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Microtubule targeted therapeutics loaded polymeric assembled 

nanospheres for potentiation of antineoplastic activity  

Radhika Poojari,* Rohit Srivastava and Dulal Panda*      

Department of Biosciences and Bioengineering, Indian Institute of Technology Bombay, Mumbai 

400076, India. E-mail:drradhikapoojari@gmail.com; panda@iitb.ac.in; Tel: +91-22-25767838  

Polymeric nanoassemblies represent an attractive strategy for efficient cellular 

internalization of microtubule targeted anticancer drugs. Using the dynamic light 

scattering, zeta-potential, transmission electron microscopy and scanning electron 

microscopy, the physical properties and surface morphology of microtubule-binding 

PEGylated PLGA assembled nanospheres (100-200 nm) were analyzed. The 

present approach leads to strong internalization as observed by confocal laser 

scanning microscopy and transmission electron microscopy in hepatocarcinoma 

cells. The effect of these nanoassemblies on microtubules and mitosis were explored 

using immunofluorescence microscopy. The effects of these nanoassemblies on 

cancer cell proliferation and cell death revealed its antitumor enhancing effects. 

Perturbation of the microtubule assembly, mitosis and nuclear modulations 

potentiated the antineoplastic effects delivered via nanospheres in Hepatocarcinoma 

cells. The extensive biomolecular and physical characterizations of the synthesized 

nanoassemblies will help to design potent therapeutic materials and the present 

approach can be applied to deliver microtubule-targeted drugs for liver cancer 

therapy.  
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1. Introduction 

Liver cancer is one of the most common causes of cancer-related mortality. 

Development of multidrug resistance, poor drug penetration into solid tumors, poor 

target selection and abnormal apoptosis machinery are found to decrease the 

efficacy of liver cancer chemotherapy.1-3 Certain aberrantly expressed proteins in 

liver cancer lead to dysregulation in the proliferative and apoptotic signaling 

pathways, cell cycle anomalies and other pathways, which promote the growth of 

liver cancer cells.4,5 Despite invasive chemotherapy, the survival rate of liver cancer 

patients is poor. Thus, nanotechnology based novel strategies can be helpful in 

designing new therapies against liver cancer. One such approach could be the use 

of nanoformulations to deliver microtubule-targeted drugs in solid tumors like liver 

cancer.  

     Microtubules (MT) are formed by the polymerization of a heterodimeric protein 

tubulin. MTs display a dynamic state of instability comprising of polymerization and 

depolymerization cycles.6-9 The MT cytoskeleton is critical for cellular processes like 

mitosis, spindle formation, intracellular transport and locomotion. Killing cancer cells 

by disrupting the microtubules is one of the effective therapeutic strategies. Estradiol 

is a naturally occurring estrogen present in mammals, which is catalyzed from 2-

hydroxyestradiol by catechol-Omethyltransferase (COMT) having no estrogen-

related mitogenic activity.10-12 Estradiol is a potent microtubule-targeted anticancer 

agent. It disrupts microtubule functioning, which then leads to cell cycle arrest at 

G2/M-phase. 10-12 It has also been reported to possess antiangiogenesis effect. 

Clinical drawbacks such as poor water solubility, poor pharmacokinetics, short half-

life and adverse drug effects like systemic-neurotoxicity are responsible for the 

Page 2 of 28Faraday Discussions

Fa
ra

da
y

D
is

cu
ss

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t



3 

 

limited therapeutic window, which contributes to poor drug efficacy.13-16 Nano drug 

delivery system (NDDS) is considered to be one of the best effective modalities to 

circumvent the above problems.17,18 NDDS has several advantages.17,18 For 

example, NDDS protects the drug from inactivation and metabolism. The colloidal 

NDDS are stable and sustained release of the drug from the NDDS into the blood 

stream reduces the side effects. Further, they are biocompatible and can accumulate 

at the tumor site by enhanced permeability and retention mechanism. 17,18  

Therefore, the polymeric  nanoassemblies are of considerable present  interest  and 

represent one of the promising materials for cancer therapy as well as imaging.19,20 

