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Abstract: The cross-talk between the EGFR (Epidermal Growth Factor Receptor) and MET (Hep-
atocyte Growth Factor Receptor) poses a significant challenge in the field of molecular signaling.
Their intricate interplay leads to dysregulation and contributes to cancer progression and therapeutic
resistance. β-Sitosterol (BS), a plant sterol with promising anticancer properties, shows increased re-
search on its potential as a chemopreventive agent. However, significant modifications are required to
deliver BS in cancer cells due to its lower efficacy. The present work aims to design a carrier-mediated
delivery system specifically targeting cancer cells with EGFR and MET receptor cross-talk. Sur-
face modification of BS was performed with superparamagnetic iron oxide nanoparticles (SPIONs),
polyethylene glycol (PEG), and poly(N-isopropylacrylamide) (PNIPAM) to enhance the delivery of
BS at the target site. BS was conjugated with SPIONs (BS-S), PNIPAM (BS-SP), PEG, and PNIPAM
(BS-SPP) polymers, respectively, and the conjugated complexes were characterized. Results showed
an increase in size, stability, and monodispersity in the following order, BS-S, BS-SP, and BS-SPP.
The drug encapsulation efficiency was observed to be highest in BS-SPP (82.5%), compared to BS-S
(61%) and BS-SP (74.9%). Sustained drug release was achieved in both BS-SP (82.6%) and BS-SPP
(83%). The IC 50 value of BS, BS-S, BS-SP, and BS-SPP towards MCF 7 was 242 µg/mL,197 µg/mL,
168 µg/mL, and 149 µg/mL, HEPG2 was 274 µg/mL, 261 µg/mL, 233 µg/mL and 207 µg/mL and
NCIH 460 was 191 µg/mL, 185 µg/mL, 175 and 164 µg/mL, indicating highest inhibition towards
NCIH 460 cells. Our results conclude that β-sitosterol conjugated with SPION, PEG, and PNIPAM
could be a potential targeted therapy in inhibiting EGFR and MET receptor-expressing cancer cells.

Keywords: β-sitosterol; EGFR; MET; SPIONs; PEG; PNIPAM; drug adsorption; drug release; cancer

1. Introduction

β-Sitosterol (BS) is a prominent phytosterol that is found abundantly in plants and
vegetables. It possesses remarkable bioactivity, including notable anti-inflammatory, an-
tibacterial, and antifungal properties [1]. BS is a natural nutritional supplement that has
been extensively studied and proven safe, offering numerous health benefits. It effectively
regulates pain levels and inflammation by modulating the production of inflammatory
cytokines, thereby assisting in the management of allergies and prostate enlargement. Fur-
thermore, BS exhibits potent anticancer activities by enhancing natural killer cell activity
and promoting the production of immune cytokines, effectively inhibiting tumor metas-
tasis [2]. It also triggers apoptosis in leukemia cells through various cellular mechanisms.
By affecting multiple cell signaling pathways, this bioactive phytosterol induces apoptosis
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and inhibits cancer cell proliferation, invasion, survival, and angiogenesis [2–4]. BS shows
promising anticancer effects in colorectal cancer by inhibiting the EGFR/AKT signaling
pathway [5]. In our previous work, we found that BS had a strong binding affinity towards
both EGFR and MET receptors [6]. BS is naturally a hydrophobic molecule with a chemical
structure similar to cholesterol. Due to its higher hydrophobicity and low water solubility,
the efficacy of BS remains lower. This limits the effectiveness of BS in drug delivery and
other applications. Despite its significant advantages, BS is often considered an “orphan
phytosterol” [1], indicating its underutilized potential in various fields.

The bioactivity of BS can be improved by conjugating it with carrier molecules. SPI-
ONs, which are superparamagnetic iron oxide nanoparticles, are utilized as carriers for
targeted drug delivery in various therapeutic applications. These nanoparticles possess
biocompatibility, and the residual iron content is metabolically utilized by the human body.
SPIONs accumulate in the kidney for a short period of time and are excreted. Another
possible way of excretion of SPIONs is by exocytosis [7,8]. Due to their excellent physic-
ochemical properties [5], SPIONs have gained significant recognition among scientists,
particularly in the field of cancer therapeutics and in the treatment of diverse diseases. The
high surface-to-volume ratio of SPIONs allows for efficient drug loading and transportation.
Decreasing the particle size to less than 100 nm increases bioavailability and leverages the
enhanced permeability and retention (EPR) effect [9,10]. Moreover, SPIONs facilitate the
accumulation of drugs at the desired target site.

SPIONs possess distinctive physicochemical characteristics that make SPIONs highly
suitable for various applications, especially in drug delivery systems. Some of their key
advantages include controllable surface charge, stable colloidal properties, inherent mag-
netic behavior, biodegradability, and biocompatibility. Moreover, SPIONs maintain their
structural integrity during transportation and delivery, ensuring the drugs they carry
remain intact until reaching the target site [11]. Unlike liposomal and lipid-based nanopar-
ticles (LNPs), SPIONs are stable for longer periods and can stay at the target location
for an extended period, allowing for sustained drug release [12] while also being effi-
ciently removed from the body later on. Since SPIONs are typically hydrophobic in their
pure form, hydrophilic coatings on SPIONs with polymers allow them to become more
water-soluble or form stable colloidal suspensions in aqueous solutions. These surface
modifications also help prevent agglomeration and enhance the stability of SPIONs in
physiological environments.

However, common issues observed with SPIONs are instability, agglomeration, and
rapid drug release. RES uptake is a common problem, causing entrapment in the liver or
lungs and increasing nanoparticle toxicity. To address these challenges, surface coating
of SPIONs is necessary. Biodegradable polymers such as polyethylene glycol (PEG) and
poly(n-isopropylacrylamide) (PNIPAM) are commonly used for stabilizing SPIONs in drug
delivery applications [10,13]. PEG reduces RES uptake and prevents agglomeration [14],
while PNIPAM is a thermo-responsive polymer that undergoes a phase transition at body
temperature [15]. These polymers have been successfully integrated with SPIONs to create
composite hydrogels for drug delivery. Hence, we explored the use of these hydrophilic,
biodegradable polymers in achieving sustained drug release and controlled temperature
conditions for efficient drug delivery.

