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Background: Considering the increase in cancer cases and number of deaths per year worldwide, 

development of potential therapeutics is imperative. Mesoporous silica nanoparticles (MSNPs) 

are among the potential nanocarriers having unique properties for drug delivery. Doxorubicin 

(DOX), being the most commonly used drug, can be efficiently delivered to gonadotropin-

releasing hormone (GnRH)-overexpressing cancer cells using functionalized MSNPs.

Aim: We report the development of decapeptide-conjugated MSNPs loaded with DOX for the 

targeted drug delivery in breast and prostate cancer cells.

Materials and methods: MSNPs were synthesized and subsequently functionalized with an 

analog of GnRH by using a heterobifunctional polyethylene glycol as a linker. These targeted 

MSNPs were then characterized by Fourier transform infrared spectroscopy, scanning electron 

microscopy, transmission electron microscopy, and Raman spectroscopy. An anticancer drug DOX 

was loaded and then characterized for drug loading. DOX-loaded nanocarriers were then studied 

for their cellular uptake using confocal microscopy. The cytotoxicity of DOX-loaded targeted 

MSNPs and DOX-loaded bare MSNPs was studied by performing MTT assay on MCF-7 (breast 

cancer) and LNCaP (prostate cancer) cells. Further, acridine orange/ethidium bromide staining, 

as well as flow cytometry, was performed to confirm the apoptotic mode of cancer cell death.

Results: MSNPs were conjugated with polyethylene glycol as well as an agonist of GnRH 

and subsequently loaded with DOX. These targeted and bare MSNPs showed excellent porous 

structure and loading of DOX. Further, higher uptake of DOX-loaded targeted MSNPs was 

observed as compared to DOX-loaded bare MSNPs in GnRH-overexpressing breast (MCF-7) 

and prostate (LNCaP) cancer cells. The targeted MSNPs also showed significantly higher 

(P,0.001) cytotoxicity than DOX-loaded bare MSNPs at different time points. After 48 hours 

of treatment, the IC
50

 value for DOX-loaded targeted MSNPs was found to be 0.44 and 0.43 µM 

in MCF-7 and LNCaP cells, respectively. Acridine orange/ethidium bromide staining and flow 

cytometry analysis further confirmed the pathway of cell death through apoptosis.

Conclusion: This study suggests GnRH analog-conjugated targeted MSNPs can be the suitable 

and promising approach for targeted drug delivery in all hormone-dependent cancer cells.

Keywords: mesoporous silica nanoparticles, GnRH receptors, receptor-mediated endocytosis, 

breast and prostate cancer, decapeptide

Introduction
According to an analysis carried out for the Global Burden of Diseases (2016), cancer 

is the second leading cause of death worldwide, after cardiovascular ailments. Globally, 
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breast cancer is the most prevalent malignancy with 8 million 

people diagnosed in 2016, followed by prostate cancer 

(5.7 million).1,2 Till date, various chemotherapeutic agents 

have been employed for treatment of cancer. Doxorubicin 

(DOX) is one of the effective therapeutic drugs used for a 

range of solid tumors, namely, carcinomas, sarcomas, and 

hematological malignancies.3 However, cancer treatment 

using these chemotherapeutic agents is still a challenge owing 

to several limitations and side effects such as destruction 

of bone marrow cells, cardiotoxicity, and nephrotoxicity. 