Earlier study reported the preparation of 2-methoxyestradiol (2-ME) microspheres 

based poly (DL-lactide-co-glycolide) (PLGA) by emulsion solvent extraction method 

for breast cancer therapy. The 2-ME PLGA microspheres of a particle size of 55.44 ± 

12.21 µm exhibited a controlled release over 46 days, and could efficiently inhibit the 

growth of MCF-7 cells.21 Shen et al.,22 reported 2-ME nanosuspension preparation 

by nanoprecipitation-high-frequency ultrasonication method with particle size of 

168.4 ± 3.2 nm.  This 2-ME nanosuspension exhibited significant suppression of 

Lewis lung carcinoma indicating it as a possible delivery mode for the lung cancer 

therapy. Estradiol loaded PLGA nanoparticles have been shown to improve oral 

bioavailability of the drug without any inflammatory response.23, 24 

     In a quest to find an effective delivery modality with low toxicity, we synthesized a 

formulation of PEGylated PLGA assembled nanospheres-based Estradiol delivery 

for potentiating the antineoplastic effects in human Huh7 Hepatocarcinoma cells. We 

analyzed the particle size, zeta potential, encapsulation efficiency and release profile 

of the PEGylated PLGA assembled nanospheres encapsulated Estradiol in Huh7 
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Hepatocarcinoma cells.  Further, the in vitro cellular uptake, cytotoxicity and cell 

death proficiency of Estradiol entrapped in the nanospheres were examined in Huh7 

Hepatocarcinoma cells. PEGylated PLGA assembled nanospheres encapsulated 

Estradiol treatment strongly depolymerized microtubules in these cells. We address 

two key questions in this paper;  how do the synthesized polymeric PEGylated PLGA 

assembled nanospheres entrapped microtubule binding drugs inhibit the proliferation 

of liver cancer cells and how do  the polymeric PEGylated PLGA assembled 

nanospheres influence the antineoplastic activity.   

 

2. Experimental 

2.1 Materials 

Poly(D,L–lactide–co–glycolide) (PLGA, MW 17,000) was a kind provision from Purac 

Biomaterials, Netherlands. NH2-PEG2000-COOH was obtained from Jenkem 

Technology USA Inc., USA. Polyvinyl alcohol (PVA) was obtained from SD Fine-

Chem. Ltd., Mumbai. The drug Estradiol, dyes Rhodamine B (RB), Sulforhodamine B 

(SRB) reagent and Hoechst 33258 were purchased from Sigma-Aldrich, USA. 

Annexin V/PI apoptosis detection kit was procured from BD Pharmingen (San Diego, 

USA). All other reagents used in the experiments were of analytical reagent grade.  

2.2 Synthesis procedure of polymeric PEGylated PLGA assembled 

nanospheres 

PEGylated PLGA was synthesized using NH2-PEG2000-COOH by 1-ethyl-3-(3-di 

methylaminopropyl)carbodiimide hydrochloride (EDC) – Sulfo-N-hydroxysuccinimide 

(Sulfo-NHS) conjugation chemistry as described previously.25,26 Estradiol loaded 
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PEGylated PLGA assembled nanospheres were prepared by oil-in-water emulsion-

solvent evaporation method. The organic phase comprised of PEGylated PLGA 

polymer (25 mg) and antimicrotubule agent Estradiol (1 mg) dissolved in 

dimethylformamide. This organic phase in turn was emulsified with the aqueous 

phase containing 2.5% PVA as the surfactant as well as stabilizer. This emulsion 

was sonicated for 2 min. The organic solvents used for emulsion preparation were 

removed through solvent-evaporation using Rotavapor. The polymeric nanospheres 

were centrifuged at 20,000 x g for 20 min. The free drug Estradiol in the supernatant 

was removed, pellets were washed with deionized water and re-centrifuged for 20 

min. The washing steps were done three to four times for the removal of excess 

surfactant and drug. The pellets were resuspended in phosphate buffered saline and 

then lyophilized. Dye RB (50 µg/mL) loaded PEGylated PLGA assembled 

nanospheres and PEGylated PLGA assembled nanospheres were prepared similarly 

as above with the dye and in absence of a drug or a dye, respectively. Only PLGA 

nanoparticles were prepared in the absence of PEG. PLGA nanoparticles, 

PEGylated PLGA assembled nanospheres and PEGylated PLGA assembled 

nanospheres encapsulated Estradiol was subjected to physico-chemical 

characterization.          

