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Noscapine (Nos), an orally available plant-derived

antitussive alkaloid, is in phase II clinical trials for cancer

chemotherapy. It has extensively been shown to inhibit

tumor growth in nude mice bearing human xenografts

of hematopoietic, breast, lung, ovarian, brain, and prostate

origin. However, high tumor-suppressive Nos dosages

encumber the development of oral controlled-release

formulations because of a short biological half-life (< 2 h),

poor absorption, low aqueous solubility, and extensive

first-pass metabolism. Here, we present the design,

fabrication, optimization, characterization, and biological

evaluation of estrone-conjugated noscapine-loaded gelatin

nanoparticles (Nos-ES-GN) for targeting estrogen-

receptor-positive breast cancer MCF-7 cells. Gelatin

nanoparticles (GN) were a uniformly compact size, stable

at physiological pH, and showed a drug entrapment

efficiency of 66.1±5.9 and 65.2±5.6% for Nos-GN and

Nos-ES-GN, respectively. The secondary structure of

gelatin nanocoacervates was predicted using circular

dichroism and in-silico molecular modeling. Our data

suggest that ethanol-fabricated GN retained the a-helical

content of gelatin, whereas acetone favored the formation

of random coils. The conjugation of estrone to Nos-GN

did not affect the release rate of the drug, and both

formulations followed first-order release kinetics with

an initial burst, followed by a slow release. The IC50

value of Nos-ES-GN was 21.2 lmol/l, which was B50%

lower than the free drug (43.3 lmol/l), suggesting

targeted drug delivery. Our cell uptake study carried

out in an estrogen-receptor-positive (MCF-7) and

negative (MDA-MB-231) cancer cell lines showed greater

accumulation of Nos-ES-GN in MCF-7 cells instead

of MDA-MB-231 cells. Our data indicated that

estrone-conjugated nanoparticles may potentially be used

for targeting breast cancer cells. Anti-Cancer Drugs

25:704–716 �c 2014 Wolters Kluwer Health | Lippincott

Williams & Wilkins.

Anti-Cancer Drugs 2014, 25:704–716

Keywords: breast cancer, cytotoxicity, estrone, gelatin nanoparticles
in-silico docking, noscapine

aDepartment of Biology, Georgia State University, Atlanta, Georgia, USA,
bDepartment of Pharmaceutics, Chandigarh College of Pharmacy, cDepartment
of Medicinal Chemistry, National Institute of Pharmaceutical Education and
Research, Mohali, Punjab and dDr. B.R Ambedkar Center for Biomedical
Research, University of Delhi, Delhi, India

Correspondence to Jitender Madan, PhD, Department of Pharmaceutics,
Chandigarh College of Pharmacy, Mohali, Punjab 140307, India
Tel/fax: + 91 172 398 4209; e-mail: jitenderpharmacy@gmail.com

Received 1 November 2013 Revised form accepted 6 February 2014

Introduction
Most currently available chemotherapeutic regimens in

the clinic are limited by their nonspecificity and

nonselectivity for cancer cells that usually manifests as

increased toxicity to normal tissues. Owing to serious side

effects, anticancer chemotherapeutics are most often

administered intermittently at suboptimal doses that

result in the eventual failure of therapy, perhaps because

of development of drug resistance and subsequent

emergence of a more aggressive metastatic disease.

Furthermore, reduced intracellular drug accumulation

and poor penetration into tumor tissue impede the

therapeutic efficacy of many anticancer drugs. Thus, the

design and development of therapies that are tumor

directed is an area of intense investigation.

Molecularly targeted therapies have recently emerged as

an attractive approach to overcome the lack of specificity

of conventional chemotherapeutic agents [1]. There is a

growing appreciation of receptor-targeted strategies for

anticancer drug delivery to achieve superior pharmaco-

kinetic profiles and improved therapeutic indices.

Nanoparticles, using both passive and active targeting

strategies, can selectively and specifically enhance

intracellular drug concentration in cancer cells while

sparing normal cells. Furthermore, when targeted ligand-

decorated nanoparticles bind to their specific receptors to

facilitate cell entry, they are usually enveloped by

endosomes by receptor-mediated endocytosis, thereby

bypassing the recognition of P-glycoprotein, a major drug

efflux pump [2].

Noscapine (Nos) is a microtubule-modulating agent

currently in phase II clinical development for the therapy

of multiple myeloma. Biopharmaceutically, Nos is a weak

base (pKaB7.8) with a mean oral bioavailability of B31%

and a half-life of 1.33 h, which necessitates administration

of relatively high doses (300–450 mg/kg body weight) for

optimal therapeutic benefits [3–5]. In addition, a short

biological half-life (< 2 h), poor absorption, low aqueous

solubility, and extensive first-pass metabolism impede

the development of an oral controlled-release formula-

tion. Although we recently described the synthesis of

supramolecular nanoassemblies to augment aqueous

solubility and bioavailability of Nos and brominated

Nos, its relatively shorter plasma half-life coupled with
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rapid elimination by first-order kinetics perhaps results in

reduced drug accumulation in tumor tissues [5–8].