In the current investigation, we focus on enhancing the drug delivery efficiency of BS,
a compound exhibiting high affinity towards both EGFR and MET receptors and known
to inhibit cross-talk between these receptors in non-small cell lung cancer (NSCLC). To
achieve this objective, we employed the conjugation of BS with SPIONs. Further, to improve
their efficiency, SPIONs and BS were conjugated with PEG-PNIPAM polymers. We aim to
augment the therapeutic potential of BS by enabling precise localization of the compound,
potentially leading to improved treatment outcomes while minimizing adverse effects on
non-target tissues.
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2. Materials and Methods
2.1. Chemicals, Reagents, and Cell Lines

Fetal bovine serum was obtained from Sigma Aldrich. All the solvents, chemicals, and
reagents were purchased from Hi Media laboratories (Mumbai). Cancer cell lines viz., MCF
7 (human breast cancer), HEP G2 (liver cancer), NCIH 460 (non-small cell lung cancer), and
non-cancerous human kidney cell line, HEK293 were procured from the National Centre
for Cell Sciences (NCCS), Pune.

2.2. Synthesis of β-Sitosterol Conjugated SPIONS

In our previous study, [6] we explained the synthesis of SPIONs by the co-precipitation
method. Specifically, we employed the co-precipitation of 0.1 M FeCl3 and FeSO4 salts.
For the preparation of BS-conjugated SPIONs, we modified the co-precipitation method
originally described by Silva et al. in 2013 [16]. Initially, 100 mg of dried SPIONs was
dispersed in 50 mL of ethanol and sonicated for 20 min to achieve uniform dispersion.
Subsequently, a solution containing 50 mg of BS dissolved in a mixture of 50 mL ethanol
and chloroform in a 2:3 ratio was added slowly to the SPION dispersion while maintaining
constant stirring at 400 rpm on a magnetic stir plate. The resulting mixture was stirred at
400 rpm for 24 h at room temperature to develop uniform BS-conjugated SPIONs (referred
to as BS-S). After 24 h, the solvent was evaporated at room temperature to obtain the
BS-SPIONs conjugated complex.

2.3. Preparation of BS Conjugated SPIONs- PNIPAM (BS-SP) Polymeric Complex

SPIONs were conjugated with PNIPAM-NH2 terminated polymer with slight mod-
ifications [17]. Then, 0.25 g of the dried SPIONs was dispersed in 10 mL of ethanol and
sonicated for 2 h to achieve a well-dispersed solution. Subsequently, an equal amount of
PNIPAM-NH2 (0.25 g in 10 mL ethanol) was added to the SPIONs, stirred at 800 rpm at
28 ◦C for 12 h. This step facilitates the conjugation of the amino groups with the SPION’s
surface [17]. The resulting polymeric-coated SPIONs (SP) were washed three times with
ethanol and dried to remove any unreacted polymers and impurities.

The subsequent conjugation of β-sitosterol’s carboxylic acid group with the amine ter-
minus of PNIPAM-SPIONs employed an EDS/NHS coupling mechanism. In brief, 1.18 g of
1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) and 0.68 g of N-hydroxysuccinimide
(NHS) were dissolved in 50 mL of ethanol. The entire content was mixed with β-sitosterol
(0.5 g) and SPIONs conjugated PNIPAM (0.5 g). The reaction was carried out with mag-
netic stirring for 12 h at 28 ◦C. The reaction mixture was washed thrice with ethanol to
remove unreacted materials [18]. The entire content was dried at room temperature to get
BS-conjugated SPIONs-PNIPAM (BS-SP).

2.4. Preparation of BS Conjugated SPIONs-PEG- PNIPAM (BS-SPP)

In order to conjugate the carboxylic acid group of BS with the amine terminus of
PNIPAM, an EDS/NHS coupling mechanism was employed (as described above). In brief,
1.18 g of EDC and 0.68 g of NHS were dissolved in 50 mL of ethanol. Subsequently, equal
amounts of BS and PNIPAM were added to the solution. The reaction was carried out under
magnetic stirring for 12 h at 28 ◦C. To remove unreacted polymers and impurities, the
reaction mixture was washed three times with ethanol and dried, resulting in the formation
of BS-conjugated PNIPAM (BS-PNIPAM). Simultaneously, the SPIONs were combined
with an equal amount of PEG (polyethylene glycol) and subjected to 12 h of stirring. The
resulting SPIONs conjugated with PEG (SP-P) were washed to eliminate any unreacted
polymers and dried [18]. Finally, the SP-P was mixed with the BS-PNIPAM complex in a
1:1 ratio and stirred for 12 h. The resulting mixture was washed five times with ethanol
and dried, yielding BS-conjugated SPIONs-PEG-PNIPAM (BS-SPP). The obtained BS-SPP
are stably redispersed in ethanol.
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2.5. Characterization of SPIONs, BS-S, BS-SP, BS-SPP

The morphological characteristics of SPIONs, BS-S, BS-SP, and BS-SPP were analyzed
using various analytical techniques. The particle size, size distribution, and zeta potential
of the synthesized nanoparticles were investigated with a Nanopartica SZ-100 instrument
(Horiba Ltd., Kyoto, Japan) based on the dynamic light scattering (DLS) technique [19–21].
To perform the analysis, 30 µL of a 1 mg/mL suspension of SPIONs, BS-S, BS-SP, and
BS-SPP were added to 5 mL of distilled water and ultrasonicated for 20 s. Readings were
taken, and three runs were conducted for each sample to obtain an average reading. The
size of the nanoparticles was examined using transmission electron microscopy (TEM, Jeol
JEM 2100, SAIF, Cochin) [20,21]. For this analysis, each sample with a concentration of
500 µg/mL in water was ultrasonicated for 20 s. Subsequently, 50–100 µL of the prepared
sample was placed on a copper TEM grid. The excess sample was carefully removed using
filter paper, and the remaining sample was air-dried before observation under the TEM.