2.3  Dynamic light scattering (DLS) and Zeta potential measurements 

The hydrodynamic particle size of PLGA nanoparticles, PEGylated PLGA assembled 

nanospheres and PEGylated PLGA assembled nanospheres encapsulated Estradiol 

at 0.1 mg/mL dispersed in Milli Q water after brief sonication was measured by DLS 

using a 632 nm red laser (DLS 90Plus, Brookhaven Instruments Corporation, USA) 

at 25°C (scattering angle of 90°). The surface charge of PLGA nanoparticles, 
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PEGylated PLGA assembled nanospheres and PEGylated PLGA assembled 

nanospheres encapsulated Estradiol was measured using ZetaPlus Zeta-potential 

analyzer (Brookhaven Instruments Corporation, USA) in Milli Q water (pH 7.0) at 

room temperature. Physical stability of the PEGylated PLGA assembled 

nanospheres encapsulated Estradiol on storage at 4°C as a suspension in PBS (pH 

7.4) was monitored for one week. Estradiol encapsulation efficiency in the PLGA 

nanoparticles and PEGylated PLGA assembled nanospheres was measured by 

using UV spectrophotometer (Perkin Elmer, Lambda 25) and calculated as follows; 

Estradiol drug encapsulation efficiency (%) = (amount of loaded Estradiol/amount of 

Estradiol added) x 100%. All the measurements were repeated three times and their 

mean was calculated. 

2.4 Transmission electron microscopy (TEM) 

The size and surface morphology of the PEGylated PLGA assembled nanospheres 

and PEGylated PLGA assembled nanospheres encapsulated Estradiol were 

investigated using TEM (JEOL, JEM-2100 F, Japan) operating at 120 kV. 

Nanosphere suspension (0.1 mg/mL) was drop-casted on carbon-coated copper 

grid, negatively stained with 1% phosphotungstic acid and then air dried.  

     For ultrastructural cellular internalization study by TEM analysis, human Huh7 

Hepatocarcinoma cells were grown in Dulbecco’s Modified Eagle Medium (DMEM) 

supplemented with 10% fetal bovine serum and 1% penicillin-streptomycin (HiMedia, 

Mumbai) at 37°C with 5% CO2 atmosphere. Huh7 cells (> 1 × 106 cells/mL) were 

then incubated with PEGylated PLGA assembled nanospheres and PEGylated 

PLGA assembled nanospheres encapsulated Estradiol at 25 µg/mL for 24 hr in 25 

mm tissue culture flasks (Nunc, USA). Briefly, the untreated control cells and treated 
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cells were centrifuged, fixed in 2.5% glutaraldehyde and washed with PBS, followed 

by fixation in 1% osmium tetroxide. The cells were then subjected to dehydration in 

graded series of alcohol, embedded using DER 332-732 embedding kit (EMS, USA) 

and polymerized for 48 hr. These resin blocks with cells were sectioned using an 

ultramicrotome (Leica Ultracut UCT, Germany) and ultrathin sections (70 nm) were 

placed on 300 mesh Formvar and carbon coated copper grids (EMS, USA). The 

grids were then processed with uranyl acetate and lead citrate solutions as 

previously described to visualize the cellular ultrastructures.27 Micrographs of 

internalization of the PEGylated PLGA assembled nanospheres, PEGylated PLGA 

assembled nanospheres encapsulated Estradiol and untreated control cells was 

taken on a TEM (FEI TECNAI, 12 BioTwin, Netherlands) operating at 80 kV. 

