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Abstract

:

Simple Summary


Doxorubicin (Dox) is a chemotherapeutic agent usually employed for the treatment of breast cancer. However, its use is limited because of the toxicities associated, and hence a proper delivery vehicle is necessary. In this sense, albumin-based nanocarriers are in the limelight for the successful delivery of chemotherapeutics because of safety, biocompatibility, and specific cancer-targeting properties. Herein, we have developed a nanocarrier system based on albumin, which selectively affects the tumor cells, and hence can revolutionize breast cancer therapy. The developed nanoparticles could be further used for the delivery of other hydrophobic drugs like SN38, which broadens the use of this system in the treatment of breast cancer.




Abstract


Albumin-based nanoparticles are an emerging platform for the delivery of various chemotherapeutics because of their biocompatibility, safety, and ease of surface modification for specific targeting. The most widely used method for the preparation of albumin nanoparticles is by desolvation process using glutaraldehyde (GLU) as a cross-linker. However, limitations of GLU like toxicity and interaction with drugs force the need for alternative cross-linkers. In the present study, several cross-linking systems were evaluated for the preparation of Bovine Serum Albumin (BSA) nanoparticles (ABNs) encapsulating Doxorubicin (Dox). Based on the results obtained from morphological characterization, in vitro release, and therapeutic efficacy in cells, N-succinimidyl 3-(2-pyridyldithio) propionate (SPDP)-modified ABNs (ABN-SPDP) was chosen. Since ABN-SPDP are formed with disulfide linkage, the drug release is facilitated under a highly reducing environment present in the tumor sites. The cytotoxicity studies of those ABN-SPDP were performed in three different breast cell lines, highlighting the mechanism of cell death. The Dox-encapsulated ABN-SPDP showed toxicity in both the breast cancer cells (MCF-7 and MDA-MB-231), but, remarkably, a negligible effect was observed in non-tumoral MCF-10A cells. In addition to the hydrophilic Dox, this system could be used as a carrier for hydrophobic drugs like SN38. The system could be employed for the preparation of nanoparticles based on human serum albumin (HSA), which further enhances the feasibility of this system for clinical use. Hence, the albumin nanoparticles developed herein present an excellent potential for delivering various drugs in cancer therapy.
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1. Introduction


Doxorubicin (Dox) is a widely used antineoplastic agent against various cancers, including breast cancer, Kaposi’s sarcoma, osteosarcoma, esophageal carcinoma, and Hodgkin’s and non-Hodgkin’s lymphomas [1]. It has been practiced in oncology since the late 1960s. However, the use of Dox is limited because of the increased toxicities, especially cardiotoxicity, mainly in those patients requiring dose escalations [1,2]. To enhance the therapeutic efficacy while decreasing the side effects, Dox was encapsulated in nanoparticles (NPs). In addition, the nanoparticles facilitate the passive tumor targeting through enhanced permeation and retention (EPR) effect and overcome the problems associated with multidrug resistance [3,4].



In this regard, NPs based on albumin offer various advantages, including biocompatibility, safety, and convenient surface modification due to the presence of carboxylic and amino groups [5,6]. Albumin is the most abundant protein in human blood, with a molecular weight of around 67 kDa and a circulation half-life of approximately 19 days [6]. In the body, it acts as a carrier for various compounds, including bilirubin, metal ions like zinc and copper, and it helps in the solubilization and transportation of hydrophobic long-chain fatty acids [7,8]. The development of albumin-based nanocarriers for drug delivery is interesting because of the various binding sites that facilitate incorporating hydrophilic and hydrophobic drugs in the particle matrix [9].



The tumoral uptake of albumin is enhanced by various factors, for instance, the higher concentration of albumin in blood than in the interstitial compartments allows the diffusion of albumin to tumor sites [10,11]. Moreover, various albumin receptors, namely, gp60 and SPARC, are overexpressed in cancer cells, which can contribute to enhance further the uptake of albumin-based cargos in the cancer sites [12]. For this reason, several approaches explore the use of albumin-based NPs for encapsulating Dox and increase the selective targeting to the tumor sites [13,14].



Regarding the preparation of this type of nanostructure, various techniques are available, like desolvation, emulsification, nano spray drying, and NAB-technology. Among them, the most widely used method is desolvation using ethanol. In those cases, to increase the stability of the final nanostructure, a cross-linking agent, such as glutaraldehyde, is usually employed. However, the limitations associated with glutaraldehyde, including toxicity, interaction with the encapsulated drug, and presence of residual aldehyde, limit the in vivo applications [15]. Therefore, stabilization strategies for albumin NPs are being searched for [16,17]. For instance, the use of glutathione to reduce the intramolecular disulfide bonds and stabilization of NPs by forming the intermolecular disulfide bonds was reported in previous studies [15,18]. Moreover, the surface of albumin can be modified with Traut’s reagent to introduce sulfhydryl groups, which can be further used for the conjugation of other moieties and has also been evaluated previously.



Breast cancer is one of the most common types of cancer with an increasing incidence. Hormone receptor-positive and human epidermal growth factor receptor 2-negative breast cancer represent the largest subtype of this neoplastic disease [19]. For the treatment of these cancers, in the present study, bovine serum albumin (BSA) nanoparticles (ABNs) were prepared by desolvation method using ethanol. Herein, different stabilizing agents were evaluated, such as the cross-linking systems containing a disulfide bond to ease the release of the drugs inside the cells. Thus, the effect of various cross-linkers on drug loading, size, surface charge, and nanoparticular yield was studied. Finally, in vitro release studies and cell studies in MCF-7 and MDA-MB-231 breast cancer cells were performed.




2. Materials and Methods


2.1. Materials


All the solvents and chemical reagents were purchased from Sigma-Aldrich (San Luis, MO, USA), abcr GmbH (Karlsruhe, Germany), Thermo Fisher Scientific (Waltham, MA, USA), Scharlab (Sentmenat, Barcelona, Spain), FluoroChem (Hadfield, UK), and VWR (Radnor, PA, USA). Modified Eagle Medium (DMEM), streptomycin–penicillin (100X), fetal bovine serum (FBS), L-glutamine (100X), trypsin (10X), phosphate-buffered saline (PBS), and cell culture plasticware were purchased from VWR.




