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Abstract: The Layer-by-Layer capsules combined with nanoparticles are emerging as promising and secure 
vehicles for drug delivery. The integration of nanoparticles introduces intelligent functionalities, particularly in 
targeted therapy. This investigation focused on assessing the impact of drug carriers on the viability of MDA-
MB-231 breast cancer cells. Specifically, polymeric capsules were synthesized using a Layer-by-Layer approach, 
incorporating iron oxide magnetic nanoparticles. The Layer-by-Layer method involved constructing six bilayers 
of PAH/PSS on a CaCO3 template, with iron oxide magnetic nanoparticles (MNPs) interspersed between the 
layers. The core was removed by applying the chelating agenlt EDTA, resulting in the fabrication of hollow 
capsules. Characterization of the capsules was performed using SEM and bright-field microscopy. Successful 
synthesis was confirmed as capsules/MNPs responded to an external magnetic field. Various concentrations of 
capsules/MNPs were introduced to cells, and cell viability was assessed using the tetrazolium-based MTT assay 
for quantitative measurements and the calcein-AM assay (Live-dead) for real-time visualization of live and dead 
cells. The findings revealed that adding 20 µl of capsule suspension (containing 14,000 capsules) to 100 µl of 
cell culture suspension preserved 90% cell viability. This study implies a feasible concentration of capsules for 
delivering compounds to cancer cells without inducing toxicity to normal cells.
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Introduction
Nanomedicine encompasses a diverse array of technologies designed to diagnose, treat, monitor, and control 
biological systems. It spans the medical applications of nanomaterials to the development of nanoelectronic 
biosensors and explores potential future applications of molecular nanotechnology [1]. At the forefront of this 
interdisciplinary field, significant attention is devoted to research on the intelligent delivery and precise targeting 
of therapeutic and diagnostic agents. Current challenges in chemotherapy, such as issues related to non-specific 
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targeting, aqueous solubility, multidrug resistance, and limited specificity, stem from the systemic distribution 
of chemotherapeutic agents, leading to side effects caused by the drugs affecting both target and non-target 
cells [2]. Consequently, nanoparticles, designed as targeted carriers for drugs, are actively under development 
as non-biological alternatives to overcome the challenges associated with conventional drug delivery [3]. The 
benefits of encapsulating drugs in a carrier are less cytotoxicity to normal cells and prompting a triggered 
release only at the tumor site.
Magnetic nanoparticles (MNPs), ranging in size from 1 to 100 nm, exhibit remarkable promise in the realm 
of drug delivery owing to their inherent biocompatibility [4]. Their unique ability to be externally manipulated 
through magnetic fields enables precise control, making them a versatile tool for targeted therapies in diseases 
like cancer [5, 6]. MNPs offer advantages such as reduced toxicity, enhanced stability, and superior permeability 
compared to alternative nanoparticles [5]. MNPs have been incorporated into other drug delivery systems, such as 
Layer microcapsules, to develop targeted systems [6, 7].
Microcapsules created using the Layer-by-Layer (LbL) [8] technology represent microcapsules employed in 
drug delivery due to their straightforward fabrication process [9], biocompatibility, and impressive drug-loading 
capabilities [10-12]. In this approach, alternate absorption of opposite-charged polymers on a microsphere [10] 
followed by removing the core will result in hollow capsules with multilayered nanoshells [13]. These LbL capsules 
are constructed with polyelectrolyte bilayers, utilizing biodegradable materials like collagen (COL), hyaluronic 
acid (HA) [14], and poly-L-arginine (pARG) [7, 12, 15], as well as synthetic non-biodegradable materials such as 
poly(allylamine hydrochloride) (PAH) and poly(sodium 4-styrenesulfonate) (PSS) [15]. The unique properties of 
these capsules are that their multilayered nanoshell can incorporate nanoparticles. Past research has involved the 
adornment of LbL microcapsules with iron oxide magnetic nanoparticles, demonstrating a strategic approach to 
achieve smart [16-17] and targeted drug delivery [18-20].
While the clinical applications of microcapsules containing iron oxide magnetic nanoparticles hold promise, the 
comprehensive exploration of their interaction with cancer cells remains incomplete [2, 11, 21]. This study aims 
to fill this gap by examining the interaction between magnetic nanoparticles and LbL capsules with breast cancer 
cells, focusing on cell viability. The assessment involved utilizing Tetrazolium-based (MTT) [22] and Calcein-AM 
assays, both serving distinct functions in evaluating cell viability [23]. The MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) assay measures cellular metabolic activity by employing a yellow tetrazolium salt 
[22]. This salt is reduced by mitochondrial dehydrogenases in metabolically active cells, forming purple formazan 
crystals. The MTT assay offers a quantitative evaluation of cell viability based on the produced formazan. On 
the other hand, the Calcein-AM (acetoxymethyl ester) assay assesses intracellular esterase activity. Calcein-AM 
is initially a non-fluorescent, cell-permeant dye that, when cleaved by esterases in live cells, generates green, 
fluorescent calcein [23]. This dye effectively distinguishes live cells (exhibiting green fluorescence) from dead 
cells, as it is cleaved and retained exclusively in viable cells. The assay enables real-time imaging of live cells 
under a fluorescence microscope. This study synthesized LbL microcapsules consisting of (PAH/PSS)6/MNPs. 
Breast cancer cells were incubated with these layer-by-layer capsules, including magnetic nanoparticles, and cell 
viability was assessed using the MTT and calcein-AM assays. The results provide insights into the biocompatibility 
of MNP LbL capsules against breast cancer cells.