2.5 Scanning electron microscopy (SEM) 

The morphology of the nanoparticles was observed using a SEM (JSM-7600 F, 

Japan). Prior to SEM application, the dried PEGylated PLGA assembled 

nanospheres and PEGylated PLGA assembled nanospheres encapsulated Estradiol 

were placed on a stub and coated with gold using a sputter gold coater Auto Fine 

Coater (JEOL, Tokyo, Japan). 

2.6 Drug release profiles   

The release of Estradiol from PLGA nanoparticles and PEGylated PLGA assembled 

nanospheres was analyzed by dialyzing (dialysis bags, molecular weight cut off 12 

kDa, HiMedia, Mumbai) the samples against phosphate buffered saline (PBS, pH 

7.4) at 37°C. An aliquot (1 mL) was taken from the release medium at predetermined 

intervals and was then replaced with an equivalent volume of fresh PBS to maintain 
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the constant conditions. The percentage of Estradiol content released as a function 

of time was quantified using a UV spectrophotometer.  

2.7 Confocal laser scanning microscopy (CLSM) for analysis of cellular 

internalization and MT interactions  

For intracellular uptake study by CLSM analysis, Huh7 cells (5×104 cells/well) were 

seeded on 12 mm glass cover-slips in 24 well plates (Nunc, USA). On reaching 70% 

confluency, the culture medium was replaced with PEGylated PLGA assembled 

nanospheres and PEGylated PLGA assembled nanospheres encapsulated RB at 50 

µg/mL for 24 hr of incubation, and then subjected to indirect immunocytochemistry 

CLSM analysis. Untreated cells were considered as the negative control. Images 

were acquired using CLSM (LSM 510 Meta, Carl Zeiss, Germany) equipped with a 

63× oil immersion objective lens and Zeiss LSM Image Browser software.  

     For evaluating the effect of PEGylated PLGA assembled nanospheres on 

microtubules by immunocytochemistry analysis, Huh7 cells (5×104 cells/well) in 24 

well plates were subjected to treatment with 5.6 µM IC50 concentration of Estradiol 

and PEGylated PLGA assembled nanospheres encapsulated Estradiol for 48 hr. 

Untreated cells and PEGylated PLGA assembled nanospheres treated cells (50 

µg/mL) were the negative controls. Cells were then fixed in 3.7% formaldehyde at 

37°C for 30 min and subjected to immunostaining with primary antibody anti-α-

Tubulin mouse monoclonal antibody (Sigma Aldrich, USA) which was followed by 

incubation with secondary antibody anti-mouse IgG-Alexa 568 conjugate (Invitrogen, 

USA). Hoechst 33258 was used for the nuclear staining and the cells were observed 

under CLSM.28,29  

2.8 Antiproliferative analysis 
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Cell viability was measured by SRB assay.30,31 Hepatocarcinoma Huh7 cells were 

incubated in 96-well plates (Nunc, USA) at 5×104 cells/well density and then 

subjected to treatment with PEGylated PLGA assembled nanospheres (50-250 

µg/mL), free drug Estradiol (1-7 µM) and PEGylated PLGA assembled nanospheres 

encapsulated Estradiol (1-7 µM) for 48 hr to evaluate their antiproliferative activity. 

The absorbance was measured with a 96-well fluorescence plate reader 

(SPECTRAmax M2, Molecular Devices, USA) equipped with the SOFTmax Pro 

software (Molecular Devices), at a wavelength of 550 nm. The half maximal 

inhibitory concentration (IC50) values of free drug Estradiol vs PEGylated PLGA 

assembled nanospheres encapsulated Estradiol was analyzed by OriginPro 8.0 

software. 