2.2. Preparation of BSA Nanoparticles (ABNs)


ABNs were prepared by the desolvation method, with ethanol as the desolvating agent. Depending upon the reagents used for the cross-linking of BSA, the ABNs were formed either by amide or disulfide bonds or by electrostatic stabilization.



2.2.1. Formation of Amide Bonds


	(a)

	
Use of glutaraldehyde: For the preparation of nanoparticles using GLU (ABN-GLU), 20 mg/mL of BSA in an aqueous solution was incubated with 0.5 mg/mL doxorubicin Hcl for 2 h at room temperature. To this solution, 2.7 mL of anhydrous ethanol was added dropwise with the syringe pump at the constant flow rate of 1 mL/min. After the solution became turbid, 7 µL of 8% glutaraldehyde was added for cross-linking. The solution was stirred at 550 rpm for 18 h. Then, the free albumin, unbound Dox, ethanol, and excess glutaraldehyde, were removed by 3 cycles of centrifugations at 13,200 rpm for 15 min. After each centrifugation cycle, the pellets were redispersed in 1 mL of water.




	(b)

	
Use of EDC: For the preparation of ABNs using EDC (ABN-EDC), a freshly prepared aqueous solution of EDC (2 mg/mL) was added to the turbid solution of BSA after the desolvation process. The mixture was left rotating at 550 rpm for 3 h and purified by three cycles of centrifugation to remove the unreacted EDC and ethanol.








2.2.2. Formation of Disulfide Bonds


	(a)

	
Use of glutathione: Firstly, the intramolecular disulfide bonds in albumin were cleaved by using glutathione (GSH), which is one of the major endogenous antioxidants in vivo. After the pre-treatment, it was purified using NAP-10 column and incubated with 0.5 mg/mL doxorubicin Hcl for 2 h, followed by desolvation with ethanol to precipitate albumin into Dox-loaded ABNs (ABN-GSH). Then, ethanol and unbound Dox were removed through centrifugation at 13,200 rpm for 15 min.




	(b)

	
Use of N-succinimidyl 3-(2-pyridyldithio) propionate (SPDP): The schematic representation for the preparation of ABNs by using SPDP (ABN-SPDP) is depicted in Figure S1. Firstly, thiol groups were introduced in BSA with 2-iminothiolane, commonly known as Traut’s reagent. In parallel, the same amount of BSA was modified with SPDP. The modified BSAs were purified with NAP-10 column and the resulting solutions combined. The mixture was incubated with DOX for 2 h, followed by preparation of NPs by desolvation method as described earlier in Section 2.2.1.




	(c)

	
Use of modified polyethylene glycol (PEG): The schematic representation of the synthesis of this derivative is provided in SI 2. The preparation of this modified PEG is as follows: to a solution of PEG(NH2)2 (3000 M.W.) (1) (100 mg, 33 µmol) in THF (6 mL) at 0 °C, a solution of SPDP (41.5 mg, 0.13 mmol) in THF (3 mL) was added. The reaction was allowed to warm up to room temperature under vigorous stirring for 16 h. Then, the solvent was removed under vacuum and re-dissolved in methanol (3 mL). The product was purified by dialysis using a 3.5 KDa. dialysis membrane for 16 h at 4 °C against distilled water. After this time, the solution turned cloudy, and the solvent was removed under vacuum. The desired product (2) was isolated as a greyish oil (44% of yield, 48.3 mg) (linker/polymer ratio 2:1). The product was characterized by NMR and MS (Figure S3). 1H NMR (D2O, 400 MHz): δ 8.26 (d, 2H), 7.71 (m, 4H), 7.17 (td, 2H), 3.56 (m, 264H), 3.21 (t, 4H), 2.93 (t, 4H). 13C NMR (D2O, 101 MHz): δ 173.74, 158.67, 149.03, 138.61, 121.69, 120.08, 38.83, 34.37, 33.56. MS (MALDI): theoretical mass: 3296.97, calculated mass: 3295.8.







Finally, the obtained product (2) was mixed with BSA modified with 2-iminothiolane at RT for 16 h, followed by incubation with Dox for 2 h and desolvation with ethanol to obtain the desired ABNs with modified PEG (ABN-PEG).




2.2.3. Electrostatic Stabilization


For this approach, a polymer based on PEI and PEG, (PEI-PEG) was prepared through a three steps reaction. The synthetic process is schematically represented in Figure S2. The amine groups in 2 kDa linear PEI (3) were activated with 2-iminothiolane, commonly known as Traut’s reagent, to yield the derivative 4, which contains the required thiols. Then, compound 4 was combined with the previously obtained compound 2, and the mixture was stirred for 24 h at 400 rpm (at room temperature). The product was finally dialyzed against water to remove unreacted PEI, PEG, and 2-iminothiolane, leading to the desired compound 4. (Figure S4). 1H NMR (400 MHz, D2O) δ 3.71 (s, 291 H), 3.27–2.21 (m, 305 H). 13C NMR (101 MHz, D2O) δ 174.07, 127.64, 121.90, 69.58, 68.81, 52.88, 51.03, 47.41, 45.52, 39.37, 39.02, 38.58, 37.55, 34.88, and 33.21. Finally, polymer 4 was incubated with 20 mg/mL BSA in water. The ABNs stabilized with PEI-PEG (ABN-PEI-PEG) and encapsulating DOX were then prepared, as discussed earlier in Section 2.2.1.





2.3. Surface Charge and Size Characterization of NPs


The Z-potential, size, and size distribution of all the prepared NPs were measured using a Zetasizer Nano ZS equipped with a 633 nm laser (Malvern Instruments, Worcestershire, UK). Prior to measurements at 25 °C and at 173° scattering angle, the samples were diluted 1/100 in water. ζ-potential was calculated by Zetasizer Software 7.11 (Malvern Instruments, Malvern, PA, USA) using Smoluchowski equation:


μe = εr ε0 ζ/η








where μe is the electrophoretic mobility, εr is the dielectric constant of water, ε0 is the permittivity of vacuum, and η is the viscosity of the solvent (water). The measurements were done in triplicate and averaged.