Methods
Materials: MDA-MB-231 were purchased from the American Type Culture Collection (ATCC). Ferrofluid iron 
oxide nanoparticle kit were purchased from Flinn Scientific. Growth mediums and assay kits, including fetal 
bovine serum (FBS), high glucose DMEM, Trypsin-EDTA solution, antibiotics, MTT assay, LIVE/DEAD assay, 
were all purchased from Thermofisher.
Cell Culture, Passage, and Freezing of Breast Cancer Cell Line 
MDA-MB-231 cells were cultured in a medium containing F-12K/DMEM (1:1), 10% FBS, and 1% antibiotics. 
Similarly, MCF7 cells were cultured in culture-treated flasks using a medium composed of DMEM, 10% FBS, and 
1% streptomycin and penicillin antibiotics. The cells were maintained at 37°C in a humidified 5% CO2 incubator, 
with media changes occurring every 48 hours. Upon reaching 80% confluence, the cells underwent detachment 
using trypsin/EDTA solution and were subsequently suspended in fresh media. Cell seeding involved placing 
5×104 cells per well in cell culture-treated 96-well plates.
For cell passage, the medium was first removed and discarded, followed by washing the dish with 5 ml of PBS 
twice. Subsequently, 2 ml of trypsin/EDTA was added for cell detachment, with an incubation period of 8 minutes 
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at 37ºC. The cells were checked under a microscope to ensure detachment, and the duration of incubation was 
adjusted based on cell line and plate confluency. After confirming detachment, 8 ml of medium was added to 
the petri dish, with at least four times more medium than the applied trypsin/EDTA to neutralize its toxicity. The 
sample was then centrifuged.
In the process of cell freezing, cells from the MDA-MB-231 cell line were utilized [24]. This cell line, derived from 
excessive lung fluid in a middle-aged female patient with breast cancer, is a triple-negative breast cancer (TNBC) 
cell line lacking estrogen receptors, progesterone receptors, and human epidermal growth factor 2. Hence, it serves 
as a valuable model for studying TNBC cells. To initiate cellular freezing, cell confluency was checked, aiming for 
around eighty percent confluence. Following confluency verification, the medium was removed, and the dish was 
washed with phosphate-buffered saline (PBS) solution twice. A solution of trypsin/EDTA was added to the dish, 
and after incubation, the solution was centrifuged at 200g for five minutes.
Microcapsule Fabrication
CaCO3 (Calcium Carbonate) is suspended in H2O at a concentration of 10 mg/ml in a total volume of 10 ml. 
PAH and PSS are both dissolved in H2O at a concentration of 4 mg/ml. To the suspended calcium carbonate, 
1 ml of PAH is added and then placed on a shaker for 10 minutes. Afterward, the mixture is centrifuged, using 
Thermo Scientific Sorvall ST 40R centrifuge, for 10 minutes at 4,000 G. The supernatant is removed and 
discarded, leaving the pellet behind. The pellet is then washed two times by adding 10 ml of H2O, centrifuging 
at 4,000 G for 10 minutes, following discarding the supernatant each time. Washing will remove any unbound 
PAH. Next, the pellet is resuspended in 9 ml of H2O, and 1 ml of the PSS solution is added and placed on the 
shaker for 10 minutes. Afterward, the mixture is centrifuged for 10 minutes at 4000 G. As in the previous steps 
involving the PAH, the supernatant is discarded, and the pellet is washed two times with 10 ml of H2O each 
time. At this point, one bilayer of PAH/PSS has been added to the calcium carbonate. The binding of the PAH 
and PSS are charged-based. The carbonate has a negative charge and binds ionically to the positively charged 
PAH. Likewise, the negatively charged PSS will bind to the positively charged PAH [25, 26]. This process is 
repeated 6 times to achieve (PAH/PSS)6.
Synthesis of Magnetite Nanoparticles
Magnetite, Fe3O4, was prepared by reacting iron(III) chloride, FeCl3, and iron(II) chloride, FeCl2, in a 2:1 mole 
ratio with dilute ammonia, NH3. A Ferrofluid Nanotechnology Demonstration kit from Flinn Lab was used as the 
source of these components. A 2 M solution of iron(II) chloride in hydrochloric acid, HCl, is prepared by adding 
FeCl2•4 H2O to 2 M HCl. Likewise, a 1 M solution of iron (III) chloride in HCl is prepared by adding FeCl3•6 
H2O to 2 M HCl. A combined solution of Fe(II)/Fe(III) is prepared by adding 1 ml of 2 M FeCl2 to 4 ml of 1 M 
FeCl3. Ammonia is added dropwise to the Fe(II)/Fe(III) to form a brownish-black precipitate, which is Magnetite. 
This reaction is an oxidation reaction in which the ammonia provides hydroxide ions, OH-, which will facilitate 
the oxidation and reduction of iron cations and produce the Fe3O4 oxide with the loss of water molecules. This is 
represented by the following equation:
	 2Fe3+(aq) + Fe2+(aq) + 8OH-(aq)                       Fe3O4(s) + 4H2O(l)
The Magnetite particles are collected and kept in water in the refrigerator until their incorporation into the LBL 
capsules [24]. The MNPs solution is added to the (PAH/PSS)6 capsules suspension.
MTT Assay to Determine the Viability of Cells
Cells were seeded (5×104 cells/well) in cell culture treated 96 wells plates. After 24 hours, magnetic 
nanoparticle microcapsule solution was added to each well, and plates were incubated overnight. Next day, 
wells were aspirated and 100 µl fresh media and 10 µl MTT assay reagent (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl-2H-tetrazolium bromide) was added to each well. Cells were incubated for 3 hours in the incubator, 
and then 100 µl detergent reagent was added to each well, and plates were kept for 2 hours in the dark at room 
temperature. The absorbance was read by the plate reader (Synergy2, Biotek, USA) at 570 nm.
LIVE-DEAD Viability/Cytotoxicity Assay 
The LIVE-DEAD assay was conducted using the LIVE/DEAD Viability/Cytotoxicity Kit, adhering to the 
manufacturer’s instructions. Briefly, cells were incubated with a combination of calcein-AM and ethidium 
homodimer-1 for 30 minutes at room temperature. After incubation, the cells were imaged with a fluorescence 
microscope. Live cells exhibited green fluorescence due to calcein-AM, while dead cells showed red fluorescence 
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from ethidium homodimer-1. To quantify and visualize the fluorescence signals of live and dead cells, a microplate 
reader equipped with green and red filter cubes was used.
Scanning Electron Microscopy Imaging of Nanoparticles and Microcapsules
Scanning electron microscopy was used to determine the morphology, size, and dimension of the MNP/LbL 
capsules. For collecting the samples, a small portion of the solution was applied on a clean-washed silicone 
surface and incubated for 1 hr. The excess liquid was taken, followed by two rinses. The surface was then left 
to air-dry overnight in preparation for imaging. Images were collected with a scanning electron microscope FEI 
Quanta 200 ESEM.	