2.9 Cell death analysis 

The apoptosis activity in Huh7 cells was measured by Annexin V and Propidium 

iodide (PI) staining detection kit.28 Huh7 cells (1 × 105 cells/mL) was seeded in 6-well 

plates and treated with Estradiol and PEGylated PLGA assembled nanospheres 

encapsulated Estradiol at the IC50 concentration (5.6 µM) for 48 hr. Untreated cells 

and PEGylated PLGA assembled nanospheres (50 µg/mL) treated cells were 

considered as the negative controls. Cells were washed twice with PBS and 

resuspended in 1× binding buffer (400 µL). Later, Annexin V-FITC (5 µL) and PI 

solution (5 µL) were added to test samples, incubated in dark for 15 min at room 

temperature, and subsequently analyzed using a flow cytometer (BD FACS ARIA 

special order system equipped with BD FACSDiva, Becton and Dickinson, USA 
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software program). For each test sample, the fluorescence of ~ 20,000 cells was 

counted. Data represent the mean of three independent experiments. 

2.10 Statistical evaluation 

The data represent mean ± SD. Statistical evaluation was carried out using 

OriginPro 8.0 software.  

3. Results and discussion 

3.1 PEGylated PLGA assembled nanospheres characterization – Size, shape, 

charge and stability matters 

PEGylated PLGA based drug delivery system has a number of advantages over 

other polymers used in drug, gene delivery and various biomedical applications, 

including biodegradability, biocompatibility, non-antigenicity, easy scale-up for 

manufacturing, and is a FDA approved polymer for human use.26,32 It can be used for 

site-specific targeting and controlled-release of encapsulated drug. Also, PEG 

provides stealth surface effects, increases the stability and half-plasma life of the 

PEGylated PLGA nanoassemblies in order to prevent the non-specific interactions 

minimizing the side effects, decreases the phagocytic uptake, improves the 

bioavailability of the drug, and accumulates in tumour tissues.25,26,33 Herein, we 

report the preparation of PEGylated PLGA assembled nanospheres encapsulated 

with microtubule-binding agent, Estradiol by an emulsion-solvent evaporation 

method using PVA as the emulsifier (Fig. 1). PEGylation of these polymeric 

nanospheres facilitated steric stability to the delivery system.       
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Fig. 1 An illustration depicting a microtubule-binding chemotherapeutic agent 

encapsulated inside a polymeric PEGylated PLGA assembled nanosphere to target 

liver cancer cells.  

 

     The size and shape of the nanoparticles are known to greatly influence cellular 

internalization.32,34,35 Spherical shaped nanoparticles have been reported to possess 

five times more uptake capacity than the rod shaped ones suggesting that the 

elongated nanoparticles required more time for the cellular endocytosis process.34 

The charge of the nanoparticles also influences their interaction with the cell 

membrane and thereby, affects the cellular internalization. Surface charge on 

particles can be explored to carry the cargo inside the cell.32,35 DLS results of PLGA 

nanoparticles, PEGylated PLGA assembled nanospheres and                                                                    

PEGylated PLGA assembled nanospheres encapsulated Estradiol depicted a mean 

hydrodynamic diameter of 211 ± 8, 180 ± 6 and 200 ± 6 nm and the zeta potential of 

-18.7 ± 5.3, -7.4 ± 1.1 and 4.5 ± 2.1 mV, respectively. The mean polydispersity index 
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(PDI) of PLGA nanoparticles, PEGylated PLGA assembled nanospheres and 

PEGylated PLGA assembled nanospheres encapsulated Estradiol were 0.27 ± 0.06, 

0.20 ± 0.01 and 0.13 ± 0.01, respectively. PDI of 0.13 indicated a narrow size 

distribution of the Estradiol loaded polymeric nanospheres, and well dispersion. The 

encapsulation efficiency was found to be 36 ± 5.1% for PLGA nanoparticles and 40 ± 

3.4% for PEGylated PLGA assembled nanospheres by using the UV absorption 

spectroscopy. The physical stability of the PEGylated PLGA assembled 

nanospheres encapsulated Estradiol stored at 4°C was monitored for 1 week.  No 

significant change either in the hydrodynamic size (209 ± 4 nm) or in the zeta 

potential (5.2 ± 1.1 mV) was observed in the samples after 1 week indicating the 

stealth effects of PEG.26,33 TEM and SEM analysis of the synthesized PEGylated 

PLGA assembled nanospheres and PEGylated PLGA assembled nanospheres 

encapsulated Estradiol indicated nanospheres were spherical in shape with a 

smooth surface (Fig. 2A-E).  
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Fig. 2. (A) TEM and (B) SEM images of PEGylated PLGA assembled nanospheres. 