2.4. Quantification of Nanoparticle Formation


To quantify the amount of BSA converted to nanoparticles, the Bradford protein assay was performed [20]. The calibration curve was made with the known concentrations of BSA standards. The nanoparticles were first separated by centrifugation at 13,200 rpm for 15 min at room temperature and the supernatant was analyzed spectrophotometrically at 595 nm. The nanoparticular yield was then calculated by using Equation (1) [21].


  N P s   y i e l d =   I n i t i a l   a m o u n t   o f   B S A − a m o u n t   o f   B S A   i n   s u p e r n a t a n t   I n i t i a l   a m o u n t   o f   B S A   × 100 %  



(1)








2.5. Drug Loading of NPs


The amount of Dox incorporated in different ABNs was determined by an indirect method, i.e., by measuring the amount of the drug in the supernatant. The ABNs were separated by centrifugation, and the supernatant was analyzed spectrophotometrically at 495 nm. The drug loading capacity was then calculated following Equation (2).


  D r u g   l o a d i n g =   D o x   a d d e d − a m o u n t   o f   D o x   i n   s u p e r n a t a n t   D o x   a d d e d   × 100 %  



(2)








2.6. In Vitro Release Studies


The release of Dox from ABNs prepared by various methods was evaluated under the physiological pH of 7.4, an acidic pH of 5 adjusted with 0.1% acetic acid, and/or presence of 1 mM glutathione (GSH) to mimic the intracellular environment of tumor sites. At various time points, the aliquots of the sample were centrifuged at 13,200 rpm for 15 min at room temperature, and the supernatant was analyzed spectrophotometrically at 495 nm. The drug release was then calculated from a standard calibration curve of the free Dox solution.




2.7. Stability Studies


The prepared ABN-SPDP suspension was stored either at 4 °C or at room temperature. Their stability was estimated by comparing the changes in their hydrodynamic size, zeta potential, and drug release every week for 2 months.




2.8. Cell Culture


MCF-7 and MDA-MB-231 cells were grown in DMEM containing 10% FBS, 1% streptomycin-penicillin, and 1% L-glutamine in a humidified incubator with 5% CO2 and 95% air at 37 °C. MCF-10A cells were grown in HUMEC basal serum-free medium containing HUMEC supplement, bovine pituitary extract (BPE), and 1% streptomycin-penicillin. All the experiments were conducted before the cells reached 25 passages.



2.8.1. Cytotoxicity Assay


The cell viability of the prepared ABNs in MCF-7, MDA-MB-231, and MCF-10A cells was determined by alamarBlue assay. The cells in 100 µL of DMEM medium with 10% FBS, 1% streptomycin-penicillin, and 1% L-glutamine were seeded in 96-well plate (5 × 103 cells per well) at 37 °C in a Binder CB210 incubator (5% CO2). After the cells reached 60% confluency, ABNs prepared with different cross-linkers were added to each well. After 48 h of incubation, the medium was removed, and 150 µL of DMEM with 1% resazurin was added. The supernatant was removed after 4 h of incubation at 37 °C, and the fluorescence was measured at excitation and emission wavelengths at 550 nm and 590 nm, respectively. The cell viability after 48 and 72 h was calculated as follows:


  C e l l   v i a b i l i t y =   S a m p l e   d a t a − d a t a   o f   r e s a z u r i n   s o l u t i o n   D a t a   o f   u n t r e a t e d   c e l l s − d a t a   o f   r e s a z u r i n   s o l u t i o n   × 100 %  



(3)








2.8.2. In Vitro Transfection


Transfection assay was carried out to observe the internalization and release of Dox in MCF-7 and MDA-MB 231 cells. For this purpose, firstly, the cells were seeded on P-6 polystyrene tissue-culture plates. After the cells reached 60% confluency, they were treated with ABN-SPDP. After 24 h of incubation, the cells were washed twice with PBS and the cells were examined for fluorescence using Beckman Coulter Cytomics 500 Flow Cytometer (Beckman Coulter, Indianapolis, IN, USA). The acquired data were analyzed with FloJoTM v10.7 software (Ashland, Wilmington, DE, USA). All these experiments were performed in the Flow Cytometry Service at the CNB-CSIC.




2.8.3. Determination of Cell Cycle Phase


Cells were harvested in 6-well plates. When the cells reached a 60% confluency, they were treated with ABN-SPDP encapsulating Dox at various concentrations. After 48 h, the samples were trypsinized, fixed with ethanol 70% (v/v), washed with PBS, and centrifuged at 100× g for 5 min in an Eppendorf centrifuge 5804 R (Eppendorf, Hamburg, Germany). For each sample, 10 μg RNAse A and 20 μg propidium iodide (PI) were added. Then, the cell cycle analysis was performed using a flow cytometer.




2.8.4. Determination of Induction of Apoptosis/Necrosis


Cells were seeded in 6-well plates. When the cells reached a 60% confluency, they were treated with ABN-SPDP encapsulating Dox at various concentrations. After 24 h, the supernatant was collected, and the cells were trypsinized, washed with PBS, and centrifuged at 100× g for 5 min in an Eppendorf centrifuge 5804 R (Eppendorf, Hamburg, Germany). The cells were suspended in 100 µL of 1X binding buffer followed by the addition of 10 µL Annexin V 1X and incubated at 4 °C in darkness for 15 min. In each sample, 380 µL binding buffer 1X and 10 µL propidium iodide 1 mg/mL were added before analyzing them in a flow cytometer.




2.8.5. Study of Mechanism of Internalization


To analyze the mechanism of internalization of ABN-SPDP in cells, MCF-7 cells were seeded in a 96-well plate at a density of 5 × 103 cells/well. After the cells reached 60% confluency, they were washed with PBS followed by the addition of either 150 μM genistein or 5 μg/mL filipin (inhibitors for caveolae-mediated endocytosis), or chlorpromazine (10 μg/mL, an inhibitor for clathrin-mediated endocytosis). After 2 h of adding the endocytosis inhibitors, the cells were washed thrice with PBS and treated with Dox-loaded ABN-SPDP. The cells were washed again with PBS after 4 h of treatment, and new DMEM was added. Alamarblue assay, as described in Section 2.8.1, was conducted to compare the effect of endocytosis inhibitors in the internalization of ABNs.