Results and Discussion
LBL capsules were created through a sequential process of introducing poly(allylamine hydrochloride) (PAH) and 
polystyrene sulfonate (PSS) to the calcium carbonate core. Due to the negative charge of carbonate in calcium 
calcium carbonate, the initial layer applied is PAH, which possesses a net positive charge. Following agitation on 
a shaker, centrifugation, and thorough washing to eliminate excess unbound PAH, the subsequent layer of PSS, 
featuring a net negative charge, is added to form a single bilayer. This bilayer addition process is iterated six times 
to achieve capsules with a (PAH/PSS)6 structure.
As depicted in Figure 1A, a solitary bilayer on the capsules exhibits a spherical form and is notably smaller 
in size. During real-time microscopic observation, the capsules display dynamic movement attributed to 
evenly distributed repelling charges on their surface. Notably, in contrast, as illustrated in Figure 1B, capsules 
with six completed bilayers assume irregular shapes and tend to aggregate in solution. This suggests that the 
introduction of PAH and PSS, coupled with the incorporation of magnetite, introduces a level of variability, 
resulting in outer surfaces with non-uniform charge distributions (Figure 1C). Consequently, based on our 
observations, there appears to be a limitation on the successful addition of bilayers to achieve a functional 
capsule. In our study, we opted for six bilayers.