Moreover, the short biological half-life of DOX demands 

repetitive dosages, which leads to complications in clinical 

practice.4 Abnormal tumor vasculature also contributes to the 

complications either by hampering drug delivery to the site 

of interest or by increasing drug clearance.5 These problems 

of rapid clearance, off-target effects, and inadequate drug 

delivery can be tackled using nanotechnology-based deliv-

ery agents. Nanoparticle (NP)-based carriers, for example, 

liposomes and polymers, help in prolonging the drug half-life 

with improved solubility, targeted delivery, sustained drug 

release, and its accumulation at the tumor site.6

Several recent studies indicate that mesoporous silica 

nanoparticles (MSNPs) are one of the most promising nano-

carriers in drug delivery applications. Their structural proper-

ties, namely, tunable and large volume pores and vast surface 

area, make them attractive nanocarriers for drug delivery 

owing to increased capacity for drug loading.7 Furthermore, 

additive increase in drug loading efficiency is also possible 

through modification with polyethylene glycol (PEG) moi-

eties, which are also known to increase the circulation time 

of the particles. These chemically stable, biocompatible 

MSNPs can also be surface functionalized and modified 

with stimuli-responsive agents or targeting ligands to ensure 

controlled release as well as actively targeted drug delivery.8 

Passive drug delivery, on the other hand, demands high drug 

dosages for tumor reduction, which is non-economical and 

beset with toxicity issues. Therefore, targeted delivery is the 

key solution for reducing the nonspecific drug delivery and 

adverse effects on normal cells.9 Specific targeting of the 

drug to tumor cells is possible by conjugating antibodies,10,11 

peptides,12,13 or chemical ligands14 against the overexpressed 

receptors present on these cells. It has been reported 

that .52% of breast cancer cells and 86% of prostate cancer 

cells overexpress gonadotropin-releasing hormone (GnRH) 

receptors.15 These receptors act by recognizing GnRH (also 

known as luteinizing hormone-releasing hormone), which 

exerts a stimulatory effect on gonadotropin secretion, leading 

to their overexpression on cancer cells.16 Thus, synthetically 

designed GnRH agonists can act as good candidates for 

targeting cancer cells bearing these highly overexpressed 

receptors. Triptorelin (pGlu1-His2-Trp3-Ser4-Tyr5-D-

Trp6-Leu7-Arg8-Pro9-Gly10-NH
2
) is one such agonist of 

native,17 synthetic GnRH that can be potentially employed 

for targeted drug delivery.18 In a novel approach, we have 

recently reported the use of peptide-conjugated dendritic 

nanocarrier for targeted siRNA delivery and gene silencing 

in breast as well as prostate cancer cells. Gene silencing 

studies in luciferase-expressing cancer cells demonstrated 

that the ligand-conjugated targeted NPs exhibited extremely 

significant silencing of luciferase gene than non-targeted 

NPs. Thus, the study suggested that conjugating peptide 

could be a promising approach for targeted gene silencing 

in luteinizing hormone-releasing hormone-overexpressing 

cancer cells.19

Herein, we have made an attempt to develop triptorelin-

conjugated MSNP nanocarriers, which would specifically 

target the anticancer drug to GnRH receptor-overexpressing 

tumor cells. Briefly, PEG and triptorelin ligand-conjugated 

MSNPs were synthesized (MSNP-PEG-triptorelin) and char-

acterized. They were loaded with an anticancer drug, DOX. 

These DOX-loaded MSNPs were studied for their uptake in 

the breast (MCF-7) and prostate (LNCaP) cancer cell lines. 

Further, the cytotoxicity of DOX-loaded targeted MSNPs, 

DOX-loaded bare MSNPs, and free DOX was evaluated at 

different concentrations in both the cancer cell lines. Also, 

the mode of cytotoxicity was assessed to confirm apoptosis 

in the cancer cells. Overall, the results obtained suggest that 

the developed multifunctional targeted nanocarriers could 

be used in targeted therapy of various cancers.

Materials and methods
Materials
Tetraethylorthosilicate (TEOS), cetyltrimethylammonium 

chloride (CTAC), triethanolamine, N,N′-dicyclohexyl-

carbodiimide, 4-dimethylaminopyridine, Hoescht 33342, 

ethidium bromide (EB), acridine orange (AO), and solvents, 

namely, methanol and dimethylsulfoxide (DMSO), were 

purchased from Sigma-Aldrich (Bangalore, India). Cell culture 

media, namely, RPMI-1640 and DMEM, were purchased from 

Thermo Fisher Scientific (Chennai, India). The FBS used in 

cell culture was purchased from HIMEDIA® (Mumbai, India). 

All chemicals used were of analytical grade.

synthesis of MsNPs
MSNPs were synthesized using the previously reported 

method by our group.20 This method involves the use of 
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CTAC as a template, triethanolamine as catalyst, and TEOS 

as a precursor. In brief, distilled water (100 mL) was heated 

up to a temperature of 95°C and then CTAC (18.75 mmol) 

along with triethanolamine (3.76 mmol) was added. Further, 

TEOS (13.43 mmol) was added to the reaction mixture and 

stirred for 2 hours. After cooling down to room temperature 

(RT), the reaction mixture was centrifuged at 14,400×g for 

1 hour. The pellet was then dispersed in methanol and again 

centrifuged at 14,400×g for 40 minutes at RT. The MSNPs 

pellet was washed with methanol followed by water, and 

then, extraction of CTAC was carried out in acidic methanol. 

