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Abstract. The cytotoxicity of counterions-conjugated charged iron oxide nanoparticles (IONPs) was 
studied with lymphoblastoid Raji cells and was compared with peripheral blood lymphocytes. IONPs 
were coated either with tri-potassium citrate (TKC), or with cetylpyridinium chloride (CPC). TKC 
coated IONPs were negatively charged and K+ counterions conjugated nanoparticles, and CPC 
coated IONPs were positively charged Cl- counterions conjugated nanoparticles. The cells were 
incubated with IONPs at 37 °C for 24 h and the cytotoxicity was studied by measuring the cell 
viability using MTT and LDH assays. The cytotoxicity of IONPs was further assessed through DNA 
fragmentation assay. Morphology of Raji cells was also observed by TEM. We have used a modified 
membrane lysis model to understand the cell death via cell membrane lysis due to counterions 
diffusion upon binding of IONPs.  
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1   Introduction 

Research in nanomaterials opened up huge scope in various applications, especially in biomedical 
sciences [1–13]. Magnetic nanoparticles are ideal for accumulation in targeted tissues due to their host 
cell tropism, biophysical nature and low toxicity [14, 15]. Nanomaterials modulate biological reactions 
such as inflammation and cell toxicity [16, 17]. Iron oxide nanoparticles (IONPs) have been used in 
biomedical applications such as drug deliver and diagnosis. Interaction of surface modified IONPs with 
cell lines has been reported [18, 19]. Reduced cell viability has been reported as the most common toxic 
effect of IONPs in in vitro studies. IONPs coated with different substances have shown different cell 
viability [20–23]. It has been thought that IONPs produce excessive ROS in the cell which cause DNA 
damage and lipid peroxidation [24]. 

There is no universal detection mechanism of cancer cells [25, 26], but a common feature such as net 
membrane charge may be useful. Metabolically active cancer cells, whether in vitro or in vivo, are 
known to secrete a large amount of anionic lactates [27] due to increased glycolysis causing the cell 
membranes to be net negatively charged [28]. Normal cell membrane, on the other hand, maintains 
charge neutrality (or, weakly positive charge) at the surfaces. Thus, charge modified nanoparticles can 
be targeted to cancer cell membrane for various theranostics applications and positively charged 
nanoparticles were reported to be more effective than negatively charged [29–32]. Once charged 
nanoparticles are bound to a cell membrane, subsequent interaction may affect the viability of the cell. 
Determination of the cell viability of cultured cells is essential prior to any cell based study such as 
cytotoxicity of chemicals. Cytotoxicity assays, such as MTT and LDH, are used to determine the cell 
viability in a culture after treating with chemical or pharmaceutical substance. Tetrazolium-based MTT 
assay used to determine cell viability whereas lactate dehydrogenase (LDH) assay is used for cell 
membrane integrity [24]. Shah et al. [33] studied the cell viability of HeLa cells after incubation with 
anticancer drug loaded and thermally responsive polymer coated superparamagnetic MnFe2O4 
nanoparticles using MTT method and showed a huge reduction of cell viability upon release of the drug 
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at 41 °C. Using combined hyperthermia and drug therapy they proposed that composite nanoparticles 
would be effective agents of cancer therapy. 

Earlier we reported irreversible unfolding of hen egg white lysozyme after incubation with oppositely 
charged counterions-conjugated IONPs. Electrostatic binding of proteins causes counterions to release 
from the charged coating of nanoparticles and diffuse into interior of bound proteins, disrupt their 
hydrophobic core and hydrogen bonds to unfold [34]. This model of unfolding of proteins was named the 
reverse charge parity counterions (RCPC) model [35] and has been observed to work successfully for 
different proteins [36, 37]. This model thus describes the selective toxicity of counterions-conjugated 
charged IONPs to proteins. It has also been reported that the increasing ionic radii of counterions such 
as Li+ < Na+ < K+ in the coating of IONPs caused decreasing amount of unfolding of bound proteins 
[38]. Protein is a single molecular system which is an integral part of cell membrane. The cell membrane 
also contains bilayer of lipid molecules which are also composed of hydrophobic components and 
hydrogen bonds, like proteins. Therefore, in the present investigation, we chose to study the selectivity 
in toxicity of counterions-conjugated charged IONPs with cells as a higher order system, and 
lymphoblastoid Raji cells (cancerous) and peripheral blood lymphocytes (normal cells) were used for 
that purpose. The cells were incubated with IONPs at 37 °C for 24 h and the cytotoxicity was studied 
by measuring the cell viability using MTT and LDH assays [24]. To our best knowledge this was not 
reported earlier. 