Fig. 1. (A) Capsules after a single bilayer addition of PAH/PSS to the calcium carbonate core. 
(B) Completed capsules of six bilayers (PAH/PSS)4/(PAH/MNPs)5/(PAH/PSS), containing Fe3O4 in the 

fifth layer. Completed capsules appear to lose their perfectly spherical shape and clump together in high 
concentrations (Scale bar 20 µm). (C) Schematic image of LbL capsule assembly. 

C
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Utilizing a kit supplied by Flinn Scientific, magnetite was synthesized and stored at 4°C in an aqueous solution 
to prevent oxidation. In the production of capsules, magnetite replaced polystyrene sulfonate (PSS) in the fifth 
bilayer. A subsequent sixth bilayer, consisting of alternating PAH and PSS, was added to sandwich the magnetite 
between capsule layers. When observing a small droplet of the capsules on a microscope slide using an inverted 
microscope, with a permanent magnet positioned adjacent to the droplet, the capsules exhibited migration towards 
the magnet. This outcome confirmed the successful integration of magnetite nanoparticles into the capsule layers. 
Larger magnetite particles were discernible as black fragments, either dispersed among or situated on the periphery 
of the capsules.
Upon the completion of the capsules, removing the core is required for subsequent compound loading. Initially, the 
dissolution of the calcium carbonate core was attempted using hydrochloric acid (HCl) at an initial concentration 
of 0.1M, added incrementally in 100 µl portions to 1 ml of capsules in an aqueous solution. However, limited 
success was observed with concentrations up to 500 µl per ml of capsules in the solution. The challenge arose from 
the strong acidic nature of HCl, resulting in the destruction of many capsules, even at low concentrations (Figure 
2). Consequently, an alternative approach was imperative to overcome this limitation.

Fig. 2. Capsules with six bilayers containing MNPs in the fifth layer. (A) Capsules before the addition of HCl. 
(B) Capsules after the addition of 500 µl 0.1 M HCl. The image on the right shows the core has not been fully 

removed; however, a reduction in capsule numbers is observed (Scale bar 20 µm).