The reaction mixture was refluxed for 24 hours and washed 

with methanol followed by water. The synthesized MSNPs 

were lyophilized, stored at RT, and used in further studies.

synthesis of targeted (MsNP-Peg-
triptorelin) MsNPs
Targeted MSNPs (MSNP-PEG-triptorelin) were prepared 

by conjugating PEG and triptorelin to the surface of 

MSNPs. First, triptorelin (0.07 nmol) was mixed with a 

heterobifunctional PEG (NHS-PEG-COOH, 0.07 nmol) in 

DMSO and stirred for 24 hours (Scheme 1). After 24 hours 

stirring, N,N′-dicyclohexylcarbodiimide (1 equivalent) 

and 4-dimethylaminopyridine (7 mol%) were added to the 

reaction mixture at 0°C and stirred at RT for 1 hour. Then, 

MSNPs (10 mg) were added to the mixture and allowed to 

react for 24 hours. The reacted mixture was centrifuged and 

the pellet was washed thrice with deionized water to remove 

any unreacted reagents and by-products. The washed pellet 

was lyophilized for future use.

Drug loading
The anticancer drug DOX was loaded on the bare as well as 

developed targeted MSNPs and further studies were carried 

out for their specific delivery into the cancer cells. For drug 

loading, DOX and targeted MSNPs were admixed in the ratio 

of 1:1 (w/w) in distilled water and the mixture was stirred for 

48 hours at RT. The reaction mixture was centrifuged, and 

the obtained MSNPs pellet was washed with distilled water to 

remove unloaded DOX followed by lyophilization. A similar 

method was followed for drug loading in bare MSNPs. 

The unreacted DOX in the supernatant was estimated using 

ultraviolet–visible spectroscopy (at 480 nm wavelength), and 

the percent weight of DOX loaded per milligram of MSNPs 

was calculated by using the following formula:

 
% Loading capacity

Entrapped DOX

MSNPs weight 
100= ×

DOX loading on the MSNPs was confirmed by Fourier 

transform infrared (FT-IR) spectroscopy.

Drug release study
The release profile of the DOX-loaded targeted MSNPs was 

studied at two different pH values (pH 7.4 and 5 [acetate 

buffer]) to simulate the physiological and cancer environ-

ment. DOX-loaded targeted MSNPs were suspended in 

acetate buffer (pH 5) or PBS (pH 7.4). These suspensions 

were then dialyzed against 50 mL PBS using 1 kDa dialysis 

bags. At predetermined time points, 1 mL of solution was 

removed and replenished with 1 mL of fresh release medium. 

The amount of DOX released was determined by ultraviolet–

visible spectroscopy.

characterization
The synthesized MSNPs were characterized for size and 

zeta potential using Nanosight, LM10 (Malvern Instruments, 

Malvern, UK) and DelsaNano (Beckman Coulter, Brea, 

CA, USA), respectively. Surface morphology of MSNPs 

and their porosity were studied by field emission-scanning 

electron microscopy (Bruker, Fällanden, Switzerland) and 

transmission electron microscopy (TEM, operated at 200 kV 

accelerating voltage; Bruker), respectively. For TEM, 

MSNPs were deposited on carbon-coated copper TEM grids 

of 200 mesh and air dried. Further, targeted and bare MSNPs 

were characterized using FT-IR spectroscopy by dispersing 

the samples in KBr pellets. The FT-IR spectra were recorded 

in the range of 400–4,000 cm−1. Additionally, Raman spec-

troscopy was also performed for bare and targeted MSNPs 

to further confirm the conjugation. For this, concentrated 

solutions of bare, as well as targeted MSNPs were placed on 

glass slides and allowed to dry for making a layer of MSNPs. 