2.6. In Vitro Adsorption of β-Sitosterol onto SPIONs

The drug loading characteristics of BS onto SPIONs, SPIONs-PEG, and SPIONs-PEG-
PNIPAM were studied as follows: 2 mg of the prepared BS-S, BS-SP, and BS-SPP were
mixed with 20 mL of ethanol. The solution was placed in a shaker maintained at 100 rpm
at 28 ◦C. Every 1 h, 2 mL sample was extracted from the solution in the presence of an
external magnet, and the removed volume was replaced with 2 mL of fresh ethanol. The
adsorption of the drug was quantitatively analyzed with a UV-Vis spectrophotometer at
206 nm [22,23]. The drug encapsulation efficiency, or the amount of drug adsorbed, was
calculated using the equation given below (1).

Drug encapsulation efficiency =
Total amount of drug − free drug in the supernatant

Total amount of drug
× 100 (1)

2.7. In Vitro Release of β-Sitosterol from SPIONs

The drug-release behavior of BS was investigated using a dialysis method [24]. In
this study, 2 mg of each BS-S, BS-SP, and BS-SPP was dispersed in 2 mL of phosphate
buffer saline (PBS) and placed in a dialysis bag. The bag containing the BS-S dispersion
was immersed in a beaker filled with 200 mL of PBS and stirred at a rate of 100 rpm.
Regularly, at specific time intervals, 2 mL of the sample was withdrawn from the dialysis
bag and replaced with 2 mL of fresh PBS solution. The amount of drug released was
determined spectrophotometrically at 206 nm, enabling the evaluation of the cumulative
release behavior of BS from the SPIONs over time.

2.8. Cell Viability Assay

The impact of SPIONs and BS-S, BS-SP, and BS-SPP on cancer cell viability was
assessed with an MTT dye reduction assay [25]. Butein, a dual inhibitor [26] of the EGFR
and MET receptors, was used as a positive control. HEPG2, MCF7, NCIH460, and HEK293,
were seeded in 96-well tissue culture plates. Each well contained cells with a concentration
of 1 × 106 cells and the plates were incubated for 48 h at 37 ◦C in a CO2 incubator. SPIONs,
BS-S, BS-SP, BS-SPP, and Butein, were suspended in DMSO (dimethyl sulfoxide) and diluted
with the cell culture medium at various dosages (500, 250, 125, and 62.5 mg/mL). The
cells in the 96-well plates were exposed to different concentrations of SPIONs, BS-S, BS-SP,
BS-SPP, and Butein, followed by further incubation. After incubation, the supernatant
was discarded, and 200 µL of MTT (5 mg/mL) was added to each well, followed by a 4 h
incubation. The resulting formazan crystals were dissolved by adding 100 µL of DMSO.
DMSO-treated cells served as the background control, while untreated cells acted as the
negative control. The optical density of the cells was measured at a wavelength of 540 nm.
The relative cell viability was calculated as the absorbance ratio of the test sample to that of
the control, multiplied by 100.
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2.9. Flow Cytometric Analysis

Flow cytometric analysis was conducted to evaluate the expression of EGFR and MET
receptor proteins in the NSCLC cell line NCIH460 [27]. Cells were cultured in a 6-well
plate at a density of 3 × 105 cells/2 mL and were incubated in a CO2 incubator at 37 ◦C for
24 h. Samples, viz., BS, BS-SP, BS-SPP, and the control drug, berberine [28], at their effective
concentrations determined from MTT analysis, were added to 2 mL of culture medium and
were incubated for 24 h. After incubation, the media was removed, and cells were washed
with PBS. Subsequently, Trypsin-EDTA solution (200 µL) was added to the PBS-washed
cells, and they were incubated at 37 ◦C for 3–4 min. The cells were harvested directly
into 12 × 75 mm polystyrene tubes. The cells were washed with PBS and reconstituted
with anti-EGFR FITC antibody according to the manufacturer’s instructions, and 5 µg/mL
of antibody was added to the cells and incubated for 30 min in the dark. The cells were
washed twice with PBS, re-suspended in 500 µL PBS and mixed well prior to analysis.
Flow cytometric analysis was conducted using the 488 nm laser for excitation and 535 nm
for detection.

A similar protocol was employed to evaluate MET receptor expression with slight
modifications to the above method with quercetin [29] as a control. After Trypsin-EDTA
incubation, the cells were washed twice with PBS, fixed with 80% methanol (5 min),
and permeabilized with 0.1% PBS Tween for 20 min. The cells were then incubated in
1X PBS/with 0.5% bovine serum albumin (BSA) to block non-specific protein–protein
interactions, followed by the antibody (ab51067, 1/1000 dilution) for 30 min at 22 ◦C. The
cells were then washed with 1X PBS and 0.2 mL (5 µg/mL) of goat anti-rabbit IgG (H + L)
secondary antibody, FITC, and incubated in the dark for 60 min at RT. Prior to analysis, the
cells were washed with PBS and mixed thoroughly with 500 µL of PBS.

2.10. Statistical Analysis

Statistical calculations were conducted using GraphPad Prism software (9.4.1). The
data are reported as the mean ± standard error of the mean (SEM). Significance levels were
determined based on p-values, with values below 0.05 (*) considered statistically significant.

3. Results
3.1. Synthesis and Characterization of BS-S, BS-SP, BS-SPP Conjugated Complexes

The β-sitosterol was successfully conjugated with SPIONs, SPIONS-PNIPAM, and
SPIONS-PEG-PNIPAM. Each conjugated complex was subjected to characterization studies
and evaluated for its maximum drug adsorption and sustained drug release properties.

3.1.1. Hydrodynamic Size and Stability Studies of BS-S, BS-SP and BS-SPP

The results of the mean hydrodynamic size and zeta potential measurements for
SPIONs and polymer conjugates are summarized in Table 1. In particular, the size of
SPIONs was found to be 90.3 nm, as shown in Figure 1a. This was comparatively smaller
to BS conjugated SPIONs which had a mean hydrodynamic size of 113 nm, as depicted
in Figure 1b. These conjugated SPIONs demonstrated a narrow size distribution with
monodispersed particles. The observed increase in size for the BS-conjugated SPIONs
indicates the successful conjugation of the drug with the SPIONs. Further, the addition
of PNIPAM-NH2 increased the size of BS-S from 113 nm to 162 nm in the BS-SP complex
(Figure 1c). To further enhance the stability and drug absorption/release characteristics
of BS-S, PEG was added together with the PNIPAM-NH2 polymer. The addition of two
polymers drastically increased the size of the complex to 381 nm, as shown in Figure 1d.
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Table 1. Hydrodynamic size and zeta potential of SPIONs and polymer conjugates.

