positive control, respectively.  B) the optical images 

of RBCs using magnification ×100. The images include the RBCs in the presence of a) PBS, b) 

water and, b) 1000 µg/ml of LAFNCC NPs. 

3.4. Fabrication of MTX/CUR- loaded LAFNCC and their in vitro release study 

MTX and CUR were used as model drugs to examine the loading and release profile of the pH-

responsive LAFNCC NPs. One of the main advantages in the fabrication process of MTX/CUR-

LAFNCC NPs is the simplicity of the co-loading method via the dispersion of the nanoparticles 

in the solution of MTX and CUR, respectively. It is the most common method for drug loading 

in the nanocarriers, so that Xing et. al. also used the same method for DOX loading into the 

cellulose/MXene hydrogels by immersion of hydrogels in the solution of DOX (Xing, Chen, 

Liang, et al., 2018). The embedding of MTX and CUR on the surface of NPs was mostly via the 

surface adsorption and hydrophobic interactions. The amine groups of NPs (pKa 9.5-10) and 

carboxylic acid groups of MTX ( pKa1 4.7, pKa2 5.6), change into the (NH3
+) and (COO-) at pH 

7.4, which led to the formation of the hydrogen bond between the moieties mentioned above 

(Rahimi, Shafiei-Irannejad, Safa, & Salehi, 2018; Singh & Subudhi, 2016). Moreover, the 

hydrophobic interactions of CUR with the NPs along with the hydrogen bond formation between 

enolate groups of the CUR (pKa1 7.4) and protonated amine groups of the NPs provide CUR 

surface absorption (Martínez-Guerra et al., 2019). To achieve the synergistic effect induced by 

administered drugs, feeding drug ratio, 1:1 was selected for MTX/CUR- LAFNCC NCs. The 

entrapment efficiency for MTX and CUR was found to be 33% and 75% respectively, which was 

calculated based on unbounded drug concentration, and the loading content was 3.3% and 7.5%, 

respectively, as a result of feeding ratio 10:1 of nanocarrier to each of the administered drugs.  

To validate the effect of intrinsic stimuli pH on the release profile of MTX and CUR from the 

nanocarriers the in vitro release study was investigated at both physiological pH (pH 7.4) and 

lysosomal pH (pH 5.4) at 37 °C. Some of the important biological protocols that should be 

taking into account in designing nanomedicines with probable clinical applications including 

blood circulation, tumor penetration, vessel extravasation as well as efficient tumor cell uptakes 
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before the drugs are released. Although the smaller nanoparticles are preferred for deep tumor 

penetrations, they are quickly cleared during blood circulation, leading to insufficient drug 

accumulation in the tumor site. To overcome these obstacles, size shrinkable or intelligent 

nanoplatforms have been designed. However, compared with them whose design is complicated, 

the co-loaded nanoplatform MTX/CUR-LAFNCC could be a promising alternative for 

conquering the penetration problem. The acidic tumor microenvironment favors the release of 

drugs from the nanoplatform, and in this way, the released small drug molecule will be well 

fitted to high tumor penetration. In this regard, Tao et al. have also designed a novel antimony-

based nanosheets, namely AM-PEG/DOX NSs, whose release in tumor site was based on pH 

(intrinsic stimuli) and NIR (near infra-red) irradiation (extrinsic stimuli) (Tao et al., 2018). As 

depicted in Figure 6B and 6D, the releases of MTX and CUR from dual drug-loaded LAFNCC 

NCs were more efficient at pH 5.4 than at pH 7.4. At lower pH value, the protonation of 

methotrexate carboxylate groups (pKa2 5.6) along with the reduction in surface charge, 

eliminates electrostatic interactions with the ammonium groups of the nanocarrier, leading to the 

quickening in MTX release (Figure 6A and 6B). Also, protonation of the enolate group in 

curcumin (pKa1 7.4) promotes the release of CUR from the nanocarrier. Interestingly, due to the 

strong hydrophobic interactions of curcumin with the nanocarrier, lower release percentage, as 

well as sustain release pattern was obtained in comparison to MTX at both pH 7.4 and 5.4 