Then, separate Raman spectra were recorded for targeted and 

bare MSNPs at RT between 3,600 and 100 cm−1.

cell culture
GnRH receptor-overexpressing human mammary adenocar-

cinoma (MCF-7) and prostate cancer (LNCaP) cell lines were 

obtained from the National Center for Cell Science (Pune, 

India). Cell culture conditions were maintained according to 

the requirement of the respective cell lines. The MCF-7 cell 

line was maintained in DMEM with 10% FBS (Himedia) 

and 1% penicillin/streptomycin (200 units of penicillin and 

200 µg of streptomycin sulfate per milliliter of DMEM; 

Himedia). LNCaP cell line was maintained at 37°C in a 

humidified CO
2
 (5%) incubator using RPMI-1640 media 

supplemented with 10% FBS and penicillin/streptomycin.
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Scheme 1 schematic representation of the synthesis for targeted MsNPs.
Abbreviations: Dcc, N, N′-dicyclohexylcarbodiimide; DMaP, 4-dimethylaminopyridine; MsNPs, mesoporous silica nanoparticles; Peg, polyethylene glycol.

cellular internalization
The uptake of DOX-loaded and ligand-conjugated MSNPs 

in cancer cells was studied using confocal microscopy. 

The MCF-7 and LNCaP cells were seeded at a density of 

1×105 cells per well and grown for 24 hours on coverslips. 

Following 24 hours of incubation, the cells were treated with 

DOX-loaded targeted MSNPs, DOX-loaded bare MSNPs 

(containing 10 µg of DOX), and free DOX (10 µg) for 

2 hours in serum-free media at 37°C. After incubation, the 

cells were washed with PBS, fixed, and permeabilized with 

4% paraformaldehyde and 0.2% Triton-X. The cells were 

further stained with Hoechst 33342 (for nucleus) and then 
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imaged using a confocal microscope (Leica Microsystems, 

Wetzlar, Germany).

cytotoxicity studies
Cytotoxicity of free DOX as well as DOX-loaded targeted 

MSNPs and DOX-loaded bare MSNPs was assessed on both 

the cancer cells by determining their viability using MTT 

assay. For this, MCF-7 and LNCaP cells were seeded at a 

density of 1×104 in 96-well plate cells for 24 hours at 37°C 

with 5% CO
2
. The cells were treated with free DOX, DOX-

loaded targeted MSNPs, and DOX-loaded bare MSNPs (with 

effective DOX concentrations of 0.01, 0.1, 1, and 10 µM) 

for 24 and 48 hours in serum-free media. Twenty-four hours 

posttreatment, 20 µL of MTT reagent (5 mg/mL) was added 

to each well and incubated at 37°C for 4 hours. Subsequently, 

the formazan crystals were solubilized by the addition of 

DMSO (200 µL) and absorbance was measured at 570 nm 

on BioTek Synergy Instrument.

apoptosis studies in cancer cells
DOX-induced apoptosis in cancer cells was studied using 

AO/EB double staining assay. Both MCF-7 and LNCaP cells 

were seeded at a density of 1×105 cells per well. Following 

overnight growth, cells were treated with free DOX, DOX-

loaded targeted MSNPs, and DOX-loaded bare MSNPs for 

the next 24 hours. The cells were then washed with PBS, 

stained with AO/EB (100 µg/mL) for 5 minutes, and further 

examined under a fluorescence microscope.21

Apoptosis was also confirmed quantitatively using 

flow cytometry analysis by staining the cells with Annexin 

V-fluorescein isothiocyanate (FITC) and propidium iodide 

(PI; Thermo Fisher Scientific). Briefly, MCF-7 cells were 

seeded at a density of 1×105 per well and grown for 24 hours. 

Next day, the cells were treated with 10 µM free DOX as 

well as DOX-loaded targeted NPs and DOX-loaded bare NPs 

containing equivalent quantity of DOX (10 µM) separately 

in serum-free media and then incubated for 12 hours. After 

12 hours, the cells were harvested, washed with PBS, and 

then subjected to centrifugation. The pellet was resuspended 

in 1X Annexin binding buffer and then subsequently stained 

with PI (necrotic cells) and Annexin V-FITC (live/apoptotic 

cells). After incubating for 15 minutes with the stains, the 

cells were analyzed by flow cytometer (Attune NxT; Thermo 

Fisher Scientific).

statistical analyses
All experiments were performed in triplicate and data were 

expressed as mean±SD. The mean values of groups were 

compared by two-way ANOVA with Bonferroni’s multiple 

comparison tests. The GraphPad Prism software was used 

to perform the statistical analyses. P-value ,0.05 was con-

sidered as statistically significant.