Nanoparticle DLS Mean (nm) Polydispersity
INDEX (PI)

Standard
Deviation (SD) Zeta (mV)

SPIONs 90.3 0.373 14.4 −15.8
BS-S 113 0 4.2 48.7

BS-SP 162.3 0 4.8 −54.2
BS-SPP 381.8 0 54.3 −64.2
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Further, an increase in stability was achieved with SPION-conjugated polymers
through zeta potential analysis. SPIONs showed a zeta potential of −15.8 mV (Figure S1a,
whereas BS-S displayed higher stability with a zeta potential of −48.7 mV (Figure S1b).
This significant increase in stability suggests that the conjugated complex is more resistant
to aggregation or sedimentation [30]. From Figure S1c and Figure 1d, it was evident that
higher stability was achieved with the BS-SP (−54.2 mV) and BS-SPP (−62.4 mV) com-
plex, indicating the increase in stability due to the addition of polymer. The addition of a
polymeric agent could naturally increase the stability of the nanoparticle drug complex.
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3.1.2. TEM and SEM Analysis of BS-S, BS-SP, and BS-SPP

The TEM analysis of BS-S, as illustrated in Figure 2a, demonstrated the presence of
monodispersed particles. The average particle size histogram of BS S was found to be
13.58 nm (Figure S2a). TEM analysis of SPIONs demonstrated the presence of spherical-
shaped agglomerated particles (Figure 2d). The variation in size between SPIONs and BS-S
suggested that the increase in size could be attributed to the conjugation of the drug [31].
The monodispersity of BS-S indicated the stability of SPIONs after their conjugation with
β-sitosterol. BS-SP Figure 2b was observed to be agglomerated with an increase in size,
whereas BS-SPP demonstrated the presence of spherical particles, monodispersed particles
resembling the morphology observed with BS-S. The increase in size of the BS-SP and
BS-SPP can be attributed to the polymer coating. The average particle size histogram for
BS-SP and BS-SPP was found to be 29.62 nm and 8.65 nm, as shown in the Supplementary
Data (Figure S2b,c). These findings align with a previous study by Shamim and his
coworkers [32], where the size of polymer (PNIPAM) coated magnetic nanoparticles was
observed to be larger compared to their uncoated counterparts. The resulting conjugated
complex, BS-SPP, exhibited monodispersed conjugates; notably, the morphology of BS-SPP
differed from that of BS-S and BS-SP. The BS-SPP complex exhibited a distinctive stripe-
like structure, with sizes ranging from 25 ± 10 nm. The observed distance between two
stripe-like structures was approximately 0.25 nm, as illustrated in Figure 2d. The surface
morphology of BS-S and BS-SPP was analyzed with SEM. The surface of BS-SPP was
observed to be smooth with a white cloudy appearance on the surface, further confirming
the conjugation of polymers (Figure S3a,b).

3.2. In Vitro Adsorption of BS-S, BS-SP, and BS-SPP

Various concentrations of BS ranging from 1 mg/mL to 6 mg/mL were loaded onto
5 mg of SPIONs, and the maximum drug loading was achieved with 5 mg/mL and
6 mg/mL with a drug encapsulation efficiency of 61%, as shown in Figure 3.

Hence, the concentration of 5 mg/mL of BS was chosen for further experiments. Since
maximum drug adsorption was achieved at a 5 mg/mL concentration of β-sitosterol, the
same concentration was used with BS-SP. About 74.9% of drug encapsulation efficiency was
achieved with BS-SP, as shown in Figure 4a. The increase in drug-loading capacity indicates
the role of polymer in drug entrapment with the SPIONs. SPIONs conjugated with PEG
and PNIPAM showed an increased drug encapsulation efficiency of 82.5% (Figure 4b).

This shows that the addition of two polymers can effectively entrap the drug compared
to single polymer PNIPAM. The conjugation of two polymers increased the drug loading
and encapsulation efficiency of drugs [32]. Further, the use of two polymers increases the
loading of hydrophobic drugs effectively and avoids RES uptake with increased blood
circulation time [33].

3.3. In Vitro Release Profile of BS-S, BS-SP, and BS-SPP

The drug release behavior of BS-S, BS-SP, and BS-SPP was evaluated in phosphate
saline buffer [34,35].

The results, as depicted in Figure 5a, revealed that approximately 74% of the loaded
BS was released from the SPIONs after 110 h. The release profile exhibited an initial burst
effect, with 40% of the drug being released within the first 6 h. This initial burst release
can be attributed to the rapid release of the drug that was loosely bound to the SPIONs.
In BS-SP and BS-SPP, an initial burst release was observed within 12 h, with 35.5% of
drug release in BS-SPP when compared to that of BS-SP (49%). Despite the initial rapid
release, sustained drug release was achieved in both BS-SP and BS-SPP formulations, with
maximum drug releases of 82.6% and 83%, respectively. In both BS-SP (Figure 5b) and
BS-SPP (Figure 5c) formulations, the amount of drug release remained constant from 84 to
210 h.
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3.4. Impact of BS-S, BS-SP, and BS-SPP on Cancer Cell Viability

MCF7, HEPG2, and NCIH460 cancer cells, as well as kidney cells (HEK293) express-
ing EGFR and MET receptors, were subjected to varying concentrations (62.5, 125, 250,
and 500 µg/mL) of SPIONs, BS-S, BS-SPP, and Butein to predict its cytotoxic effect by
MTT dye reduction assay [36]. The IC50 value obtained for BS, BS-S, BS-SP and BS-SPP
with their control butein are shown in Table 2. Figure 6 demonstrates the dose–response
relationship between the metabolic activity of EGFR and MET receptor-expressing cells
and different concentrations of SPIONs, BS-S, BS-SP, and BS-SPP. A significant difference
was not observed with uncoated SPIONs, except at a higher concentration of 500 µg/mL,
suggesting that they exhibit anticancer activity only at higher concentrations in each cell.
Concentration-dependent anticancer effects were observed for BS-S, BS-SP, and BS-SPP in
all cancer cell lines.