(Figure 6C and 6D). At pH 7.4, after 96 h, the cumulative release percentages for MTX and CUR 

in dual-drug-loaded nanocarrier are 52.44% and 47.94%, respectively. In contrast, at pH 5.4 the 

cumulative release percentages of drugs are 56.51% and 53.95%, respectively in this interval. As 

the release of MTX and CUR was controlled by disruption of electrostatic interactions, the pH-

responsive release of MTX and CUR was evident. The negligible release of MTX and CUR from 

the nanocarrier at pH 7.4 could reduce unwanted side effects in healthy tissue while circulating 

in the body. Once the nanocarriers reached the tumor site and internalized the cancer cells, the 

acidic microenvironment of the cells stimulates the destruction of electrostatic interactions via 

protonation of the drugs. As a result, MTX and CUR would come out in a controlled manner 

inside the cancer cells, which led to an increase in the bioavailability to the tumor site.  
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Figure 6. In vitro release kinetics of loaded drug formulations. A) The release profile of MTX 

from MTX-LAFNCC NCs at pH 7.4 and 5.4. B) The release profile of MTX from MTX/CUR- 

LAFNCC NCs at pH 7.4 and 5.4. C) The release profile of CUR from CUR-LAFNCC NCs at pH 

7.4 and 5.4. D) The release profile of CUR from MTX/CUR-LAFNCC NCs at pH 7.4 and 5.4.     

3.5. In vitro cytotoxicity studies against breast cancer cells 

The anti-tumor efficacy of MTX and CUR in different formulations was evaluated using MTT 

assay for 48 h, in MCF-7 and MDA-MB-231 breast cancer cells. MCF-7, known as mildly 

malignant human breast cancer epithelial cell, while MDA-MB-231 is defined as malignant 

human breast cancer epithelial cell. Both of them derived from the mammary gland of breast 

tissue. MCF-7 and MDA-MB-231 are classified into luminal A and basal-like 

immunohistochemistry (IHC) subtypes, respectively (Abramczyk et al., 2015). The viability of 

the cells treated with different concentration of drug formulations was shown in Figures 7B and 

7C.  As depicted in Figure 7A, no obvious evidence of cytotoxicity was observed for both cancer 

cells after treated with different concentrations of non-drug-loaded LAFNCC NPs, representing 

excellent cytocompatibility of the NPs while using as a carrier. On the other words, the blank 

LAFNCC NPs exhibit does-dependent reduction in cell viability so that, as depicted in figure 7A, 

by increasing the nanoparticles concentration, the slop of the graph decreased mildly in both 

cells.  The same results were reported by Xing et al. in which the neat cellulose hydrogel was 
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assessed nontoxic toward both normal and cancer cells including, B16 (mouse melanoma), 

SMMC-7721 (human hepatocellular carcinoma), and J774A.1 (mouse macrophage) cells (Xing, 

Chen, Qiu, et al., 2018). Besides, decorating of nanocarriers with amino acid L-lysine further 

enhance the biocompatibility of the resultant nanoparticles (Wu et al., 2020).      

                                             A)  

 
 B) 

 

D) 
 
 

 
 

C) 
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Figure 7. In vitro cytotoxicity of MTX and CUR formulations in MCF-7 and MDA-MB-231 

cells. A) Cell viability of MCF-7 and MDA-MB-231 cells after treatment with different 

concentrations of non-drug-loaded LAFNCC NPs. B-C) Cell viability of MCF-7 and MDA-MB-

231 cells after being exposed to various doses of MTX and CUR formulations. D-E) The IC50 

comparison of the different drug formulations in MCF-7 and MDA-MB-231 cells. MTX/CUR 

ratio in free MTX/CUR and MTX/CUR-AFNCC NCs was all around 1:1. Comparison among 

groups was conducted by one-way ANOVA followed by Tukey’s HSD analysis, * p<0.05, ** 

p<0.01, *** p<0.001, **** p<0.0001.  

Along with the previous reports, in both cell lines, MTX and CUR represented a dose-dependent 

effect in all of the formulations. Combination treatment of the drugs resulted in more significant 

loose in the cell viability, especially in higher doses, in comparison with the single-drug 

formulations, suggesting synergistic growth inhibitory effect of MTX and CUR on MCF-7 and 

MDA-MB-231 cells. To verify the synergistic effect of dual-drug-loaded LAFNCC NPs, half-

maximum inhibition concentration (IC50) of MTX and CUR in various formulations along with 

combination index (CIx) of MTX/CUR-LAFNCC NCs with mass ratio 1:1 of MTX/CUR, and 

their cytotoxicity has compared. The amount of combination index is a critical indicator to 

evaluate the pharmacological interactions between two or more drugs, and a value <1, =1, and 

>1 demonstrate to the synergistic, additive, and antagonistic effects, respectively. Figure 8A 

represents the dose-effect parameters including m, Dm, and r that indicate the slope of the 

median-effect plot (shape parameter), the dose of median-effect (potency parameter like IC50), 

and linear correlation coefficient of the median-effect plot (conformity parameter), respectively 

(T.-C. Chou, 2006). 