2.8.6. Western Blot Analysis


To address the effect of nanoparticles on cell cycle arrest phase, p53 and cyclin B and E protein levels were evaluated. 2 × 105 MCF-7 or MDA-MB231 cells per p6 well were seeded and allowed to adhere to the plate. After 72 h of culture, cells were washed with PBS1x and incubated with the different treatments (as indicated in Results) in fresh medium. After 24 h of incubation, cells were washed with PBS1x, collected, and lysed with lysis buffer plus protein inhibitors (10 mM Tris-HCl pH 7.5, 5 mM EDTA, 150 mM NaCl, 10% glycerol, 0.5% Triton X-100, 50 mM sodium fluoride, 30 mM sodium pyrophosphate, 1 mM sodium orthovanadate, and 1 mM phenylmethylsulfonyl) and cell extracts were incubated for 30 min at 4 °C in a tube rotator. After clearing the total cell lysate by centrifugation for 15 min at 16100× g and 4 °C, supernatants were stored at −80 °C. Total protein amount was quantified by Bradford assay (Bio-Rad). Twenty milligrams of protein samples were separated on 12% SDS-polyacrylamide gels under reducing conditions and transferred to 0.45 μm nitrocellulose membrane (GE Healthcare Life science). Detection of specific proteins was performed by Western blot, employing the corresponding antibodies as indicated in the Results section. After incubating the membranes with 5% BSA in TBS-T (0. 0.1% Tween-Tris buffered saline) for 1 h at room temperature, the blots were incubated overnight at 4 °C with the corresponding first antibody solution in 3% BSA in TBS-T. Conditions for each antibody are the following: anti-p53 (1:500; sc-263), anti-cyclin B1 (1:500; sc-245), anti-cyclin E (1:500; sc-377100), and anti-GAPDH (1:500; sc-47724). After three washes with TBS-T, blots were incubated with peroxidase-labelled anti-mouse (1:5000; sc-516102) with 3% BSA in TBS-T blocking solution for 1 h at room temperature. The blots were washed three times with TBS-T and membrane-bound antibody was detected with enhanced chemiluminescence detection reagent (Bio-Rad). All antibodies were purchased from Santa Cruz Biotechnology. Densitometry analysis was performed using Fiji software (ImageJ).





2.9. Statistical Analysis


The results are presented as the mean ± standard deviation (SD). The statistical analysis was performed in R Project for Statistical Computing (R-3.2.5) software (R Development Core Team, Vienna, Austria) [22]. One-way analysis of variance (ANOVA) was used to compare the mean value of each condition versus the control. Significant differences between the means were accepted when the p-value was lower than 0.05 (*), 0.01 (**), and 0.001 (***). When the statistical difference was observed, Tukey’s test was performed to compare the mean values by pairs.





3. Results


3.1. Preparation and Characterization of ABNs


For the preparation of ABNs, BSA was incubated with the drug (e.g., Dox) for 2 h at RT, followed by the addition of ethanol at the rate of 1 mL/minute. The solution turns turbid due to the formation of ABNs, which are stabilized by the addition of cross-linkers. Depending on the cross-linker used, the mixture was incubated at RT for 3 h to 18 h. Then the samples were purified by centrifugation. (Figure 1A). The cross-linking agents employed (Figure 1B) lead to the different nanostructures of this study. For the ABNs stabilized with amide bonds, EDC or GLU was used. In the case of glutaraldehyde (GLU), the procedure was based on previous studies where ganciclovir was loaded onto ABNs [23]. GLU reacts with the amino groups on the surface of BSA and hence cross-links the BSA molecules with each other. On the other hand, with the use of EDC as a cross-linker, a peptide bond is formed between the carboxyl and amide groups of BSA particles [24]. It is important to note that the preparation time of ABNs was reduced to 3 h when EDC was used compared to overnight with GLU. Hence, it provides a rapid and straightforward technique for the preparation of ABNs.



Regarding the formation of disulfide bonds, three approaches were assessed. In the first one, BSA was treated with GSH to cleave any possible intramolecular disulfide moiety, followed by a solvation process, where the available thiols could be oxidized to yield the corresponding intermolecular disulfide bonds. In another approach, PEG containing activated disulfide groups was mixed with thiolated BSA to yield the desired ABNs. In the last approach involving disulfide bonds, an aqueous solution of BSA was modified with thiols, whereas another solution was treated with SPDP. Thus, the combination of both structures during the solvation process would yield a cross-linked structure due to the formation of disulfide bonds. Lastly, ABNs were also prepared where they were electrostatically stabilized with a tailor-made polymer based on PEI and PEG. In all the ABNs, the optimum concentration of Dox was chosen as 0.5 mg/mL.



The efficiency of the ABNs formulations was evaluated by the Bradford assay. In this case, the binding of the dye (Coomassie Brilliant Blue G-250) to protein causes the shift of maximum absorption of the dye from 465 to 595 nm, which could be used for the quantification of protein [20]. In all the cases, as shown in Figure 2A, more than 90% of the added BSA was converted to ABNs, except when GSH was used (75%). Next, the Dox encapsulated in each case was quantified using a UV-Vis spectrophotometer. In this regard, it is known that a variety of factors like the amount of drug added, type and amount of cross-linker used, and pH might affect the drug encapsulation [14]. In the present study, we focused on the effect of the different cross-linkers used in the preparation of ABNs on Dox loading. Particularly, the highest drug encapsulation (55%) was obtained using glutaraldehyde (GLU) as a cross-linker. On the other hand, when PEI-PEG was used to promote the formation of the nanostructure, the drug loading was the lowest (21%) (Figure 2B).