(C,D) TEM images at 200 nm and 100 nm scales, and (E) SEM image of PEGylated 

PLGA assembled nanospheres encapsulated Estradiol. 

 

3.2 Estradiol release profiles   

The cumulative Estradiol release from PLGA nanoparticles and PEGylated PLGA 

assembled nanospheres in PBS (pH 7.4) at 37°C has been shown in Fig. 3. PLGA 

nanoparticles showed a biphasic release pattern, which was characterized with an 

initial burst release of Estradiol followed by a sustained release. At 24 h, the amount 

of Estradiol released from PLGA nanoparticles in the initial burst was 51% and ~67% 

of drug was released at 72 h. No significant burst release of Estradiol was observed 

in the initial stages in case of PEGylated PLGA assembled nanospheres showing 

about 30% release in 24 h and about 42% release in 72 h, indicating its slow 

diffusion than the PLGA nanoparticles. The cumulative drug release in 10 days was 
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found to be 54% in PEGylated PLGA assembled nanospheres whereas it was 78% 

for PLGA nanoparticles, indicating that the sustained slower release of Estradiol was 

due to the presence of PEG, a stealth surface layer surrounding PLGA (i.e. PLGA 

core–PEG shell) nanospheres. Pegylation is known to impart increased circulation of 

drug delivery carriers for controlled and optimal drug release.36-38 This inferred that 

PEGylated PLGA assembled nanospheres are suitable for prolonged Estradiol 

delivery system, which is in concurrence with the previous reports.36-38 

 

 

Fig. 3. The release profiles of Estradiol from PLGA nanoparticles and PEGylated 

PLGA assembled nanospheres in PBS at pH 7.4. 

 

3.3 Influence of internalization of PEGylated PLGA assembled nanospheres  

The delivery efficiency of our synthesized PEGylated PLGA assembled nanospheres 

was evaluated by the CLSM qualitative analysis of fluorescent dye RB taken up by 

the Huh7 cells. Cellular internalization is an important factor for the evaluation of 
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different drug delivery therapeutic modalities in cancer.17 CLSM studies showed 

PEGylated PLGA assembled nanospheres RB (50 µg/mL) were readily internalized 

by Huh7 cells distributed in the cytoplasm (intense bright red fluorescence) in 24 hr 

(Fig. 4C). Untreated control cells and treatment with PEGylated PLGA assembled 

nanospheres (50 µg/mL) showed no fluorescence signal (Fig. 4A,B). 

 

 

Fig. 4. Differential interference contrast (DIC) microscopy images of (A) Control 

cells, (B) PEGylated PLGA assembled nanospheres treated cells, and (C) CLSM 

reconstructions of Huh7 cells showing the intracellular distribution of PEGylated 

PLGA assembled nanospheres encapsulated RB at 24 hr. The PEGylated PLGA 

assembled nanospheres encapsulated RBs were seen as intense bright red 

fluorescence in the cells. Cell nuclei were stained with Hoechst 33258 (blue 
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fluorescence) and microtubule organization (anti-α-tubulin) are seen as light red 

fluorescence.   