2   Materials and Methods 

2.1  Materials 

FeCl3.6H2O and FeCl2.4H2O (both 98% pure) were purchased from Burgoyne Burbidges & Co (India); 
NH4OH (30%) was purchased from Merck, India. Tri-potassium citrate (TKC, 98.5%) was purchased 
from S. D. Fine Chem. Ltd. (India) and cetylpyridinium chloride (CPC, 98%) was purchased from 
Sigma-Aldrich. TKC is an anionic citrate molecule (C6H5O7

−3) conjugated with 3 K+ ions, and CPC is a 
cationic cetylpyridinium molecule (C21H38N−1) conjugated with 1 Cl− ion. All chemicals were used 
without further purification. Roswell park memorial institute (RPMI) medium, 10X Antibiotic solution, 
fetal bovine serum (FBS), 3−(4,5−dimethylthiazol−2−yl)−2,5− diphenyltetrazolium bromide (MTT), 
dimethyl sulfoxide (DMSO) and in-vitro toxicology assay kit: Lactic dehydrogenase (LDH) based were 
purchased from Sigma-Aldrich. Raji Cell line (Burkitt’s lymphoma; B lymphocyte cell line) was 
procured from the National Centre for Cell Sciences, Pune. Suspension culture was maintained in RPMI 
medium supplemented with 10%FBS at 37° C, in humidified atmosphere containing 5% CO2.  

2.2  Preparation of Charged IONPs 

Iron oxide nanoparticles (IONPs) were synthesized by chemical co-precipitation method under alkaline 
condition using the recipes reported earlier [34]. The black precipitate in reaction beaker was separated 
out using a strong magnet underneath and the supernatant was discarded. The black precipitate was 
washed several times by milli−Q water until the dispersion showed neutral pH. Finally, after discarding 
the supernatant the precipitate was washed by acetone and kept for drying at room temperature.  

For surface functionalization, 1.0 mg of dried IONPs was added in each freshly prepared solution of 
TKC or CPC in milli−Q water, each at a concentration of 1.0 mg/1.0mL, and was put in ultrasonic 
vibration for 2 h. In this process, we obtained black precipitate in each vial which was washed 2–3 times 
by milli−Q water (using a magnet underneath) to remove uncoated molecules of TKC or CPC from the 
IONPs dispersions [34]. The final dispersions were prepared by adding 1.0mL of milli−Q water in each 
vial containing either TKC coated IONPs or CPC coated IONPs to make concentration of each 
dispersion as 0.1 wt.%, w/v. The TKC and CPC coated IONPs were named IONP1 and IONP2, 
respectively.  

2.3  Culture and Passaging of Raji Cells  

Cell culture was carried out inside a clean room facility (Class 10,000) under laminar flow hoods (Class 
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100). Raji cells were cultured in RPMI-1640 medium with 10% FBS. Confluent cells were used for 
carrying out assays.  

2.4  Isolation of Lymphocytes from Whole Blood  

Human peripheral blood was diluted with RPMI-1640 medium (1:1) and carefully layered on Histopaque 
solution. Different layers were separated upon density gradient based centrifugation (using REMI, India) 
machine at 1500 rpm (RCF~650×g) for 30 min at 20°C and the lymphocytes layers were collected in 
15mL sterile tube, washed at least 3 times by RPMI-1640 medium and used for experiments. 

2.5  Characterization Charged IONPs 

Size and zeta potential of charged IONPs in dispersions were measured at 25 °C using dynamic light 
scattering (DLS) (Zetasizer Nano ZS, Malvern, UK) technique with at least 3 runs for each sample 
obtain average final values and maximum error bars. The size of IONPs was also measured using a 
Libra 120 Plus transmission electron microscope (TEM, Carl Zeiss, Germany) operated at 120 kV. A 
drop of IONPs dispersion from each vial was put on carbon coated copper grids of 200 square meshes 
and left for drying at room temperature. At least 6 images were taken from different parts of both 
samples. The size distribution of IONPs was obtained using the Digital Micrograph software (Gatan Inc., 
USA) by counting 200−250 nanoparticles from different images for both the samples. The coating of 
IONPs was also examined using FTIR technique, as reported earlier [34]. 