3.2. Size and Surface Charge Characterization of ABNs


It is important to gain insight into the size and surface charge characteristics of the prepared nanoparticles as they affect the colloidal stability, the nanoparticle cellular uptake, the pharmacokinetics, and the biodistribution after administration [25]. For instance, the absorption, biodistribution, metabolism, and excretion of nanoparticles are affected by their size and size distribution [26,27]. It was also found that the surface charge of nanoparticles could play an essential role in modulating the biodistribution and their cellular uptake and translocation [28]. As expected, the ABNs with PEI-PEG polymer had a positive surface charge (+15.4 ± 0.4mV). All other ABNs demonstrated a negative surface charge ranging from −24 ± 1.1 mV for ABN-EDC to −36.9 ± 0.3 mV for ABN-GLU. The size analysis demonstrated that ABN-SPDP had the smallest size of 156 ± 1.5 nm, whereas ABN-GSH had the largest size of 315 ± 4 nm (Figure 3A). The nanoparticles prepared with SPDP as cross-linker were further analyzed by SEM for morphology. The nanoparticles had a nanometric size and spherical morphology (Figure 3B). Based on the results from the drug loading, percentage of albumin converted to the NPs, and size characterization, the ABNs prepared with PEI-PEG and GSH were ruled out for further evaluation. Additionally, the ABNs prepared with PEG were also discarded since they were not stable for more than a week despite showing promising encapsulation efficiency of approximately 55%.




3.3. In Vitro Release of Dox from ABNs


For enhanced drug efficacy and specificity, the nanoparticles that can respond to particular conditions in the tumor cells, like changes in pH, enzyme activity profile, or redox state, are of great interest [29]. In this regard, pH-triggered drug release is one of the important parameters in cancer therapy since the extracellular microenvironment of tumor cells has acidic pH of around 5.5–6.5 compared to healthy cells with a pH of 7.4 [30,31]. This difference in pH of the target site may facilitate the specific drug targeting to the tumor sites. Moreover, solid tumors have elevated levels of glutathione (GSH), which can also be exploited to trigger the release of anticancer drugs [32,33,34,35]. In this regard, the disulfide bonds within the nanoparticles can be cleaved in the presence of GSH, enhancing the release of the drug [36].



Hence, the effect of using different cross-linkers on the release of encapsulated Dox was thus studied at acidic pH of 5 and/or in the presence of glutathione at different time points. As shown in Figure 4, approximately 56% of encapsulated Dox was released from ABN-SPDP after 72 h, whereas only around 26% was released from ABN-GLU. The release of Dox from ABN-EDC at the acidic pH was around 46% after 72 h. Moreover, the release of the drug was enhanced by the use of 1 mM GSH in the case of ABN-SPDP. However, the release was not affected in ABNs with glutaraldehyde and EDC.




3.4. Cell Viability Studies


The cell viability of MCF-7 cells 24- and 48-h post-treatment with ABNs was carried out by using alamarBlue assay. All the ABNs without Dox showed more than 95% cell viability, which indicates the possible use of these systems to deliver Dox to the tumor sites. When Dox-loaded ABNs were used, the highest number of cells were killed when ABN-SPDP were used, followed by ABN-PEG, ABN-GLU, ABN-EDC, ABN-PEI-PEG, and ABN-GSH, respectively (Figure 5).



Based on these results, SPDP was selected as an optimum cross-linker to produce ABNs encapsulating doxorubicin. The findings support the idea that SPDP can be used as a cross-linking agent, which can serve as a possible alternative method to toxic glutaraldehyde. Furthermore, to assess the scope of the approach, a different type of drug was also evaluated. In this case, the hydrophobic drug SN38 was encapsulated in ABN-SPDP, and the efficacy was analyzed in breast cancer cell lines. The drug concentration of up to 2 mg/mL could be loaded in these ABNs, which resulted in the particles with the size of 215.1 ± 7.3 nm and zeta potential of −25.5 ± 1.6 mV. The ABNs resulted in the reduction of cell viability to approximately 25% and 23% in MCF-7 and MDA-MB-231 cells, respectively, 48 h post-treatment (Figure S5). Thus, these results confirm the potential of the approach for the encapsulation, delivery, and controlled release of hydrophobic and hydrophilic drugs such as SN38 and DOX, respectively.




3.5. Stability Studies


The long-term colloidal stability of nanoparticular suspension was evaluated since it could be critical for future applications. ABN-SPDP had pH of 8.04 and were stored either at room temperature or at 4 °C. The size distribution and surface potential of these nanoparticles were measured every week for 2 months. As seen in Figure 6A–C, the nanoparticles were stable and maintained colloidal stability at both temperatures during the period of the study. The DLS results were constant for the samples irrespective of the storage temperatures, and hence it can be concluded that the nanoparticles are stable at both the storage conditions. The great stability observed can be due to the repulsive forces between the particles, which might reduce the particle collisions, and hence prevent particle aggregation [37].




3.6. Cell Studies


The transfection efficiency of Dox-loaded ABN-SPDP was investigated in MCF-7 and MDA-MB-231 human breast cancer cells. The fluorescence of free Dox and encapsulated in ABN-SPDP was similar in both the cell lines (>98%) (Figure S6). Those ABNs were further tested in various cell lines (MCF-7, MDA-MB-231, and MCF-10 A). As shown in Figure 7A–C, the ABN-SPDP were not toxic in any of the cell lines. The cell viability was significantly decreased when free Dox or Dox-loaded ABN-SPDP were used in both MCF-7 and MDA-MB-231 cells. It is to be noted that when free Dox was administered in non-tumoral MCF-10 A cells, it was highly toxic, resulting in cell viability of around 20%. Remarkably, the cell viability when Dox-loaded in ABN-SPDP was administered was not significantly different from the untreated ones (Figure 7C).