Table 2. The IC50 value of BS-S, BS-SP, and BS-SPP.

Cancer Cell
Lines

IC50 Value
(µg/mL)
of BS-S

IC50 Value
(µg/mL)
of BS-SP

IC50 Value
(µg/mL)

of BS-SPP

IC50 Value
(µg/mL)

of BS

IC50 Value
(µg/mL)

of Butein

MCF7 197 168 149 242 163
HEPG2 261 233 207 274 298

NCIH460 185 175 164 191 178
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The IC50 value of BS-S toward MCF7, HEPG2, and NCIH460 cancer cells were 197, 261,
and 185 µg/mL, respectively. Similarly, the effective inhibitory concentrations (IC50) for
BS-SP and BS-SPP against these cells were found to be 168 µg/mL, 233 µg/mL, 175 µg/mL,
and 149 µg/mL, 207 µg/mL, 164 µg/mL, respectively.
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The results indicate that polymeric-conjugated SPIONs with BS exhibited higher
anticancer activity compared to SPIONs with BS alone. The increased anticancer activity
observed may be attributed to enhanced drug accumulation and sustained drug release
facilitated by the action of polymers [37,38]. The IC50 sigmoidal curves for cell viability
assay in each cell line are shown in the Supplementary Data (Figures S4–S7). Maximum IC50
values of BS-SP were observed in breast cancer cells, followed by NSCLS cells. However,
significant inhibitory activity was observed in the NSCLC cells for all tested samples,
including BS-S, BS-SP, and BS-SPP. Thus, the designed drug complex shows promise as a
potent candidate for both NSCLC and breast cancer treatment.

3.5. BS-SPP Downregulate Expression of Both EGFR and MET Receptor in NCIH460 Cells

To validate the inhibitory effects of BS-S, BS-SP, and BS-SPP on the protein expression
levels of EGFR and MET receptors, flow cytometric analysis was conducted [39,40]. In
the cell viability studies, it was evident that BS-SPP demonstrated cytotoxic activity in
NSCLC cells characterized by elevated levels of both EGFR and MET receptors. NCIH460
cells were treated with BS-S, BS-SP, and BS-SPP at their effective inhibitory concentrations,
185 µg/mL, 175 µg/mL, and 164 µg/mL, respectively, for 24 h. The histogram obtained
from flow cytometric analysis reveals lower expression of EGFR and MET receptors in
NCIH460 cells in BS-S, BS-SP, and BS-SPP treated cells. Further analysis revealed that
the downregulation of EGFR was more evident in BS-SPP-treated cells compared to those
treated with BS-S and BS-SP (Figure 7). These findings indicate that maximum suppression
of EGFR expression was achieved using BS-SPP conjugated complex stabilized using both
PEG and PNIPAM-NH2 polymers [15]. These results provide additional evidence for the
inhibitory effects of the drug complexes on EGFR and MET receptor expression levels.
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The expression levels of MET receptors in NCIH460 cells were observed to be similar
in BS-SP and quercetin (control drug) treated cells [41]. However, the downregulation of the
MET receptor was higher in BS-SP compared to BS-SPP and BS-S (Figure 8). Flow cytometric
analysis revealed that the SPION-PNIPAM conjugated complex (BS-SP) induced a greater
increase in cell death through apoptosis than the complex involving SPION conjugated
with PEG and PNIPAM polymers (BS-SPP). Both BS-SP and BS-SPP demonstrated the
ability to induce apoptosis through the downregulation of the MET receptor.
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These findings suggest that BS-SP has a stronger impact on reducing MET receptor
expression in NCIH460 cells, indicating its potential as a therapeutic approach. Further
optimization of the concentration ratios between PEG and PNIPAM or between SPION
and polymers may enhance the efficacy of MET receptor downregulation in BS-SPP-treated
NCIH460 cells.

4. Discussion

In this study, we evaluated the increase in the efficiency of BS by adding SPIONs and
biodegradable polymers. EGFR and MET receptor cross-talk bypass targeted therapies,
promote cell motility and invasiveness, and activate survival pathways, leading to treatment
resistance and poorer prognosis. Despite the extensive research and ongoing studies,
inhibiting the cross-talk between the EGFR and MET signaling pathways in cancer remains
a challenge. BS is a well-known plant bioactive molecule that possesses anticancer activity
towards various cancer cell lines. Hence, by targeting EGFR-MET cross-talk inhibition with
BS, we hold promise for combating tumor progression and metastasis. To our knowledge,
this is the first report on targeting EGFR and MET receptor inhibition with BS conjugated
with biodegradable polymers.

BS was proven to exhibit promising anticancer activity in various cancer cell lines.
However, the hydrophobic nature of the drug poses limitations to its efficacy. In our study,
we aimed to overcome this challenge by enhancing the activity of BS through conjugation
with SPIONs and biodegradable polymers to improve the solubility and bioavailability of
the drug, ultimately enhancing its therapeutic efficacy against various cancer cell lines. To
comprehensively evaluate the efficacy of BS, we conducted a series of experiments involv-
ing its conjugation with SPIONs, SPIONs combined with PEG, and SPIONs-PEG-PNIPAM
complex. PEG is commonly used in drug delivery systems due to its ability to improve the
stability, biocompatibility, and circulation time of nanoparticles [42]. PEGylation, which
involves the attachment of PEG chains to the surface of nanoparticles, can increase their
hydrodynamic size and provide steric stabilization, reducing their clearance by the retic-
uloendothelial system [43]. Similarly, the incorporation of PNIPAM, a thermoresponsive
polymer, can also affect the size of the nanoparticle drug complex [44]. The combination of
PEG and PNIPAM with BS and SPIONs can create a synergistic effect, contributing to the
overall increase in size. The hydrophilic PEG chains provide a hydration layer around the
nanoparticles, while the temperature-responsive PNIPAM can contribute to the overall size
modulation. This size increase has implications for drug delivery, as it affects important
parameters such as drug loading capacity, circulation time, and interactions with biological
systems. The objective of this work was to elucidate the role of each molecule in enhancing
the efficiency of BS.
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BS was successfully conjugated with SPIONs, SPIONS-PNIPAM, and SPIONS-PEG-
PNIPAM. The increase in mean hydrodynamic size and stability of the BS-S, BS-SP, and
BS-SPP are shown in the table. Consecutive increase in the hydrodynamic size of BS-SP and
BS-SPP when compared to BS-S suggests the successful conjugation of BS with the SPIONs
and polymers. The addition of polymeric agents such as PEG and PNIPAM in nanoparticle
drug complexes is known to have an impact on their size. The observed increase in size is
consistent with previous studies that have reported similar size increases upon conjugation
of drugs or ligands with nanoparticles [41,45]. The stability of the conjugated complex was
assessed using zeta potential analysis. The results showed a significant increase in stability
from −15.8 mV for SPIONs to −48.7 mV for BS-S (Figure S1a,b). The higher magnitude
of the zeta potential indicates a stronger electrostatic repulsion between the nanoparticles,
which contributes to their enhanced stability [46].