2.6  Cytotoxicity Assays 

For cytotoxicity assays, Raji cells (~0.5−1×104 cells/200µL) were plated in round bottom 96 well plate, 
0.05, 0.1, 0.5 and 1.0µL of 0.01 wt.% dispersions of IONP1 and IONP2 were added to cells in triplicates 
and incubated at 37◦C for 24 h. Then the plate was centrifuged at 450×g (RCF) for 5 min in order to 
remove free nanoparticles from dispersions. The supernatant was examined by DLS and nanoparticles 
were detected. Precipitated cells were fed with fresh culture medium. Following the identical protocol 
blood lymphocytes were also incubated with IONP1 and IONP2, washed and redispersed in culture 
medium. The cell viability was investigated spectroscopically after carrying out MTT and LDH assays. 
Wells with only culture medium were used for background correction and cells without nanoparticles 
treatment as controls. 

MTT is a colorimetric assay that spectroscopically measures the reduction of yellow MTT by 
mitochondrial succinate dehydrogenase to an insoluble, dark purple formazan which can occur only in 
metabolically active cells, i.e., MTT activity is a direct measure of cell viability. The formazan product 
is analyzed spectrophotometrically at 570 nm after dissolution in DMSO [39]. We added 50µL of MTT 
solution (5 mg/mL) in each well containing either control or interacted cells in culture medium and 
incubated for 4 h in dark at 37°C. Afterward, the plate was centrifuged at 450×g for 5 min to 
precipitate cells and the supernatant containing the medium was discarded. Subsequently, 200µL of 
DMSO was added followed by an addition of 25µL glycine buffer. The final dispersions of control (C.C.) 
and interacted cells (I.C.) were examined spectroscopically and the cell viability estimated using the 
following formulation: 
 Cell viability (%) = �Absorbance of I. C. or C. C.

Absorbance of C. C.� � × 100 (1) 
LDH, a soluble cytosolic enzyme, is released into culture medium when cells die via membrane 

fragmentation which is measured spectrophotometrically at 490 nm [40] and is proportional to the 
number of dead cells. We added 100µL of LDH assay mixture to each well containing either control 
(C.C.) or interacted cells (I.C.) in culture medium and the plate was covered with aluminium foil for 
incubation at room temperature for 20−30 min. Reaction was terminated by adding 15µL of 1.0N HCl 
to each well. Afterwards absorbance was measured at 490 nm and values were subtracted by absorbance 
at 690 nm. The corresponding cell viability (%) was estimated as (Absorbance of C.C./Absorbance of 
I.C. or C.C.)×100. Both assays were repeated for at least 3 times with freshly thawed cells to check the 
reproducibility of results. 
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2.7  DNA Comet Assay 

For detection of DNA strand breaks in interacted cells, the alkaline comet assay (i.e., single-cell gel 
electrophoresis or SCGE) was performed [41]. Approximately 5×104 cells/well were incubated with 
1.0μ L dispersions (0.01 wt.%) of IONP1 and IONP2 following the procedure mentioned above. Cells 
were centrifuged and pellets were mixed with 1.0mL of 0.8% low melting agarose solution at 37°C 
making uniform layer on pre-chilled frosted slides. Two slides were made for each sample. Cell lysis was 
carried out overnight at 4°C in lysis solution (2.5M NaCl, 100mM Na2−EDTA, 1%Triton X-100 and 
10%DMSO, pH 13), slides were then washed with alkaline buffer and placed on a horizontal 
electrophoresis apparatus in alkaline buffer (300mM NaOH, 1.0mM Na2−EDTA, pH 13) at room 
temperature for 20 min to allow DNA unwind and expression of alkali labile sites. Electrophoresis was 
carried out in the same buffer at 0.6 V/cm, 300mA for 30 min. Afterward slides were kept in 
neutralizing solution (0.4M Tris, pH 7.5) for 5 min to remove alkali and detergents. Staining was done 
using 1xSYBR green II dye and observed under a fluorescence microscope (Axioplane, Carl Zeiss, 
Germany) at 40X magnification. At random, 60 images per slide having IONP1 and IONP2 incubated 
Raji cells along with negative control were captured and evaluated using digital imaging software 
‘CASP’. Different parameters such as tail length (TL), and %DNA in tail (%DNA-T) were used for 
presenting DNA damage [41]. All data were expressed as mean ± SE. Statistical analysis of data was 
carried out by one-way ANOVA using the Turkey–Kramer test. The differences were considered 
significant at P < 0.05. 