3.7. Effect on Apoptosis/Necrosis of the Cells


A study was conducted to verify the effect of Dox-loaded ABN-SPDP in the apoptosis/necrosis of MCF-7 and MDA-MB-231 cells. As shown in Table 1, the percentage of healthy cells decreased in a dose-dependent manner in both the cell lines when treated with 1 µM, 2 µM, and 4 µM Dox-loaded ABN-SPDP. There was an increase in apoptotic cells by 1.43, 1.8, and 2.13 folds when MCF-7 cells were treated with 1 µM, 2 µM, and 4 µM Dox-loaded ABN-SPDP, respectively. Moreover, the percentage of necrotic cells also increased from 17.45% to 24.05% when the concentration of Dox-loaded ABN-SPDP was increased from 1 µM to 4 µM. A similar result was obtained with MDA-MB-231 cells. The percentage of apoptotic cells increased by 5.7, 6.9, and 7.5% when treated with 1 µM, 2 µM, and 4 µM Dox-loaded ABN-SPDP, respectively. Moreover, the necrotic cells increased to 33.9% when treated with 4 µM Dox-loaded ABN-SPDP. Hence, Dox is found to induce apoptosis and necrosis in both MCF-7 and MDA-MB-231 cell lines irrespective of the receptor present.




3.8. Determination of Dominant Cell Cycle Phase


The cell cycle assay was carried out to detect the dominant cell cycle phase in both MCF-7 and MDA-MB-231 cells. As shown in Figure 8, when MCF-7 cells were treated with 1 µM Dox alone or with Dox-loaded ABN-SPDP, the cells in cell cycle arrest (G0/G1) increased by 1.37 and 1.17 folds, respectively, compared to the empty ABNs, whereas G2/M phase cells elevated by 1.11 and 1.52 folds. On the other hand, when MDA-MB-231 cells were treated with 1 µM Dox or Dox-loaded ABN-SPDP, the number of cells in G2/M phase increased by 1.59 and 1.63 folds, respectively, compared to the empty ABN-SPDP. The cycle arrest was evident in both G0/G1 and G2/M phases in MCF-7 cells, while it was most prominent in G2/M phase in MDA-MB-231 cells. Oncul and co-workers obtained similar results when Dox was used in MCF-7 and MDA-MB-231 cells to study multidrug resistance and apoptosis [38].




3.9. Western Blot Analysis


Western blot assay was performed to assess the effect of free Dox and Dox-loaded ABN-SPDP on the expression of various proteins, namely, P53, cyclin B, and cyclin E. In the experiments, GAPDH with the molecular weight of 36 kDa was used as a control to assess the amount of protein loaded in each lane. As demonstrated in Figure S7, the levels of P53 were enhanced in MCF-7 cells when treated with free Dox or ABN-SPDP loaded with Dox. However, no change was observed in MDA-MB-231 cells. This difference in P53 activity in two different breast cancer cell lines is attributed to the difference in cell cycle arrest phases by Dox, which was demonstrated by the levels of different cyclins involved in cell cycles. The level of cyclin E, responsible for the cell cycle arrest in G0/G1 phase, was significantly enhanced in MCF-7 cells, while it was unchanged in MDA-MB-231 cells. However, the level of cyclin B, indicative of the cell cycle arrest in G2/M phase, was enhanced in both cell lines, most prominently in MDA-MB-231 cells, when treated with Dox-loaded ABN-SPDP. Hence, these results are in accordance with the observations from flow cytometry studies.




3.10. Determination of the Mechanism of Internalization of NPs


There are various pathways through which cells can uptake the nanoparticles, including clathrin-mediated endocytosis; caveolae-mediated endocytosis; and clathrin- and caveolae-independent pathways. In the present study, the intracellular trafficking of Dox-loaded ABN-SPDP was investigated by using Genistein or Filipin (caveolae-mediated endocytosis inhibitors) or chlorpromazine (clathrin-mediated endocytosis inhibitor), and cell viability was measured after 24 h of treatment. As shown in Figure 9, the cell viability in MCF-7 cells was increased from 66% with Dox-loaded ABN-SPDP in the absence of any endocytosis inhibitors to 81% with genistein, 85% with filipin, and 72% with chlorpromazine. The obtained results indicate that the ABNs are internalized by both endocytotic pathways, with caveolae playing a more prominent role. These results are in agreement with a previous report where human serum albumin nanoparticles were used for gene delivery [39].





4. Discussion


Dox is a widely used anticancer drug that targets topoisomerase II and inhibits the replication and transcription of DNA, leading to cell cycle arrest and apoptosis [40]. Despite its therapeutic efficacy in various types of cancer including Kaposi’s sarcoma, osteosarcoma, and breast cancer, increased toxicity, particularly cardiotoxicity, limit its use [1]. Hence, the encapsulation of Dox in NPs was used to enhance therapeutic efficacy while reducing the off-target effects. In the present study, we developed a nanocarrier system based on albumin because of various advantages, including biocompatibility, safety, and the possibility of surface modification. For the preparation of ABNs, various techniques like desolvation, thermal gelation, emulsification, nano spray drying, and self-assembly can be used. However, desolvation is the most commonly used method, where ethanol is employed as a desolvating agent and glutaraldehyde as a cross-linker [39,41]. Unfortunately, using glutaraldehyde as a cross-linker has some disadvantages like toxicity, potential reaction with encapsulated drug, and longer reaction time to prepare albumin nanoparticles [17,42]. Hence, alternative cross-linkers and procedures are desirable to improve the properties of albumin-based nanostructures.



Herein, we have developed and evaluated different linkers for the preparation of this type of nanostructure to encapsulate the chemotherapeutic drug Dox (Figure 1B). In the present study, three approaches were explored, which can be classified based on the bond generated to stabilize the nanostructure. Particularly, the formation of amide and disulfide bonds are explored here. Complementarily, the formation of nanostructures by electrostatic interactions is also studied. In the case of nanostructures stabilized by an amide bond (ABN-GLU and ABN-EDC), robust structures are expected, but the release of the chemotherapeutics might be limited. On the other hand, when disulfide bonds are used (ABN-GSH, ABN-PEG and ABN-SPDP), the release of the drugs can be promoted by glutathione present in the cells. Finally, the nanoparticles stabilized electrostatically (ABN-PEI-PEG) can be disassembled inside the cell due to the pH of lysosomes or ionic strength.