     The ultrastructural studies of untreated control cells showed normal cellular 

architecture (Fig. 5A). PEGylated PLGA nanospheres (25 µg/mL) treated Huh7 cells 

by TEM revealed the intact structure of cell membrane and nucleus (Fig. 5B) 

whereas, disrupted cell membrane integrity, condensation of nucleus and nuclear 

fragmentation were clearly observed in the treated PEGylated PLGA assembled 

nanospheres encapsulated Estradiol (25 µg/mL) in 24 hr (Fig. 5C). It has been 

reported that the pegylation promotes cellular uptake due to an increase in the 

circulation time of nanoparticles.26,36,38 Hence, from our results it can be inferred that 

PEGylated PLGA assembled nanospheres enhanced the RB cellular uptake and 

also enhanced the PEGylated PLGA assembled nanospheres encapsulated 

Estradiol internalization in Huh7 cells, which is in concurrence with the previous 

reports.26,36,38   
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Fig. 5. Ultrastructural TEM images of Huh7 cells (A) Control cells, (B) treated with 

PEGylated PLGA assembled nanospheres and (C) treated with PEGylated PLGA 

assembled nanospheres encapsulated Estradiol showing efficient cellular 

internalization at 24 hr. Scale: 2 µm.          

3.4 Influence of PEGylated PLGA assembled nanospheres on cell proliferation  

2-ME have been reported to induce cytotoxicity in prostate cancer cells.39 Herein, the 

dose responses of PEGylated PLGA assembled nanospheres (50-250 µg/mL), free 

Estradiol (1-7 µM) and PEGylated PLGA assembled nanospheres encapsulated 
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Estradiol (1-7 µM) in Huh7 cells were evaluated by quantification of the total 

metabolic activity after 48 hr of exposure by SRB assay.30,31 The delivery of 

PEGylated PLGA assembled nanospheres encapsulated Estradiol increased the cell 

killing efficiency in Huh7 cells. Antiproliferative effects of free Estradiol exhibited IC50 

of 5.6 ± 0.8 µM in comparison to PEGylated PLGA assembled nanospheres 

encapsulated Estradiol with IC50 of 2.2 ± 0.5 µM. These results indicated enhanced 

cell growth inhibition via PEGylated PLGA assembled nanospheres encapsulated 

Estradiol in comparison to the free Estradiol. The drug loaded polymeric 

nanospheres were able to better internalize into the cells and efficiently deliver 

Estradiol in comparison to the free drug in the cells. PEGylated PLGA assembled 

nanospheres at 50, 100, 250 and 500 µg/mL were non-toxic to cells with no 

significant difference in cell viabilities in comparison to the control cells, indicating its 

biocompatibility. Overall, the data suggested that PEGylated PLGA assembled 

nanospheres provided an efficient delivery modality for Estradiol. 

  
3.5 Influence of PEGylated PLGA assembled nanospheres on cell death 

A strategy that helps to accelerate tumor cell death remains a crucial factor in cancer 

chemotherapy.40,41 Previous study have shown 2-ME to inhibit growth and induce 

apoptosis in prostate cancer cells by arresting the cells in G2/M phase.39 Herein, the 

influence of PEGylated PLGA assembled nanospheres treatment on cell death were 

evaluated in Huh7 cells using Annexin V/PI assay at IC50 concentrations for 48 hr by 

flow cytometry as shown in Table 1 and Fig. 6. Cancer cells die through both 

apoptosis and necrosis. The data revealed that PEGylated PLGA assembled 

nanospheres encapsulated Estradiol induced greater cell death (apoptosis and 

necrosis) compared to that of the free drug at 5.6 µM. ~6.5% of early apoptosis (i.e. 
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Annexin V stained positive cells) and ~3% of late apoptosis (i.e. PI stained cells of 

cells) were observed after treatment with Estradiol for 48 h in comparison to ~12% of 

early apoptosis and ~30% of late apoptosis of apoptosis were observed for 

PEGylated PLGA assembled nanospheres encapsulated Estradiol in Huh7 cells. No 

difference in the apoptotic rates were observed between the treated PEGylated 

PLGA assembled nanospheres and the control cells, indicating that the polymeric 

nanospheres by themselves did not elicit significant apoptosis. Increased circulation 

time of nanoparticles by pegylation has been reported in enhanced cell uptake, and 

thereby its therapeutic effects.26,36,38 Hence, from the results it can be inferred that 

PEGylated PLGA assembled nanospheres encapsulated Estradiol could enhance 

the apoptosis induction effectively due to the efficient internalization by these 

polymeric nanospheres in comparison to the free Estradiol (Table 1 and Fig. 6).  