2.8  Morphological Study of Raji Cells: TEM 

Samples were prepared following a protocol described by Schrand et al. [42], using a step-by-step 
method for the mass-basis dosing of cultured Raji cells with IONPs, and the process of fixing, 
dehydrating, resin embedding, ultra microtome sectioning and subsequently visualizing the cell 
morphology by TEM. Samples were prepared for both control and, IONP1 and IONP2 incubated cells. 
For 24 h incubation at 37°C, NP-dispersion and cells were taken in the ratio of 1µL:106 (vol/number). 
After incubation, IONPs were removed from growth medium by pelletizing the cells via centrifugation 
at 450×g for 5 min., and washed 3 times using phosphate buffered saline (PBS). Cells were fixed in 2.5% 
glutaraldehyde/formaldehyde in PBS at room temperature for 2 h, washed 3 times with PBS. Following 
a post fixation with 1% osmium tetra oxide for 1 h and washing, the cells were immobilized in 1% low 
melting agar for further processing. Cells (in agar blocks) were dehydrated with graded series of ethanol 
(30, 60, 75, 90, and 100%) for 15 min each. After removal of ethanol by treatment with propylene oxide, 
blocks were subsequently infiltrated with Spurr’s resin and propylene oxide in ratios of 1:3, 1:1, and 3:1 
(v/v) for 2 h. Samples were then infiltrated with Spurr’s resin for 16 h and embedded by incubation at 
60° C for 72 h. Resin blocks with embedded cells were then cut into ~70µm thin sections using an 
ultramicrotome Leica EMUC7 (Leica, Germany) and placed on 200-mesh Formvar-coated copper grids 
for TEM. 

3   Results 

3.1  Size of IONPs: TEM and DLS 

TEM image of IONP1 (Fig. 1(A)) indicated that the size distribution of nanoparticles was nearly 
uniform except few bigger agglomerations which have been removed by centrifugation. The histogram of 
uniform size distribution (inset) showed the mean around 7–8 nm. IONP2 also had similar image (not 
shown here). The size distribution measured by DLS for IONP1 (Fig. 1(B)) and for IONP2 (Fig. 1(C)) 
with mean diameter around 15 and 22 nm respectively, indicated agglomeration (due to weak van der 
Waals attraction) of 2–3 IONPs in aqueous medium [34].  

3.2  Study of Surface Charge: ζ -potential 

The surface charge of IONPs was examined via zeta ( ζ ) potential measurements (Fig. 2) which 
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indicated that IONP1 (−40 mV) had negative coating due to TKC and IONP2 (+30 mV) had positive 
coating due to CPC. High values of ζ -potential implied that both IONPs were quite stable against 
bigger agglomeration. The specific surface coating of both IONPs was also confirmed by FTIR (not 
shown).  

The ζ -potential of Raji cell (in RPMI-1640 medium) was measured to be around −15 mV (Fig. 2) 
indicating that the cell membrane was rich with positive charge [27, 28]. 

 
Figure 1. (A) TEM image of IONP1 and the histogram of size distribution (insets); size distribution of (B) IONP1 
and (C) IONP2 measured by DLS. 

 

Figure 2. ζ - potential of IONP1, IONP2 and the Raji cell. 