The CI values at actual experimental points along with different effect levels (Fa) and type of 

interaction for MCF-7 and MDA-MB-231 were presented in Figure 8C, respectively. The CI 

values ranged from 4.004 to 0.003 for MCF-7 and 12.627 to 0.075 for MDA-MB-231, indicating 

antagonistic effect (CI >1), medium synergistic effect (0.7< CI <1), synergistic effect (0.3< CI 

<0.7), strong synergistic effect (CI <0.3). A graphical representation of the obtained results was 

combination index curves (Fa–CI plot), in which the CI values were plotted against the 

corresponding effect levels (Figure 8B). 
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 A) 

Cell line drug m Dm r 

MCF-7 

MTX 0.48 186.00 0.9830 

CUR 0.26 1.77 0.9450 

MTX+CUR 0.57 2.35 0.9522 

MDA-MB-231 

MTX 0.82 507.25 0.9875 

CUR 0.61 17.44 0.9506 

MTX+CUR 1.19 13.65 0.9591 

The data were collected from MTT assays and 

were subjected to the automated calculation of m, 

Dm(µg/ml), and r parameters using CompuSyn 

software.                                        

B) 

 

 

 

C) 

Drug concentration (µg/ml) MCF-7 MDA-MB-231 

MTX CUR MTX+CUR CI Fa Interaction type CI Fa Interaction type 

2.5 0.005 0.3 4.004 0.266 Antagonism 4.474 0.021 Antagonism 

5 0.05 3 0.757 0.508 Medium synergism 12.627 0.044 Antagonism 

23 2.5 16 0.449 0.649 Synergism 0.396 0.528 Synergism 

47 7.5 30 0.085 0.774 Strong synergism 0.218 0.706 Strong synergism 

470 10 37 0.020 0.843 Strong synergism 0.097 0.820 Strong synergism 

940 20 43 0.003 0.902 Strong synergism 0.075 0.854 Strong synergism 
 

 

 Figure 8. A) Dose-effect parameters for MTX and CUR in MCF-7 and MDA-MB-231 cells. B) 

The combination index plot (Fa-CI plot) for MTX and CUR co-treatment on a) MCF-7, b) MBA-

MB-231 cells. CI values are plotted as a function of the Fractional inhibition (Fa) of cell 

viability/ growth by computer simulation (CompuSyn software). C) The combination index 

values for MTX and CUR in the MCF-7 and MDA-MB-231 cells. 

Furthermore, through the analysis of the CIs for a wide range of effect levels, the half-maximum 

combination index values for dual-drug-loaded LAFNCC NPs in MCF-7 and MDA-MB-231 

cells were calculated 0.66 and 0.41, respectively indicating the moderate synergistic effect of 

MTX and CUR.  Next, the cytotoxic effect of free drugs and single-drug-loaded nanocarrier was 

compared. As shown in Figure 7B and 7C, in both cancer cells, single-drug-loaded nanocarrier 

has remarkably enhanced anti-tumor efficiency in comparison to free drugs (p < 0.05). This 

effect can be related to the ability of nanocarrier to increase drug entrance inside the cells using 

the endocytic process. The amount of IC50 for different drug formulations in MCF-7 and MDA-

MB-231 cancer cells demonstrated in Figure 7D and 7E. More interestingly, the enhanced 
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cytotoxicity of MTX/CUR-loaded nanocarrier in comparison to MTX-loaded nanocarrier in both 

cancer cells suggested the adjuvant performance of CUR in decreasing the proper dosage of 

chemotherapeutic MTX as well as severe systemic toxicity comes by that drug (Bessone et al., 

2019). CUR considerably synergized the therapeutic effect of MTX in both MCF-7 and MDA-

MB-231 cells through the induction of apoptotic cell death. The amount of IC50 for MTX-loaded 

nanocarrier was 120.8 and 483.8 for MCF-7 and MDA-MB-231 cells, respectively. However, 

when the cells treated with CUR along with MTX in MTX/CUR-LAFNCC formulation, it 

decreased to 2.258 for MCF-7 and 15.84 for MDA-MB-231. The observed results indicate that 