Results
synthesis and characterization
Decapeptide-conjugated targeted MSNPs were synthe-

sized and evaluated for their ability to deliver DOX into 

two different cancer cells. MSNPs were successfully syn-

thesized and characterized for their size, zeta potential, 

and morphology. The hydrodynamic size of the MSNPs 

was found to be 113±34 nm by Nanosight (Figure 1A), 

while the hydrodynamic size was found to be 55 nm by 

TEM. Further, the surface charge was determined to be 

−24.39±3.2 mV. Upon conjugation of PEG-triptorelin on 

MSNPs surface, the size observed in dynamic light scat-

tering was 159±50 nm (Figure 1B) with a surface charge 

of −17.94±1.89 mV. The synthesized MSNPs showed 

porous architecture as observed in TEM (Figure 1C), and 

SEM analysis showed spherical morphology (Figure 1D). 

The FT-IR spectrum of MSNPs showed absorption peaks 

at 1,091 and 3,432 cm−1 demonstrating Si–O–Si asymmet-

ric stretching vibrations and Si–OH stretching vibrations 

(Figure S1).22 The conjugation of PEG-triptorelin on the 

surface of MSNPs was confirmed by the peak at 1,684 cm−1 

(1,680–1,630 cm−1), which corresponds to C=O.23 Also, the 

peak at 1,628 cm−1 in MSNPs spectra was replaced by a 

peak at 1,635.64 cm−1 in targeted MSNPs, which is related 

to the N−H bond of the amide group. Additionally, Raman 

spectroscopy was performed to further validate the conjuga-

tion of triptorelin on MSNPs. Spectra of targeted MSNPs 

showed a signal at 2,935.39 cm−1 for the amide group of 

triptorelin (Figure S2).24

Drug loading and its characterization
Drug loading on the targeted and bare MSNPs was performed 

by stirring DOX and MSNPs continuously at a w/w ratio 

of 1:1. The concentrations of DOX used and subsequently 

detected in the supernatant (unentrapped DOX) were used to 

calculate drug loading on the MSNPs. Results demonstrated 

51.66±2.88 and 40.67±3.78 wt% drug loading in targeted 

and bare MSNPs, respectively. In FT-IR spectroscopy, the 

characteristic absorption peak at 1,639 cm−1 was observed 

for DOX-loaded MSNPs, which could be attributed to the 

overlap of peaks at 1,607 cm−1 (pure DOX) and 1,628 cm−1 

(MSNPs-PEG-triptorelin). Further, an increase in the 

intensity of the broad peak at 3,550 cm−1 was observed due 

to additional hydroxyl groups introduced by DOX, which 

confirmed successful loading on the MSNPs (Figure S3).
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Figure 1 characterization studies.
Notes: Particle size of (A) bare MsNPs (B) targeted MsNPs. (C, D) TeM and seM images of bare MsNPs.
Abbreviations: EHT, electron high tension; Mag, magnification; MSNPs, mesoporous silica nanoparticles; SE1, secondary electrons 1; SEM, scanning electron microscopy; 
TeM, transmission electron microscopy; WD, working distance.

Drug release study
For utilizing nanocarriers in cancer therapy, an adequate 

understanding of tumor physiology is imperative to safe-

guard tumor site delivery of nanocarriers with minimal drug 

leakage. Nanocarriers with the ability to discharge drug at 

acidic pH while retaining the same cargo at physiological 

pH are preferred since the tumor sites have slightly acidic 

pH (5–6.5). These pH-responsive nanocarriers could have 

a significant impact on the controlled delivery of cargo. 

The release profile of MSNP-PEG-triptorelin (Figure S4) 

showed pH-dependent drug release with an initial burst 

release of DOX at both pHs followed by a sustained release 

over the time period of the study. At pH 7.4, 49.52% of DOX 

release was observed in 96 hours. On the other hand, 96.4% 

of DOX release was observed in 96 hours at pH 5.

cellular internalization
After successful synthesis and characterization of the nano-

carriers, cellular internalization studies were performed. 