3.3  Cytotoxicity: Raji Cells and Blood Lymphocytes 

Cytotoxicity of counterions-conjugated charged IONPs was investigated via cell viability study. The bar 
plots in Fig. 3 represented the cell viability (%) of Raji cells, measured using MTT and LDH assays, at 
different dispersion volumes (i.e., IONPs concentrations) of IONP1 ((A) and (B)) and IONP2 ((C) and 
(D)). The error bars represented variations in the cell viability estimated from 3 set of measurements. 
Both assays provided fairly consistent results. Clearly, IONP1 had no systematic toxicity to Raji cells 
which may be due to repulsion of IONP1 by the cell membrane, as implied by the ζ -potential data (Fig. 
2). In contrast, IONP2 had systematic toxicity to the Raji cells which may be due to electrostatic 
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binding of IONPs with cell membrane [43], as supported by the ζ -potential data (Fig. 2). Optical 
images of Raji cells in control and those incubated with 1.0µL 0.01wt.% IONP1 and IONP2, shown by 
the color plates at the side of Fig. 3, have also supported the assay results. 

 
Figure 3. Cell viability (%) of Raji cells, after incubation with IONP1: (A) MTT assay and (B) LDH assay, and 
with IONP2: (C) MTT assay and (D) LDH assay. Side coloured plates show optical images of Raji cells in control 
(top), and incubated with 1.0 µL 0.01 wt.% dispersions of IONP1 (middle) and IONP2 (bottom). 

 

Figure 4. Cell viability (%) of blood lymphocytes, after incubation with IONP1: (A) MTT assay and (B) LDH 
assay, and with IONP2: (C) MTT assay and (D) LDH assay. 

The cell viability of peripheral blood lymphocytes measured using MTT and LDH assays (Fig. 4) 
showed no or very low toxicity of counterions conjugated charged IONPs. That implied a differential 
toxicity of counterions-conjugated charged IONPs for lymphoblastoid Raji cells (cancerous) and 
peripheral blood lymphocytes (normal cells). We have also not observed toxicity of TKC coated IONPs 
to Raji cells. Thus, our observation did not support the thought of producing ROS stress in living cells 
and cell damage by IONPs reported earlier [24]. Differential toxicity of IONPs to Raji cancer cells and 
blood lymphocytes was further supported by DNA comet assay study. 
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3.4  DNA Comet Assay: Raji Cells and Blood Lymphocytes  

DNA comet assay or single cell gel electrophoresis (SCGE) has been employed in an increasing number 
of studies directed toward genotoxic effects of environmental chemicals, radiation etc stress on human 
blood cells, fibroblasts and different cancer cell lines. We used this method in order to investigate 
association of nuclear damage with cell death after incubation with IONP1 and IONP2 at a fixed dose 
(1.0 µL). Figure 5 (top plate) shows the images of single Raji cells for (A) control, and those incubated 
with (B) IONP1 and (C) IONP2; and (D−F) show the software generated images of corresponding cells. 
Image of the control cell showed intact DNA, with small tail formation, whereas those incubated with 
IONPs showed significant DNA strand breaks with longer tail length (TL and %DNA-T in Table 1). 
Cells incubated with IONP2 showed higher DNA damage and was in agreement with the cytotoxicity 
assay results. 

 
Figure 5. SCGE images of Raji cells (top plate) for (A) control, and incubated with (B) IONP1 and (C) IONP2. 
Software generated images of corresponding cells are shown in (D), (E) and (F), respectively. SCGE images of 
peripheral blood lymphocytes (bottom plate) for (A) control, and incubated with (B) IONP1 and (C) IONP2. (D–F) 
show software generated images of corresponding cells. 

Table 1. Statistical parameters (%DNA-T and TL) evaluated from SCGE assays for Raji cells in control and 
IONPs incubated dispersions. 

Raji cells %DNA-T TL (μm) 
Control 9.68 (±0.47) 63.49 (±2.56) 

IONP1 incubated 21.38 (±1.07)* 71.12 (±3.51)* 
IONP2 incubated 26.07 (±1.93)* 87.92 (±5.03)* 
*values significantly higher than those of the control. 

Figure 5 (bottom plate) shows the SCGE images of the blood lymphocytes for (A) control and those 
incubated with (B) IONP1 and (C) IONP2, and the corresponding software generated images are shown 
in (D−F). As observed DNA damage was nominal in lymphocytes after incubation with IONPs with 
small tail formation (Table 2). 

Table 2. Statistical parameters (%DNA-T and TL) evaluated from SCGE assays for peripheral blood lymphocytes 
in control and IONPs incubated dispersions. 