CUR has synergistic property beside MTX. The synergistic effect of MTX and CUR 

combination arises from the activation of different signaling pathways. MTX competitively 

inhibits the enzyme dihydrofolate reductase (DHFR), which converts dihydrofolate (DHF) to 

tetrahydrofolate (THF). The tendency of MTX to the DHFR is more than folate. Folic acid is 

necessary for de no vo synthesis of purine and pyrimidine, which are required for DNA 

synthesis. As a result, MTX by inhibition of DNA, RNA, and protein formation causes cell 

apoptosis (Rajagopalan et al., 2002). On the other hand, CUR could induce apoptosis via variable 

signaling pathways (Karunagaran, Rashmi, & Kumar, 2005). Therefore, DNA fragmentation and 

apoptosis take place. So, the efficiently delivered MTX/CUR-loaded nanocarrier released its 

payload intracellularly and acted on the different targets. As a result, enhanced cytotoxicity was 

observed compared with single-drug-loaded nanocarrier. Also, we compare the cytotoxicity of 

free MTX/CUR with MTX/CUR-loaded nanocarrier. As depicted in the Figure7B and 7C, 

MTX/CUR-loaded nanocarrier indicated a better synergistic effect than free MTX/CUR, since it 

has significantly smaller IC50. The increment in the cytotoxicity might be due to the elevated 

accumulation and efficient release of drugs, which demonstrated the potential of LAFNCC 

nanocarriers for clinical applications by taking into account their negligible toxicity in MCF-7 

and MDA-MB-231 cells, and with high estimation in both kind of normal and cancer cells. Also, 

according to the studies put forward by Khine et al. about the long-term blood circulation of the 

cellulose-based nanoplatforms (approximately seven days) (Khine & Stenzel, 2020), the 

MTX/CUR-LAFNCC NCs can potentially be used for treatment of any types of tumors with 

active angiogenic phenotype. Notably, in case of superficial tumors they can hold a great 

promise in localized cancer therapy. Both of the MCF-7 and MDA-MB-231cells have 

angiogenic factors.  
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3.6. Morphological assessment of apoptotic cells using DAPI staining  

The DAPI staining study was performed to assess the morphological changes induced by 

apoptosis in MCF-7 and MDA-MB-231 cell lines (Figure 9). In this regard, the chromatin 

morphology and the density of nuclei were observed after 48 h treatment using fluorescence 

microscopy. The cells treated with blank nanocarrier revealed no significant morphological 

changes compared with untreated cells in both cell lines and showed their intact and evenly 

shapes. In contrast, the images of cells treated with free drugs and dual-drug-loaded formulations 

showed the sign of apoptosis including, cell shrinkage, loss of cell-cell contact, nuclear 

fragmentation, and chromatin condensation. In the comparison of these groups, the cells treated 

with dual drug formulations showed cell shrinkage and chromatin fragmentation intensely in 

both cell lines. Also, the remaining density of cells treated with different drug formulations is 

decreased compared to the control cells, suggesting the apoptotic cells engulfing by neighboring 

cells or professional phagocytes through phagocytosis (B. He, Lu, & Zhou, 2009). Noticeably, 

MTX/CUR-LAFNCC NCs has a significant effect on both MCF-7 and MDA-MB-231 cell 

number and morphology changes than MTX-LANCC NCs, CUR-LANCC NCs and free drug 

formulations, which is consistent with the synergistic effect of MTX and CUR combination in 

enhancing cytotoxicity. 
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Figure 9. Nuclear morphology alteration of MCF-7 and MDA-MB-23 cells. A) Fluorescent 

images showing the morphology of cells after treated with different MTX and CUR formulations 

for 48 h. B) The proportion of apoptotic cell death in MCF-7 and MDA-MB-231 treated with 

single- or dual-drug-loaded NPs. apoptosis was examined by fluorescent microscopy after 

staining the cells with 1 µg mL-1
 DAPI solution. To ascertain the proportion of apoptotic cells, ≥ 

100 stained cells were counted. In both cells, dual-drug-loaded NPs induced highly significantly 
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apoptosis in comparison to single-drug-loaded NPs. Scale bars represent 100 µm. Images were 

taken at a magnification 400× for both cells.   

3.7. MTX/CUR induced cell cycle distribution in MCF-7 and MDA-MB-231 cells 

Here we evaluate the distribution of cell cycle progression under normal growth conditions 

(control) and after treatment with different formulations of MTX and CUR as well as blank 

nanocarrier. The area under the peak was calculated using CellQuest software (Becton 

Dickinson, San Joes, CA, USA) to determine the phase within the cell cycle. As the results 

showed, in both cell lines, nanocarrier LAFNCC has no significant effect on cell cycle 

progression compared with the control cell cycle profile, which further confirmed the 

biocompatibility of the nanocarrier. The anticancer drug MTX is known to be cell cycle-specific 

due to the inhibition of DNA synthesis in the S and G2/M phases (Matsushima et al., 1985). As 

depicted in Figure10, in the MCF-7 cells treated with free MTX the percentage of cells in the 