The increase in stability upon conjugation of BS can be attributed to the presence
of functional groups on BS that interact with the surface of SPIONs, thereby reducing
particle aggregation and enhancing stability [47], and increasing drug delivery [48]. Higher
stability was achieved with BS-SPP (−62.4 mV) compared to BS-SP (−54.2 mV) and BS-S
(−48.7 mV), indicating the increase in stability due to the addition of two polymers. The
incorporation of PEG can create a repulsive layer around the nanoparticles, leading to
an increased zeta potential and improved stability [49]. Similarly, PNIPAM-NH2 being a
charged polymer, can contribute to the electrostatic stabilization of the complex, resulting
in higher zeta potential. The larger hydrodynamic size of the BS-SPP can facilitate the
passive targeting of the nanoparticles to tumor tissues through the enhanced permeation
and retention effect (EPR) [42]. Additionally, the increased stability of the complex prevents
oxidation or degradation of the magnetic nanoparticles during storage or circulation in
the bloodstream [50]. This enhanced stability ensures the integrity of the SPION complex,
leading to improved drug delivery efficiency and therapeutic efficacy.

TEM analysis of SPIONs, BS-S, BS-SP, and BS-SPP variations in size and dispersity of
the particles. SPIONs exhibited agglomeration and had a size of 10 ± 20 nm, as shown in
Figure 2b. BS-S exhibited a narrow size distribution with monodispersed particles with a
size of 20 ± 10 nm, whereas BS-SP and BS-SPP were in the size range of 25 ± 10 nm, as
depicted in Figure 2a. This uniform size distribution is desirable for drug delivery systems
as it ensures consistent drug loading and release [51]. The monodispersity of the particles
can be attributed to the conjugated complex, which effectively controlled the attachment of
BS molecules onto the SPIONs’ surface [52]. Previous studies have reported an increase in
size of approximately 50 nm upon the conjugation of magnetic nanoparticles with chitosan-
coated nanoparticles [53]. However, in the case of BS-S, no significant difference in size was
observed after β-sitosterol conjugation. This may be due to the presence of a single-layer
coating of the drug or the minimal space occupied by the drug molecules, preventing a
substantial increase in the size of the conjugated complex.

An increase in the size of BS-SP and BS-SPP is due to the coating of polymeric agents.
This increase in size observed in TEM analysis corresponds well with the DLS data SEM
analysis reveals smooth surface morphology of BS-SPIONs compared to SPIONs indicating
the presence of polymer on the surface of SPIONs, confirming the conjugation of polymer
onto SPIONs. Further, nanoparticles with sizes below 100 nm have demonstrated efficient
evasion of the EPR effect, thereby enabling improved tissue penetration and targeted drug
delivery [42,54]. This indicates that the conjugated complexes, which fall within this size
range, hold the potential for enhanced therapeutic efficacy.

The drug encapsulation efficiency is a crucial parameter in drug delivery systems
as it determines the amount of drug effectively encapsulated within the nanoparticles.
High encapsulation efficiency ensures that a significant proportion of the drug is avail-
able for therapeutic action, reducing wastage and maximizing the therapeutic efficacy
of the treatment. Comparing the drug encapsulation efficiency and loading capacity of
β-sitosterol with other anticancer drugs and biomolecules, it is evident that β-sitosterol
performs competitively. For instance, the anticancer drug 5-fluorouracil demonstrated a
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drug encapsulation efficiency of 64% and a drug loading capacity of 45% [22]. Similarly,
the biomolecule curcumin exhibited a drug encapsulation efficiency of 44.4% [55].

About 74.9% of drug encapsulation efficiency was achieved with BS-SP, as shown in
Figure 3. This indicates that the SP polymer alone was able to effectively entrap a significant
portion of the drug within the SPIONs. However, drug encapsulation efficiency was further
enhanced by conjugation with additional polymer PNIPAM. The results showed a notable
improvement, with an increased drug encapsulation efficiency of 82.6% when using the
SPIONs conjugated with PEG and PNIPAM. SPIONs conjugated with PEG and PNIPAM
showed an increased drug encapsulation efficiency of 82.5% (Figure 4b). This shows
that the addition of two polymers can effectively entrap the drug compared to single
polymer PNIPAM. This was consistent with the earlier report [32]. Further, the use of two
polymers increases the loading of hydrophobic drugs effectively and avoids RES uptake
with increased blood circulation time [33].

The drug release profile of BS in conjugation with SPIONs and polymers is shown in
Figure 5a–c. Approximately 74% of the loaded β-sitosterol was released from the SPIONs
over a duration of 110 h with 40% of initial burst effect. However, a sustained release of
the drug was achieved over a period of 100 h, which is comparable to the release profile
of doxorubicin-conjugated SPIONs [56] released at 70 h. This comparison implies that the
release duration of β-sitosterol is similar to that of Doxorubicin when conjugated with
SPIONs. Hence, this suggests that the β-sitosterol-loaded SPIONs have the potential for
sustained drug delivery, similar to the established drug doxorubicin.