Table 1. Cell death evaluation of PEGylated PLGA assembled nanospheres in Huh7 

cells.  

Population 

(%) 
Control 

PEGylated 
PLGA 

assembled 
nanospheres 

Estradiol 
PEGylated PLGA 

assembled nanospheres 
encapsulated Estradiol 

Live cells 99.8 99.7 80.5 49.5 

Necrotic cells 0.1 0.1 10 8.5 

Early  
apoptotic 
cells 

0.1 0.2 6.5 12 

Late apoptotic 
cells 

0 0 3 30 
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Fig. 6. PEGylated PLGA assembled nanospheres induced apoptosis in Huh7 cells. 

Cells were treated with PEGylated PLGA assembled nanospheres for 48 hr and 

analyzed by flow-cytometry.  

 

3.6 Effects of PEGylated PLGA assembled nanospheres on microtubule 

organization in Huh7 cells 

Estradiol binds at the colchicine site of α-tubulin, interferes with the  interphase and 

mitotic microtubules and causes mitotic arrest.10,12,42 Immunocytochemistry revealed 

strong microtubule depolymerization, irregular cells and induction of multinucleation 

with PEGylated PLGA assembled nanospheres encapsulated Estradiol (Fig. 7D) in 

comparison to the free drug (Fig. 7C) in Huh7 cells. Estradiol was able to elicit less 
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activity wherein, microtubule cytoskeleton was not strongly disrupted. Morphological 

evidence of PEGylated PLGA assembled nanospheres encapsulated Estradiol 

treated cells with respect to nuclear alterations in the form of fragmented nuclei and 

apoptotic bodies were visible in Hoechst 33258 stained cells. A strong induction of 

multinucleation of cells indicated a well-disrupted mitotic division. Interestingly, 

morphologic alteration in the nuclei of Estradiol treated cells was not much effective. 

In case of PEGylated PLGA assembled nanospheres treated cells the microtubule 

cytoskeletal architecture was intact with no cell damage and the nuclear morphology 

was normal (Fig. 7A,B). The superior antineoplastic effect of PEGylated PLGA 

assembled nanospheres mediated Estradiol delivery in Huh7 cells in comparison to 

the free Estradiol reflects the efficient internalization via polymeric nanospheres 

leading to potent disruption of mitotic spindle apparatus and apparently cell death 

induction. 
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Fig. 7. Effects of the PEGylated PLGA assembled nanospheres and free drug on the 

microtubule organizations and nuclear morphology in Huh7 cells. (A) Control cells, 

(B) PEGylated PLGA assembled nanospheres (C) free drug Estradiol and (D) 

PEGylated PLGA assembled nanospheres encapsulated Estradiol treated cells for 

48 hr at 5.6 µM. Fixed cells were stained with anti-α-tubulin (red fluorescence) and 

the nucleus with Hoechst 33258 (blue fluorescence). Scale: 10 µm.  

4. Conclusions 

We report a strategy to effectively deliver Estradiol using PEGylated PLGA 

assembled nanospheres. The PEGylated PLGA assembled nanospheres 

encapsulated Estradiol strongly depolymerized microtubules, inhibited cell 
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proliferation and induced cell death in Huh7 Hepatocarcinoma cells in comparison to 

the free drug. Fluorescence and ultrastructural analysis suggested that PEGylated 

PLGA assembled nanospheres enhanced the internalization process of RB or 

Estradiol, respectively in Huh7 Hepatocarcinoma cells. PEGylated PLGA assembled 

nanospheres encapsulated Estradiol was found to be stable and potentiated the 

antineoplastic effects of the drug in Hepatocarcinoma cells. Further, scale-up of 

PEGylated PLGA assembled nanospheres encapsulated Estradiol and its evaluation 

in xenografted Hepatocarcinoma animal models need to be explored for translational 

research. The results discussed here provide insights into the development of 

microtubule-binding polymeric nanoassemblies for the treatment of hepatic 

neoplastic disorders.    
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