The size of NPs plays a vital role in determining the fate inside biological systems. It was observed that the NPs smaller than 6 nm are rapidly excreted by the kidney while those larger than 200 nm are accumulated in the spleen and liver [43]. In this sense, the ABN-SPDP with size of around 156 nm measured by DLS (Figure 3A), are optimal compared to other ABNs with size > 200 nm. In addition, the release of Dox from ABN-SPDP was highest in tumor-mimicked environments, i.e., with acidic pH and in the presence of glutathione (Figure 4C). This is because the ABNs are cross-linked with the disulfide bridges, and hence the higher concentration of GSH in the tumor cells causes destabilization of ABNs, leading to a higher release of drug. However, the use of GLU results in ABNs with a compact cross-linked matrix with smaller pores for drug diffusion that leads to lower drug release [14] (Figure 4A). This result was also observed in vitro in MCF-7 cells, where ABN-SPDP showed enhanced efficacy compared to the rest of ABNs, which was comparable to the free drug (Figure 6). Based on these results, SPDP was chosen as an optimum cross-linker.



The cell studies of ABN-SPDP were then conducted in breast cancer cells (MCF-7 and MDA-MB-231) and non-tumoral epithelial mammary cells (MCF-10A). The free Dox showed prominent toxicity in all the tumoral and non-tumoral cell lines, whereas when the drug was used encapsulated in ABN-SPDP, it showed significant toxicity only in the cancer cells (Figure 7A–C). This can be attributed to the fact that the release of drug from the ABNs employed is triggered by the acidic conditions and presence of glutathione, which is favorable only in the tumor cells and not in the non-tumoral mammary epithelial cells (MCF-10A). Hence, these formulations could be used to reduce the toxicity problems associated with the delivery of Dox and could revolutionize the treatment option in breast cancer therapy.



Furthermore, it was of interest to study the mechanism by which Dox affects the cells. We observed that both free Dox and encapsulated in ABN-SPDP showed a similar trend in terms of cell apoptosis and necrosis in both the cell lines (Table 1). However, there was a differential effect in cell cycle arrest in MCF-7 and MDA-MB-231 cells when treated with Dox (Figure 8A–D). This difference can be attributed to the variation in the p53 activity in two cell lines. MCF-7, an estrogen-dependent cell line, consists of the wild type p53, whereas MDA-MB-231, an estrogen-independent cell line, has p53 mutated and inactive [44,45]. The active P53 in MCF-7 cells after DNA damage mediated by Dox treatment can induce p21 upregulation responsible for cell cycle arrest in G0/G1 phase. In contrast, p53 levels in MDA-MB-231 cells are not affected by Dox treatment, and hence p21 levels do not change significantly and therefore induce the cell cycle arrest in G2/M phase [44]. This result was further supported by Western blot assays (Figure S7).



Finally, the feasibility of this approach for the preparation of nanostructures based on human serum albumin (HSA) was studied, which might be required for the clinical translation. HSA is particularly useful to avoid any immunological response in studies involving humans [46]. Remarkably, the HSA NPs prepared behaved similarly to ABN-SPDP with a similar size and zeta potential of 161.3 ± 4.6 nm and −31.2 ± 3.2 mV, respectively. Interestingly, the encapsulation efficiency of Dox was increased to 62.9% when HSA was used instead of BSA. The in-vitro studies conducted in MCF-7 and MDA-MB-231 cells revealed improved activity in both the cell lines. The cell viability was reduced to 37% and 51%, respectively, in MCF-7 and MDA-MB-231 cells when treated with Dox-loaded HSA NPs (Figure S8). Moreover, the cell cycle analysis in both the cell lines revealed elevated cell cycle arrest in G2/M phase (Figure S9). All these results obtained with HSA highlight the potential clinical translation of these nanocarrier systems.




5. Conclusions


In the present study, different cross-linking processes were employed to prepare ABNs loaded with Dox to improve encapsulation efficiency, the in-vitro release of the drug, and enhancement of activity in the selected cell lines. When SPDP was used as a cross-linker, the release of drug from ABNs was enhanced, demonstrated by in-vitro release in an acidic environment and in the presence of glutathione, and the activity in two different cell lines, MCF-7 and MDA-MB-231. Interestingly, the NPs could target only the tumor cells and spared non-tumoral cells, demonstrated by the experiments in MCF-10A epithelial mammary cells.



The results presented here contribute to the fundamental understanding of the preparation of the optimum ABNs for encapsulation of anticancer drug, Dox. Moreover, this approach could be successfully used for the preparation of HSA NPs, which can ease the translation of this system to clinics. These experimental findings could guide the development of advanced cancer nanostructures for targeted delivery.
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Figure 1. Schematic illustration of the preparation of ABNs. (A) Encapsulating a drug and (B) various approaches for the preparation of ABNs. 
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Figure 2. (A) Percentage of BSA converted to ABNs measured by Bradford assay and (B) Encapsulation efficiency of Dox in ABNs using various cross-linkers. Statistical analysis was performed using one-way ANOVA Tukey’s test. * p-value < 0.01, ** p-value < 0.001, and *** p-value < 0.0001. 
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Figure 3. Size and zeta potential of Dox-loaded ABNs with various cross-linking methods (A); Size distribution of Dox-loaded ABN-SPDP observed with DLS and SEM (B). 
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Figure 4. Release of Dox from ABNs with EDC (A), Glutaraldehyde (B), and SPDP (C) at different time points. The conditions tested were pH 5 (blue), GSH 1 mM (yellow), pH 5 and GSH 1 mM (green), and pH 7 with GSH 1 µM (orange). 
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Figure 5. Cell viability assay of Dox-loaded ABNs with different cross-linkers in MCF-7 cells after 48 h (A) and 72 h (B) of treatment. In all the cases, the concentration of Dox used was 1 µM; 2–6: ABNs without Dox and 8–12: ABNs with Dox. Statistical analysis was performed using one-way ANOVA Tukey’s test. *** p-value < 0.0001. 
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Figure 6. Change in size (A), zeta potential (B), and drug release (C) of Dox-loaded ABN-SPDP at different time points at two different temperature conditions, 4 °C (gray) and RT (white). Till the end of 2 months, the ABN-SPDP were stable. The data are presented as mean ± standard deviation (SD). 
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Figure 7. Cell viability assay with Dox-loaded ABN-SPDP 48 h post-treatment in (A)MCF-7 cells, (B) MDA-MB-231, and (C) MCF-10 A. In all the cases, the concentration of Dox used was 2 µM. Statistical analysis was performed using one-way ANOVA Tukey’s test (*** p-value < 0.0001). 
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Figure 8. Percentage of cells in different phases of the cell cycle in MCF-7 cells and MDA-MB-231 cells. (A,B) Cells treated with 1 µM Dox and Cells treated with 1 µM Dox-loaded in ABN-SPDP in MCF-7 cells. (C,D) Cells treated with 1 µM Dox and Cells treated with 1 µM Dox-loaded in ABN-SPDP in MDA-MB-231 cells. Blue: cells in G0/G1 phase; orange: cells in S phase; grey: cells in G2/M phase. 
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Figure 9. Cell viability assay with Dox-loaded ABN-SPDP in the presence of endocytosis inhibitors 24 h post-treatment in MCF-7 cells. 1: control, 2: ABN-SPDP Dox without endocytosis inhibitors, 3: in the presence of genistein, 4: filipin, and 5: chlorpromazine. Statistical analysis was performed using one-way ANOVA Tukey’s test (* p-value < 0.05). 
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Table 1. Percentage of healthy, necrotic, and apoptotic cells with varying concentrations of Dox-loaded ABN-SPDP 24 h post-treatment in MCF-7 and MDA-MB-231 cells.
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MCF-7