The initial burst was found to be less in BS-SP and BS-SPP, indicating better drug
encapsulation and strong interaction of the drug with the SPION-polymeric complex. The
observed result was similar to other drugs loaded with magnetic nanoparticles [57]. Despite
the initial burst release, sustained drug release was achieved in both BS-SP and BS-SPP
complexes, with approximately 83% of the drug being released from both conjugated
complexes. Although the initial burst was different, the long-term release profiles of
the drug were comparable for both SP and SPP. The sustained drug release could be
attributed to the controlled release mechanism provided by both the SPION-polymeric
complex. Previous studies have shown that the addition of hydrophilic polymers such as
polyethylene glycol (PEG) and polyethyleneimine (PEI) can prolong drug release, likely due
to the presence of polymeric chains that impede the entry of water into the complex [35].

BS-S, BS-SP, and BS-SPP, exhibited concentration-dependent anticancer activity in
each cancer cell line with high expression of EGFR and MET receptors. Among the conju-
gated complexes, BS-S showed a maximum IC50 value in all the cell lines, indicating its
lower potency for drug delivery applications. The incorporation of polymers enhanced the
bioavailability of the drug at the intended target site, showing greater activity. The incorpo-
ration of polymers enhances the bioavailability of the drug at the intended target site [58].
Activity with BS-SP and BS-SPP in all the cancer cell lines compared to BS-S. Further, the
combination of SPIONs with PEG and PNIPAM in the designed drug complex may have
resulted in synergistic effects, leading to improved inhibitory activity against all the cell
lines. When comparing the effectiveness of two different polymeric conjugations, viz., PEG
and PEG-PINIPAM (SP and SPP), SPP expressed lower IC50 values in the MCF7, HEPG2,
and NCIH460 cell lines, indicating greater potency and effectiveness in inhibiting the cell
growth with a lower concentration of the drug conjugated to each complex. However,
superior inhibitory activity with the lowest IC50 was observed in NSCLC cells with all
the tested samples. Hence, the designed drug complex could be used as a potent drug
candidate for NSCLC.

To gain further insights into the effects of BS along with its conjugated complex on
NSCLC, flow cytometric analysis was conducted. The results of the cell viability assay
were found to be well correlated with the flow cytometric analysis. Specifically, the BS-
SPP conjugated complex demonstrated higher cytotoxic activity against NSCLC cells that
expressed elevated levels of both the EGFR and MET receptors. The expression level of
EGFR in BS-SP and BS-S were almost similar, with only a 0.6% increase in the apoptotic
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stage of NSCLC cells treated with BS-SP. The expression of EGFR was also much lower in
BS-SP-treated cells compared to the control drug berberine [59], with BS-SP showing a 14%
increase in suppression of EGFR. The expression levels of MET receptors in NCIH460 cells
were observed to be similar in BS-SP and quercetin [29] (control drug) treated cells. This
indicates that both BS-SP and quercetin had comparable effects on the expression of the
MET receptor. However, it was found that BS-SP exhibited a higher downregulation of the
MET receptor compared to BS-SPP. However, both BS-SP and BS-SPP induced apoptosis
through the downregulation of the MET receptor.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/pharmaceutics15082158/s1, Figure S1: Zeta potential of SPIONs,
BS-S, BS-SP and BS-SPP. Figure S2: Average particle size histogram of SPIONs, BS-S, BS-SP and
BS-SPP. Figure S3: Surface topographical images illustrating the change in the morphology between
(a) BS-S and (b) BS-SPP. Figures S4–S7: IC50 sigmoidal curves for HEK 293, HEP G2, MCF7 and NCIH
460 cell lines.

Author Contributions: Conceptualization, S.S.I. and S.S.; methodology, S.S.I.; validation, S.S.I., and
S.S; investigation, S.S.I.; resources, S.S.I.; data curation, S.S.I.; writing—original draft preparation,
S.S.I.; V.P.; writing—review and editing, V.P.; visualization, B.M.; supervision, B.M., and S.S.; project
administration, S.S. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors, S.S.I. and S.S. acknowledge VIT University, Vellore, for providing fa-
cilities to carry out the research work. The authors wish to thank SAIF, Cochin, for providing the TEM
analysis. One of the authors I. Shanmuga Sundari, thank BIT for providing the necessary support.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Bin Sayeed, M.S.; Ameen, S.S. Beta-Sitosterol: A Promising but Orphan Nutraceutical to Fight Against Cancer. Nutr. Cancer 2015,

67, 1214–1220. [CrossRef] [PubMed]
2. Chai, J.; Kuppusamy, U.; Kanthimathi, M. Beta-Sitosterol Induces Apoptosis in MCF-7 Cells. Malays. J. Biochem. Mol. Biol. 2008,

16, 28–30.
3. Imanaka, H.; Koide, H.; Shimizu, K.; Asai, T.; Kinouchi Shimizu, N.; Ishikado, A.; Makino, T.; Oku, N. Chemoprevention of

Tumor Metastasis by Liposomal Beta-Sitosterol Intake. Biol. Pharm. Bull. 2008, 31, 400–404. [CrossRef] [PubMed]
4. Awad, A.B.; Chinnam, M.; Fink, C.S.; Bradford, P.G. β-Sitosterol Activates Fas Signaling in Human Breast Cancer Cells.

Phytomedicine 2007, 14, 747–754. [CrossRef]
5. Kawk, H.W.; Nam, G.-H.; Kim, M.J.; Kim, S.-Y.; Kim, Y.-M. Scaphium Affine Ethanol Extract Induces Anoikis by Regulating the

EGFR/Akt Pathway in HCT116 Colorectal Cancer Cells. Front. Oncol. 2021, 11, 621346. [CrossRef]
6. Ilangovan, S.S.; Sen, S. Simultaneous Inhibition of EGFR and MET Receptors with Phytochemical Conjugated Magnetic Nanocar-

riers: In Silico and in Vitro Study. RSC Adv. 2016, 6, 80121–80132. [CrossRef]
7. Kumari, A.; Chauhan, A.K. Iron Nanoparticles as a Promising Compound for Food Fortification in Iron Deficiency Anemia: A