Lymphocytes %DNA-T TL (μm) 
Control 5.17 (± 0.88) 26.85 (±6.09) 

IONP1 incubated 6.33 (±1.69) 33.85 (±4.54) 
IONP2 incubated 8.02 (±0.60) 38.92(±4.67) 
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3.5  Morphology of Raji Cells: TEM Study 

The morphology of Raji cells before (C.C.) and after (I.C.) incubated with counterions-conjugated 
charged IONPs was examined by TEM. Figure 6 shows images of Raji cells for (A) control, and 
incubated with (B) IONP1 and (C) IONP2. Cells of 10–15µm with organelles like nucleus and 
mitochondria could be observed in all samples. Other organelles could not be observed, probably because 
sections were not contrasted with electron dense stains like uranyl acetate. Staining was avoided with 
the intent to observe nanoparticles, if any, in such cases and avoid false positives. The morphology of 
cells in control and those incubated with IONP1 appeared undistorted and dense, whereas those 
incubated with IONP2 appeared distorted and translucent. Enlarged images of distorted cells showed 
fragmented morphology (Figs. 6(D) and (E)). The fragmentation of the cell was probably occurred due 
to leakage of cell interior through fragmented cell membrane. Few localized nanoparticles (encircled by 
dotted line) were also observed in IONP2 incubated cells (Fig. 6(F)). Thus, the decay of the cell 
viability of Raji cells after incubation with IONP2 (Figs. 3(C) and (D)) was due to cell death via cell 
fragmentation. We used a modified cell membrane fragmentation model to understand the role of 
counterions in cell fragmentation. 

 
Figure 6. TEM images of Raji cells (A) before (control), and after incubation with (B) IONP1 and (C) IONP2. 
IONP2 incubated cell image was further magnified (D–E) to show fragmented morphology of the interacted Raji 
cells which also showed entrapped IONP encircled by red dashed circle in (F). 

4   Discussion 

Membrane rupture causes cell death as observed in mammalian cells [44–46]. Shillcock and Boal [47] 
developed a theoretical model on entropy driven rupture of a 2D cell membrane via formation of a 
circular hole. The model parameters were considered to be the membrane stress (σ ) and the edge 
tension (λ ) along the boundary of the hole, and the free energy barrier of the formation of hole was 
given by, 
 ∆𝐹 = 𝐹0 − 𝐹 = −𝜎𝐴 + 𝜆𝑏𝑛 − 𝑘B𝑇𝐶𝑛 (2) 
where 𝐹0 and F are membrane free energy before and after forming the hole. A (= 𝜋𝑅2) is area of the 
membrane involving the hole of radius R, b is a constant length and n such length formed the boundary 
of the hole, C is a constant and kB is the Boltzmann constant. Values of the parameters used: σ  = 
6×10−3 J.m−2 and λ  = 1–4×10−11 J.m−1 [47].  

Based on our experimental results, it was evident that only CPC coated IONPs were toxic to Raji 
cancer cells which could be realized using the RCPC model [35]: (i) electrostatic binding of CPC-IONPs 
with negative components of the cell membrane and (ii) subsequent release of counterions (Cl−) and 
unfolding of proteins or lipids in the membrane which caused fragmentation and cell death (Figs. 3(C) 
and (D)). The fragmentation of the cell membrane may be understood using the hole formation model 
explained above. In our case, the entropy (S) per unit area of the membrane was considered to be a 
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function of counterion distribution (c), as 𝑆 = 𝑘Bln 𝑐. A rough estimation of the number of counterions 
per IONPs was carried out using the methods reported earlier [34]. Considering the number of cells in 
1.0mL of culture medium and number of IONPs in the added volume of nanoparticles for incubation an 
approximate number of IONPs, and in turn, approximate number (co) of counterions per Raji cell was 
calculated. The counterion distribution (c) in the cell membrane was reported to be Boltzmann type, 
𝑐 = 𝑐𝑜exp (−𝑍𝑒∅