	
MDA-MB-231




	
Healthy Cells

	
Apoptotic Cells

	
Necrotic Cells

	
Healthy Cells

	
Apoptotic Cells

	
Necrotic Cells






	
Control

	
99.45 ± 0.45

	
0.15 ± 0.05

	
0.10 ± 0.10

	
99.75 ± 0.15

	
0.2 ± 0.10

	
0.05 ± 0.10




	
ABNs

	
95.15 ± 0.85

	
1.40 ± 0.10

	
4.00 ± 0.20

	
95.75 ± 3.15

	
1.15 ± 0.15

	
3.65 ± 0.25




	
Dox alone 2 µM

	
55.45 ± 0.85

	
3.70 ± 0.20

	
18.40 ± 0.10

	
72.00 ± 0.50

	
6.20 ± 0.10

	
12.95 ± 0.35




	
ABN-SPDP Dox 1 µM

	
65.70 ± 0.40

	
2.15 ± 0.15

	
17.45 ± 1.05

	
69.20 ± 0.51

	
5.65 ± 0.05

	
14.80 ± 0.10




	
ABN-SPDP Dox 2 µM

	
60.90 ± 0.40

	
2.70 ± 0.10

	
20.90 ± 3.80

	
63.80 ± 0.48

	
7.15 ± 0.25

	
21.00 ± 0.30




	
ABN-SPDP Dox 4 µM

	
50.95 ± 6.35

	
3.20 ± 1.00

	
24.05 ± 4.65

	
44.50 ± 2.48

	
7.30 ± 0.20

	
33.90 ± 0.40

















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
Won e A0






media/file4.png
? R

ABNs

r T T T
oooooo

SdN 0} PaUaAu0d vsg 40 %





nav.xhtml


  cancers-13-03011


  
    		
      cancers-13-03011
    


  




  





media/file18.png
T
H
|
L

*+ _

150

]
(=]
(=]
1

o
o

% AN[IQBIA [[3D






media/file16.png
23.2
0% 35.1 37.8 31.30%
0% 43.10% 45.20%

63.20% 53.90%






media/file2.png
090 8
© " BSA
Drug, 2h, RT
1. Formation of 2. Formation of 3. Electrostatic
: Amide bonds disuphide bonds stabilization
0 s. PEG-PEI
C;HsOH | Desolvation o ~ O)LN.N W ABN-GSHQ 5'0 ®
(1 mLimin, RT) H g ABN-PEI-PEG
| S..PEG.
Y ABN-PEG(Q"'S 5’&0
0
COOH COOH H
H,N COOH  Cross-linking HzN},.;:.H{CDDH ABN-EDC O)LH‘O K 5FDPO’NY\’S*5'Q
H,N gg NH, H g@ TNH: O

HOOC ~COOH HOOC” -~ ~COOH





media/file5.jpg
w0

aw

o o woe

B2en poten (1]
sie(om)

v seiox






media/file3.jpg
@ ALy
B ABNPELPEG
@ At
& A sPoP
0 AnEDC
ABUPES

g% % °

< NP VSE IO %





media/file1.jpg
Aanos ™ i»o%An
woly "o -

s o
Q oﬂr,
e 0y






media/file7.jpg
e 9 8
o (pessaping
8 3 8

@ (pseomiing

3 3 %
< papesemitng






media/file10.png
<

@3 Control

B3 ABN-GLU
E=3 ABN-PH-PEG
m ABN-GSH
ABN-SPDP
ABN-EDC
BX ABN-PEG

—

(%) Aunqela 189

with Dox

w/o Dox

with Dox

w/o Dox





media/file12.png
o
& & & & ¢
O pasea|as bnip o,

I

|
- o & 3

(Aw) jenuajod ez

<

(wu) aas





media/file9.jpg
<

AP

Do

Wb

o oor

"Wio DX





media/file0.png





media/file14.png
-

Cell viability %

100

1 T
Control ABN-SPDP Dox

ABN- SPDP Dox

Cell viability %

.
g

all

Control ABN- SFDF Dont ABHSPDPDO!

(@)

' %

Cell viabil

g
'

o2

1

" Control ABN-SPDP  Dox

ABN-SPDP Dox





media/file8.png
L)

60

3 “ S o

(%) paseajas 8nuqg

e g g ©°

(%) paseaja4 8nuq

g 8 R’ °

<L (%) posesjas 8niq

O

80

40
Time (hours)

20

20 40 60 80
Time (hours)

0

80

60

20
Time (hours)





media/file11.jpg





media/file6.png
A 329
240
160

80

@ Zeta potential (mV)

] A
1 & @ Size (nm)
g & @ © ©
GLU EDC GSH SPDP PEG PEI-PEG






media/file15.jpg
22

351 78 s130%
& o a210%

A ANA





media/file17.jpg
150

(=]

[=]
=] [
1

% ANqes 13D