G2/M (0.00%) and S (36.20%) phases decreased while the percentage of cells in G0-G1 

increased (63.80%); in contrast, the MDA-MB-231 cells treated with free MTX showed an 

increase in the percentage of the S phases (34.73%) in comparison to the control cells which 

emphasized the above mentioned. However, when the cells treated with free CUR, the 

percentage of cells in the S and G2/M phases increased. Similarly, the treatment of MCF-7 cells 

with nanoformulated MTX (280 µg/ml) and CUR (2 µg/ml) for 48 h showed an increased in the 

percentage of G0-G1 phase for MTX (71.65%), and an increase in the S (56.79%) and G2/M 

(7.21%) phases for CUR in comparison to control cells (Figure 10A) which is consistent with the 

previous reports that mentioned CUR as an agent that arrested cell cycle progression in S and 

G2M phases in human breast cancer cells (Karunagaran et al., 2005). However, when the MDA-

MB-231 cells treated with nanoformulated MTX (900 µg/ml), CUR (21 µg/ml) in the same 

interval time the percentage of the S phase increased slightly in comparison to control cells 

(Figure 10B). In the MCF-7 cells, the combined treatment with MTX/CUR-LAFNCC (16 µg/ml) 

indeed increased the percentage of cells in G0-G1 phase (68.98%) and blocked the progression 

to the S and G2M phases (Figure 12A). Interestingly, the MDA-MB-231 cells treated with 

MTX/CUR-LAFNCC (43 µg/ml) for 48h, showed cell cycle arrest in the G2/M phase (53.12%) 

with concomitant reduction of cells in G0/G1 (46.88%) and S (0.00%) phases.  
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Figure 10. Inhibitory effect of different formulations of MTX and CUR on cell cycle 

progressions of MCF-7 and MDA-MB-231 cells. A-B) Flow cytometry assay of the DNA 

contents in MCF-7 and MDA-MB-231 cells treated for 48 h with different formulations of MTX 

and CUR in concentrations around their IC50. Cell cycle analysis was performed by flow 

cytometry after staining DNA content with propidium iodide. C-D) DNA distribution 

percentages in different phases of the cell cycle (G0-G1, S, G2-M) after PI staining in MCF-7 

and MDA-MB-231 cells. Data are representative of three independent experiments. 

4. Conclusion 

In this study, a biocompatible lysine-decorated cellulose-based nanosystem was developed and 

studied as a potential platform for efficient and sustained delivery of two model drug MTX and 

CUR in MCF-7 and MDA-MB-231 breast cancer cells. The nanosystem was prepared using mild 

reaction conditions. The basic platform of the nanocarrier is made up of the cost-effective source 

cellulose, which is beneficial for clinical application.  The resulted nanosystem was characterized 

in terms of morphology and having the desired modified structure, in which amino acid l-lysine 

was embedded in amine functionalized nanocrystalline cellulose platform. The fabricated lysine-

embedded cellulose nanoparticles with elongate geometry have much longer clearance time 

compared with the spherical counterparts (Khine & Stenzel, 2020). The high entrapment efficacy 

and loading content were obtained for MTX and CUR. The in vitro release study of the 

fabricated nanosystem revealed that the model drugs could release in a sustained and acidic-

facilitate manner, and by this way it can reduce premature drug release during blood circulation. 

The results obtained from the cytotoxicity study of the nanosystem demonstrated that CUR as an 

adjuvant drug synergized the therapeutic efficacy of MTX in the induction of apoptotic cell death 

for MCF-7 and MDA-MB-231 cancer cells. As a result, dual-drug-loaded NPs could perform 

more effective than single-drug-loaded NPs or free-drug combinations in killing cancer cells. 

Moreover, the DAPI staining study and cell cycle analysis further confirmed the successful 

induction of apoptosis by dual-drug loaded nanocarrier. In conclusion, the lysine-embedded 

cellulose-based nanosystem could be served as a suitable nanocarrier to achieve efficient multi-

drug delivery for combination cancer therapy. 

Considering the previous reports about the probable gradual degradation of cellulose in the living 

body (Khine & Stenzel, 2020; Tao et al., 2018) and taking into account that, our results 
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confirmed pH-triggered controlled and sustain release of drugs from the nanoplatform which is 

necessary for blood drug concentration for efficient cancer therapy, the resultant MTX/CUR-

LAFNCC nanocarrier has potential for clinical application. Thus, future investigation concerning 

first about the study of biosafety and biodegradability of the nanocarrier, along with the probable 

modification of the nanoplatform for clinical application in cancer treatment.  
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