Review. J. Food Sci. Technol. 2022, 59, 3319–3335. [CrossRef]
8. Wei, H.; Hu, Y.; Wang, J.; Gao, X.; Qian, X.; Tang, M. Superparamagnetic Iron Oxide Nanoparticles: Cytotoxicity, Metabolism, and

Cellular Behavior in Biomedicine Applications. Int. J. Nanomed. 2021, 16, 6097–6113. [CrossRef]
9. Gupta, A.K.; Gupta, M. Synthesis and Surface Engineering of Iron Oxide Nanoparticles for Biomedical Applications. Biomaterials

2005, 26, 3995–4021. [CrossRef]
10. Gupta, A.K.; Naregalkar, R.R.; Vaidya, V.D.; Gupta, M. Recent Advances on Surface Engineering of Magnetic Iron Oxide

Nanoparticles and Their Biomedical Applications. Nanomedicine 2007, 2, 23–39. [CrossRef]
11. Kandasamy, G.; Maity, D. Recent Advances in Superparamagnetic Iron Oxide Nanoparticles (SPIONs) for in Vitro and in Vivo

Cancer Nanotheranostics. Int. J. Pharm. 2015, 496, 191–218. [CrossRef]
12. Saxena, N.; Agraval, H.; Barick, K.C.; Ray, D.; Aswal, V.K.; Singh, A.; Yadav, U.C.S.; Dube, C.L. Thermal and Microwave

Synthesized SPIONs: Energy Effects on the Efficiency of Nano Drug Carriers. Mater. Sci. Eng. C 2020, 111, 110792. [CrossRef]
[PubMed]

13. Bloemen, M.; Van Stappen, T.; Willot, P.; Lammertyn, J.; Koeckelberghs, G.; Geukens, N.; Gils, A.; Verbiest, T. Heterobifunctional
PEG Ligands for Bioconjugation Reactions on Iron Oxide Nanoparticles. PLoS ONE 2014, 9, e109475. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/pharmaceutics15082158/s1
https://www.mdpi.com/article/10.3390/pharmaceutics15082158/s1
https://doi.org/10.1080/01635581.2015.1087042
https://www.ncbi.nlm.nih.gov/pubmed/26473555
https://doi.org/10.1248/bpb.31.400
https://www.ncbi.nlm.nih.gov/pubmed/18310900
https://doi.org/10.1016/j.phymed.2007.01.003
https://doi.org/10.3389/fonc.2021.621346
https://doi.org/10.1039/C6RA11821F
https://doi.org/10.1007/s13197-021-05184-4
https://doi.org/10.2147/IJN.S321984
https://doi.org/10.1016/j.biomaterials.2004.10.012
https://doi.org/10.2217/17435889.2.1.23
https://doi.org/10.1016/j.ijpharm.2015.10.058
https://doi.org/10.1016/j.msec.2020.110792
https://www.ncbi.nlm.nih.gov/pubmed/32279785
https://doi.org/10.1371/journal.pone.0109475
https://www.ncbi.nlm.nih.gov/pubmed/25275378


Pharmaceutics 2023, 15, 2158 17 of 18

14. Yu, Y.; Sun, D. Superparamagnetic Iron Oxide Nanoparticle “theranostics” for Multimodality Tumor Imaging, Gene Delivery,
Targeted Drug and Prodrug Delivery. Expert. Rev. Clin. Pharmacol. 2010, 3, 117–130. [CrossRef]

15. Gandhi, A.; Paul, A.; Sen, S.O.; Sen, K.K. Studies on Thermoresponsive Polymers: Phase Behaviour, Drug Delivery and Biomedical
Applications. Asian J. Pharm. Sci. 2015, 10, 99–107. [CrossRef]

16. Silva, V.A.J.; Andrade, P.L.; Silva, M.P.C.; Valladares, L.D.L.S.; Aguiar, J.A. Synthesis and Characterization of Fe3O4 Nanoparticles
Coated with Fucan Polysaccharides. J. Magn. Magn. Mater. 2013, 343, 138–143. [CrossRef]

17. Basuki, J.S.; Jacquemin, A.; Esser, L.; Li, Y.; Boyer, C.; Davis, T.P. A Block Copolymer-Stabilized Co-Precipitation Approach to
Magnetic Iron Oxide Nanoparticles for Potential Use as MRI Contrast Agents. Polym. Chem. 2014, 5, 2611–2620. [CrossRef]

18. Antoniraj, M.G.; Kumar, C.S.; Kandasamy, R. Synthesis and Characterization of Poly (N-Isopropylacrylamide)-g-Carboxymethyl
Chitosan Copolymer-Based Doxorubicin-Loaded Polymeric Nanoparticles for Thermoresponsive Drug Release. Colloid. Polym.
Sci. 2016, 294, 527–535. [CrossRef]

19. Podila, R.; Brown, J.M. Toxicity of Engineered Nanomaterials: A Physicochemical Perspective. J. Biochem. Mol. Toxicol. 2013,
27, 50–55. [CrossRef] [PubMed]

20. Lu, X.-Y.; Wu, D.-C.; Li, Z.-J.; Chen, G.-Q. Polymer Nanoparticles. Prog. Mol. Biol. Transl. Sci. 2011, 104, 299–323. [CrossRef]
[PubMed]

21. Williams, D.B.; Carter, C.B. The Transmission Electron Microscope BT—Transmission Electron Microscopy: A Textbook for Materials
Science; Springer US: Boston, MA, USA, 1996; pp. 3–17. ISBN 978-1-4757-2519-3.

22. Prabha, G.; Raj, V. Formation and Characterization of β-Cyclodextrin (β-CD)—Polyethyleneglycol (PEG)—Polyethyleneimine
(PEI) Coated Fe3O4 Nanoparticles for Loading and Releasing 5-Fluorouracil Drug. Biomed. Pharmacother. 2016, 80, 173–182.
[CrossRef]

23. Siami, F.; Ahmadpanahi, H.; Heidarinasab, A.; Moniri, E.; Akbarzadeh, A.; Shahmabadi, H.E. Investigation of Adsorption Kinetic
of Doxorubicin onto Iron Oxide Magnetic Nanoparticles Functionalized with Poly(Acrylic Acid)/Allyl Alchohol. Int. J. Med. Res.
Health Sci. 2016, 5, 88–93.
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