The MCF-7 and LNCaP cells were treated with DOX-loaded 

bare and targeted MSNPs as well as free DOX for 2 hours at 

a particular concentration and then imaged using a confocal 

microscope. Nuclei were stained with Hoechst 33342, while 

the internalization of DOX-loaded MSNPs was visualized by 

the fluorescent property of DOX (Figure 2).25 Confocal images 

displayed significantly higher uptake of DOX-loaded targeted 

MSNPs (Video S1) as compared to DOX-loaded bare MSNPs 

(Video S2) in MCF-7 cells (Figure 2A). Free DOX was seen 

entering the MCF-7 as well as LNCaP cells and it accumu-

lated in the nuclei, which appeared red (Videos S3 and S4, 

respectively). Similar results were observed in LNCaP cells 

(Figure 2B) wherein DOX-loaded targeted MSNPs showed 

higher internalization (Video S5) as compared to DOX-

loaded bare MSNPs (Video S6). These results were also 

quantified by calculating the intensity of internalized DOX 

in the cells using ImageJ software (Figure S5). Additionally, 

3D Z-stack images of MCF-7 cells treated with DOX-loaded 

targeted MSNPs (Figure 3A) and DOX-loaded bare MSNPs 
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Figure 2 cellular internalization.
Note: confocal images of DOX-loaded bare (DOX-MsNPs) and DOX-loaded targeted MsNPs (DOX-T MsNPs) in (A) McF-7 and (B) lNcaP cells.
Abbreviations: DOX, doxorubicin; MsNPs, mesoporous silica nanoparticles.

Figure 3 cellular internalization by Z-stack imaging.
Note: Z-stack images of (A, B) DOX-loaded targeted and bare MsNPs in McF-7 cells, respectively, and (C, D) DOX-loaded targeted and bare MsNPs in lNcaP cells, respectively.
Abbreviations: DOX, doxorubicin; MsNPs, mesoporous silica nanoparticles.

(Figure 3B) further confirmed their internalization in the 

cytoplasm. Similarly, internalization of DOX-loaded targeted 

MSNPs and DOX-loaded bare MSNPs (Figure 3D) in the 

cytoplasm of LNCaP cells was also confirmed by 3D Z-stack 

images (Figure 3C and D, respectively).

cytotoxicity studies
Cytotoxicity studies were performed to determine the anti-

cancer activity of the DOX-loaded MSNPs on the cancer cells 

by estimating percent viability. Cells were incubated with 

DOX-loaded targeted MSNPs, DOX-loaded bare MSNPs, 
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and free DOX for 24 and 48 hours. After incubation, MTT 

assay was performed wherein MCF-7 cells treated with DOX-

loaded targeted MSNPs showed very significant (P,0.05) 

toxicity at 10 µM concentration at 24 hours. Nevertheless, 

further higher and extremely significant (P,0.001) cytotox-

icity was observed at 48 hours for targeted MSNPs than for 

DOX-loaded bare MSNPs and free DOX (Figure 4A and B). 

Similar results were obtained in LNCaP cells wherein the 

DOX-loaded targeted MSNPs displayed extremely signifi-

cant (P,0.001) cytotoxicity as compared to free DOX and 

DOX-loaded bare MSNPs (Figure 4C and D). The results 

obtained in the MTT assay corroborated well with the inter-

nalization data. The percentage viability in MCF-7 cells at 

10 µM concentration after 48 hours treatment was observed 

to be 54.5%±2.8%, 34.6%±2.76%, and 46.8%±1.82% for 

free DOX, DOX-loaded targeted MSNPs, and DOX-loaded 

bare MSNPs, respectively. Similarly, in LNCaP cells, 

after 48 hours treatment, 35.7%±4.7%, 27.9%±5.8%, and 

44.7%±4.2% cell viability was observed for free DOX, DOX-

loaded targeted MSNPs, and DOX-loaded bare MSNPs, 

respectively.