𝑘B𝑇
) [48] where Z stands for valency of ion of charge e (=1.6×10−19 coulomb), and ∅ 

represents membrane potential. Here, 𝑍𝑒∅ represents electrical energy of single ion of valency Z. For n 
ions, entropy was taken as 𝑆 = 𝑛𝑘B ln(𝑐 𝑐0⁄ ) = −𝑛𝑍𝑒∅ 𝑇⁄ . In our calculation, the free energy barrier of 
the formation of hole of radius R was written as, 
 ∆𝐹 = − 𝜋𝑅2(𝜎 + 𝑇𝑆) + 2𝜋𝑅𝜆 (3) 
Substituting S, the free energy expression became 
 ∆𝐹 = − 𝜋𝑅2(𝜎 − 𝑛𝑍𝑒∅) + 2𝜋𝑅𝜆 (4) 
Eq. 4 was independent of temperature (T) and can be justified as the assays for control (C.C.) and 
interacted (I.C.) cells were carried out at same temperature (25 ± 0.1°C) and its relative effect in I.C. 
could be disregarded. For Cl− counterions Z = 1, the membrane potential was taken as −50 mV [49], 
and 𝜎 and 𝜆 values were taken as above. The free energy of hole formation (∆𝐹) was calculated for 
different values of n (indicating to different volumes of IONPs, i.e. 0, 0.05, 0.1, 0.5 and 1.0 µL used in 
MTT/LDH assays) which as a function of R (not shown) showed an energy barrier of the formation of 
hole. The barrier height was observed to decrease with increasing n favoring the formation of bigger hole 
in the membrane. The %ratio of ∆𝐹’s obtained for I.C. to C.C. was considered as the cell viability (%) 
and was compared with the experimental values in Fig. 7. Though there were differences in values but 
the trend of the calculated and the experimental cell viability as a function of IONP dispersion volume 
showed good agreement. Therefore, we may infer that the cell death observed from cytotoxicity assays 
and the cell fragmentation observed through TEM were coupled through membrane lysis due to 
intercalation of counterions upon binding of IONP2. In this regard, it is worth mentioning that there is 
no report on cell membrane lysis by CPC, though it has antibacterial activity [50].  

 
Figure 7. Cell viability (%), versus ion number, plots of Raji cells obtained from experiments ( - -○ ) and 
theoretical calculation (-). The experimental points were obtained by averaging the cell viability (%) derived from 
MTT and LDH assays at each concentration of IONPs. The ion number was calculated from the number of 
nanoparticles per cell at each concentration as mentioned in the text. 

It is also to be noted that upon targeting the cell membrane (either by non-specific electrostatic 
binding [28] or by specific ligand-receptor binding) nanoparticles get internalized into cell via 
endocytosis mechanism [51], but there is no report so far on cell membrane lysis. Cancer cell membranes 
are characteristically different from normal cell membranes in many ways such as decrease in 
unsaturated and increase in saturated fatty acid contents which increases membrane fluidity [52], 
reducing membrane immunoglobulin (Ig) capping [53], changes in expression and functions of cell-
adhesion molecules [54], carbohydrates alteration [28] and also over expression of negative charge [27]. 
As a result, strong electrostatic interaction takes place between the cancer cell membrane and foreign 
charged bodies like nanoparticles. This investigation suggested that the cytotoxicity of IONPs can be 
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controlled and may be used for killing of cancer cells without affected much to the normal cells. Further 
investigations with different types of cancer cells may confirm these results and establish the therapeutic 
application of charged IONPs for cancer treatment.  

5   Conclusion 

We studied cytotoxicity of counterions-conjugated charged iron oxide nanoparticles (IONPs) to 
lymphoblastoid Raji cells and peripheral blood lymphocytes via MTT and LDH. It was observed that 
the positively charged IONPs with cetylpyridinium chloride (CPC) coating were significantly toxic to 
Raji cells in contrast to very low or no toxicity of tri-potassium citrate (TKC) coated negatively charged 
IONPs. Moreover, none of the IONPs showed systematic toxicity to peripheral blood lymphocytes. The 
differential observation between the cancer and normal cells was understood in terms of differences in 
their membrane charge. DNA comet assay also supported the observations made from the cytotoxicity 
assays. TEM study showed fragmentation of Raji cells affected by the incubation with CPC coated 
IONPs. The cell death and fragmented morphology of the cells have been explained using a modified cell 
membrane fragmentation model. This investigation suggested that the cytotoxicity of IONPs could be 
selective depending on the ions and charge on nanoparticles and may be used for killing of cancer cells 
without affecting much of surrounding normal cells. Further investigations with different cancer cells 
may confirm these results and establish the therapeutic application of charged IONPs for cancer 
treatment. 
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