Ethylenediaminetetraacetic acid (EDTA) serves as a chelating agent with a notable affinity for calcium, and 
unlike HCl, it is less corrosive. To utilize EDTA for the removal of the calcium carbonate core, EDTA Disodium 
Salt Dihydrate from Fisher Scientific was dissolved in an aqueous solution at a concentration of 50 mg/ml. The 
removal process involved heating the crystals in a water bath at 50°C for one hour. Once all EDTA crystals were 
fully dissolved, capsules were introduced and subjected to incubation with EDTA. The results demonstrated a 
significantly improved reduction of the calcium carbonate core, as observed in Figure 3. 
To examine the effects of EDTA treatment, capsules were imaged with an SEM (Scanning Electron 
Microscopy) microscope, the FEI Quanta 200 ESEM. As shown in Figure 4, calcium carbonate forms square-
like crystals that are readily identifiable. In contrast, capsules treated with EDTA have irregular shapes as a 
result of calcium reduction.
MDA-MB-231 breast cancer cells were exposed to varying quantities of EDTA-treated capsules to evaluate 
the inherent toxicity of the capsules. The results of the MTT assay, presented in Figure 5, play a pivotal role in 
determining the optimal concentrations of capsules for delivering a potent cancer-killing compound, ensuring 
the capsules remain non-toxic. The depicted images in Figure 5 suggest that adding 20 µl of capsule suspension 
(containing 14,000 capsules) to 100 µl of cell culture suspension preserves 90% cell viability. Notably, reduced 
cell viability at higher concentrations could be attributed to factors such as the polymer nature (synthetic or 
biopolymers), competition for surface adhesion between cells and capsules, and the intracellular entry of capsules 
inside the cells.
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Fig. 3. (A) Capsules (PAH/PSS)4 /MNPs prepared on CaCO3 cores A. (B) Hollow capsules (PAH/PSS)4 /MNPs 
after removing the CaCO3 core with EDTA at a concentration of 50 mg/ml (Scale bar 20 µm).

Fig. 4. SEM image of (A) Capsules (PAH/PSS)6/MNPs prepared on CaCO3 cores; (B and C) Hollow capsules  
treated with EDTA. 
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Fig. 5. MTT assay plots the viability of different amounts of capsules vs. the viability of the cells.

The LIVE-DEAD of the control cells without capsules shows that most cells are alive having green fluorescence 
while only few cells are displaying red fluorescence indicating being dead. The capsules at optimal concertation 
were exposed to cells, and Live/dead cells were analyzed. At an optimal concentration, most cells were stained 
green indicating being alive and few dead cells were observed (Figure 6). 

Fig. 6. Fluorescence image of LIVE-DEAD cell assay of breast cancer cells. (Live cells convert calcein AM to 
green, fluorescent calcein, while dead cells are stained with red fluorescent ethidium homodimer-1.)  
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Conclusion 
In conclusion, this investigation was focused on evaluating the influence of drug carriers (PAH/PSS) MNP capsules 
on the viability of MDA-MB-231 breast cancer cells. Characterization of the capsules was conducted using SEM 
and bright-field microscopy, confirming successful synthesis as the capsules/MNPs demonstrated responsiveness 
to an external magnetic field. Utilizing the EDTA successfully removed the core with higher efficacy compared 
to HCl. Subsequent experimentation involved the introduction of various concentrations of capsules/MNPs to 
cells, with cell viability assessed through the tetrazolium-based MTT assay for quantitative measurements and 
the calcein-AM assay (Live-Dead) for real-time visualization of live and dead cells. The key finding indicated 
that the addition of 20 µl of capsule suspension (containing 14,000 capsules) to 100 µl of cell culture suspension 
preserved 90% cell viability. One of the limitations of LbL capsules is changes in pH, temperature, and mechanical 
forces encountered in vivo, which may affect the integrity and performance of the capsules, potentially leading 
to premature drug release, aggregation, or clearance from the body. The efficiency, yield, and size of layer-by-
layer capsules are influenced by factors such as the properties of the polyelectrolytes used, pH and ionic strength, 
and the characteristics of the colloidal template. Optimizing these factors allows for precise control over capsule 
formation, leading to tailored structures with desired properties for applications in drug delivery, sensing, and 
controlled release systems. This outcome suggests a viable concentration of capsules for delivering compounds 
to cancer cells without inducing toxicity to normal cells. In summary, the study underscores the potential of the 
synthesized capsules as effective drug carriers for targeted cancer therapy. 
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