The IC
50

 values for DOX-loaded targeted MSNPs 

and DOX-loaded bare MSNPs were found to be 0.44 and 

0.65 µM, respectively, in MCF-7 cells. In LNCaP cells, the 

IC
50

 values were 0.43 and 1.082 µM for DOX-loaded tar-

geted MSNPs and DOX-loaded bare MSNPs, respectively. 

The decrease in cell viability, that is, enhanced activity of 

DOX-loaded targeted MSNPs was clearly due to triptorelin 

ligand conjugation.

apoptosis studies in cancer cells
DOX induces apoptosis in various cancers by intercalating 

in the DNA of the cells. Herein, we have carried out AO/

EB double staining to determine the apoptotic effect of DOX 

delivered in the breast and prostate cancer cells. The images 

demonstrated that MCF-7 cells treated with only DOX 

Figure 4 cytotoxicity assay.
Notes: cytotoxicity assay in McF-7 cells at (A) 24 hours and (B) 48 hours and in lNcaP cells at (C) 24 hours and (D) 48 hours at 37°c. Data are presented as mean±sD. 
n=3. *P,0.05, **P,0.01, ***P,0.001.
Abbreviations: DOX, doxorubicin; MsNPs, mesoporous silica nanoparticles.
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showed a significant amount of red-colored cells due to the 

easy uptake of free DOX as compared to green-colored nuclei 

in the untreated control cells (Figure 5). Also, MCF-7 cells 

treated with DOX-loaded targeted MSNPs showed a signifi-

cant amount of red and yellow fluorescence as compared to 

the control cells. Few MCF-7 cells emitted orange color, indi-

cating early apoptotic stage. Similar results were obtained in 

LNCaP cancer cells (Figure 5). To further confirm the results 

obtained by AO/EB staining and quantitate the percentage 

of treatment-induced apoptosis, Annexin V-FITC/PI stain-

ing assay was performed using flow cytometry. As shown 

in Figure 6, most of the cells were observed in the early and 

late apoptotic phases (~43%) in the case of cells treated with 

free DOX. The DOX-loaded targeted MSNPs exhibited 

significantly higher apoptotic cells (~36%) as compared to 

DOX-loaded bare NPs (~13%). The results suggested that 

treatment with DOX-loaded targeted MSNPs induced higher 

apoptosis than DOX-loaded bare NPs in MCF-7 cells.

Discussion
The ability to target therapeutic agents specifically to cancer 

cells, thereby reducing nonspecific toxicity, determines the 

success of a new nanocarrier.26 In this work, MSNPs were 

synthesized by one-pot synthesis method, modified with 

targeting ligand triptorelin, and characterized for targeted 

drug delivery toward GnRH-overexpressing cancer cells. The 

synthesized MSNPs were characterized based on their size 

and charge. The synthesized MSNPs were 113 nm (hydro-

dynamic radius) and 55 nm (actual) in size, as determined 

by Nanosight and TEM, respectively. A previous study sug-

gests that NPs accumulate in the tumor site due to its leaky 

vasculature which has fenestrae of 200 nm.27 Therefore, in 

our study, we ensured that the synthesized MSNPs, with or 

without PEG and triptorelin conjugation, were smaller than 

200 nm. A negative charge on the surface of the targeted 

MSNPs (−17.94 mV) further ensured reduced nonspecific 

uptake of MSNPs by the cells. Also, the porous nature of 

the MSNPs enhanced entrapment of the cargo.28

In our study, targeted MSNPs conjugated with triptorelin 

showed a higher loading of DOX, which could be attributed 

to the presence of PEG and ligand on the surface of MSNPs. 

It has been reported that in addition to drug loading, its pre-

mature release from the NPs can also be controlled by sealing 

the pores of MSNPs at the periphery using conjugation of 

ligand or large molecules and clusters.29

Internalization studies showed higher uptake of DOX-

loaded targeted MSNPs as compared to DOX-loaded bare 

MSNPs in both the cell lines. The cells treated with DOX-

loaded targeted MSNPs showed higher DOX fluorescence 

due to the presence of triptorelin, which facilitated GnRH 

receptor-mediated enhanced uptake in these cells. GnRH-

overexpressing property of the cells was precisely exploited 

to deliver DOX-loaded targeted MSNPs, which resulted in 

increased uptake. However, bare MSNPs devoid of ligand 

(and with negative surface charge) hindered their uptake. 

Cells treated with free DOX showed a very high intensity 

of red fluorescence in the nucleus. This could be due to the 

huge accumulation of DOX as it can easily enter the nucleus 

intercalating the nucleic acids.

The cytotoxicity assay was performed in the breast as 

well as prostate cancer cell lines and significant cytotoxicity 

was observed due to free DOX and DOX-loaded MSNPs in 

a concentration-dependent manner. DOX-loaded targeted 

MSNPs showed higher toxicity than DOX-loaded bare 

MSNPs, which could be attributed to their higher uptake 

through receptor-mediated endocytosis. Thus, the cytotox-

icity assay confirmed the results of cellular uptake studies, 

suggesting that the internalized DOX-loaded targeted MSNPs 

have delivered the drug, which was confirmed through the 

percentage viability of the cancer cells.

AO/EB staining allows detection of apoptotic cell death 

through morphological changes, namely, necrotic and apop-

totic stages including early and late phases. AO is a dye 

that stains viable and damaged cells as they are membrane 

permeable, while EB dye only stains dead cells wherein the 

membrane is damaged. AO/EB dual staining assay was per-

formed on MCF-7 and LNCaP cancer cells, wherein the cells 

were treated with free DOX, DOX-loaded targeted MSNPs, 

and DOX-loaded bare MSNPs for 24 hours and staining was 

performed. DOX-loaded targeted MSNPs showed numerous 

greenish-yellow cells with granulated nuclei, suggesting that 

these were undergoing apoptosis. Also, dead cells showed 

red fluorescence due to intercalation of EB in their DNA. 

Conversely, most of the cells treated with DOX-loaded bare 

MSNPs appeared green with normal nuclei morphology, 

suggesting that they were alive owing to the lower cellular 

uptake of bare MSNPs. This study has helped in determina-

tion of apoptosis in cells treated with DOX-loaded targeted 

NPs and also has made an accurate distinction between 

different stages of apoptosis and induced morphological 

changes.30 Further, cells stained with Annexin V-FITC and 

PI demonstrated early and late apoptosis. Phosphatidylser-

ine present in the inner membrane of cells gets translocated 

to the outer plasma membrane surface after initiation of 

apoptosis. While Annexin V conjugated to a fluorescent dye 

binds efficiently to the exposed phosphatidylserine, damaged 
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Figure 5 aO/eB dual staining in McF-7 and lNcaP cells after treatment with free DOX, DOX-loaded bare MsNPs (DOX-MsNPs), and DOX-loaded targeted MsNPs 
(DOX-T MsNPs).
Abbreviations: aO, acridine orange; DOX, doxorubicin; eB, ethidium bromide; MsNPs, mesoporous silica nanoparticles.
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Figure 6 apoptosis assay.
Note: Flow cytometer analysis of (A) untreated control cells, (B) free DOX-treated cells, (C) DOX-loaded targeted MsNP-treated cells, and (D) cells treated with DOX-
loaded bare MsNPs.
Abbreviations: DOX, doxorubicin; FITC, fluorescein isothiocyanate; MSNPs, mesoporous silica nanoparticles; PI, propidium iodide.

and dead cells are stained by PI. This assay thus confirmed 

the mode, phases, and percentage of apoptosis induced by 

DOX-loaded MSNPs.31

Conclusion
We developed MSNPs modified with PEG-triptorelin for 

specific targeted DOX delivery in GnRH receptor-overex-

pressing cancer cells. Higher loading of DOX was observed 

on targeted MSNPs than bare MSNPs, which were efficiently 

internalized in MCF-7 and LNCaP cancer cells. DOX-loaded 

targeted MSNPs showed significant cytotoxicity compared 

to DOX-loaded bare MSNPs. Moreover, apoptosis stud-

ies showed the mode of action and their early/late apop-

totic stages. In conclusion, the developed multifunctional 

nanocarriers possess desirable attributes, such as efficient 

drug loading and improved targeted delivery to the cancer 

cells. Given these attributes, it would be worthwhile pursuing 

further work on different cancer models in vivo and assessing 

the efficacy of targeted drug delivery using MSNPs modified 

with PEG-triptorelin.
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