Estrogen receptors (ERs) are selectively overexpressed

up to B80% in human breast cancers compared with

normal breast epithelia [9]. ERs are a group of proteins

that are activated by the hormone estrogen. ER is a

member of the nuclear hormone family of intracellular

receptors, whereas estrogen G protein-coupled receptor

GPR30 is a G protein-coupled receptor. ERs are generally

designated as cytoplasmic receptors in their unliganded

state, but a fraction of the ERs also resides in the nucleus.

Once activated by estrogen, the ER is able to translocate

into the nucleus and subsequent binding with DNA

regulates the activity of different genes [10].

Estrone (ES) binds preferentially to the ER-a receptor

found in breast epithelial cells, whereas other ligands

such as estriol, raloxifene, and genistein bind to the ER-b
receptor. It has been reported that ES sulfate promotes

the growth of MCF-7 cells by converting into estradiol by

catalytic activity of ES sulfatase and 17b-hydroxysteroid

dehydrogenase [11]. MCF-7 cells convert the physiolo-

gical concentration of ES sulfate into free estradiol, which

further stimulates cell growth [12]. However, other

analogues of ES such as 2-ethylestrone and 2-ethyles-

trone-3-O-sulfamate induce mitotic arrest and apoptosis

in MCF-7 and CAL-51 breast cancer cells, respectively

[13]. Coupled with this information, ES hemisuccinate

(HS) acts as a ligand to selectively deliver chemother-

apeutic agents in breast cancer cells [14]. This offers a

unique opportunity to customize ES/estrogen-conjugated

drug-loaded nanovesicles for targeting ERs in breast

cancer cells [15–17].

In this study, we conjugated gelatin to the activated

30-HS form of ES to achieve targeted Nos delivery to

breast cancer cells. Gelatin, an FDA-approved polymeric

coating agent, was used for Nos encapsulation because of

its biocompatibility and wider acceptance. Here, we

report the design, fabrication, optimization, and char-

acterization of estrone-conjugated noscapine-loaded ge-

latin nanoparticles (Nos-ES-GN) for targeting ERs and

examine their potential for drug delivery in vitro.

Materials and methods

Materials

Nos (98% purity), gelatin (type B; bloom strength 225;

100–115 mmol/l of free carboxylic acid/100 g of protein;

an isoelectric point of 4.5–5.2; and average molecular

weight 40 000–50 000 Da), dimethyl sulfoxide, 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide

(MTT), glutaraldehyde (GLA; 25% aqueous solution),

1-(3-dimethyl-aminopropyl)-3-ethyl-carbodimide hydro-

chloride, N-hydroxysuccinimide, 2,4,6-trinitrobenzene-

sulfonic acid (TNBS), and ES were from Sigma Aldrich

(St. Louis, Missouri, USA). All common reagents and

solvents were of the highest analytical grade.

Cells cultures and reagents

Human breast cancer cells (MCF-7 and MDA-MB-231)

were maintained in 95% relative humidity and a 5% CO2

atmosphere at 371C using Dulbecco’s modified Eagle

medium (DMEM) supplemented with 5% fetal bovine

serum [18].

Synthesis and characterization of ES-modified gelatin

using the covalent coupling technique

Synthesis of ES-30-HS using ES as a template

We have used a previously published method to

synthesize the ES-30-HS from ES [19]. Rf (B0.75)

values refer to TLC under ultraviolet (UV) light

exposure. Further, the formation of ES-30-HS from ES

was confirmed by measuring the subsequent 1H nuclear

magnetic resonance spectroscopy (NMR) and 13C NMR

chemical shifts (d, ppm) because of succinylation.

Conjugation of ES-30-HS to gelatin

The ES-30-HS conjugation to gelatin sheets was facili-

tated by dissolving ES-30-HS (0.432 g, 1.16 mmol/l)

in an equivolume mixture of dioxane and dimethyl

formamide. An aqueous mixture was prepared by dissol-

ving N-hydroxysuccinimide (0.168 g, 1.45 mmol/l) and

1-(3-dimethyl-aminopropyl)-3-ethyl-carbodimide hydro-

chloride (0.3 g, 1.45 mmol/l) in 200 ml of distilled water,

which was then added to an ES-30-HS solution. This

reaction mixture was vortexed and incubated overnight

at 41C to activate the carboxyl group of ES-30-HS.

A measure of 100 mg of gelatin was then dissolved in

10 ml of distilled water (pH 5.3), followed by the slow

addition of the activated steroid, which was further

vortexed and incubated overnight at 41C. The ES–gelatin

conjugate was then dialyzed against distilled water and

lyophilized [20].

Determination of free amine groups in the conjugate

To ensure successful conjugation of gelatin with ES-30-
HS, the free amine groups in gelatin and ES-conjugated

gelatin were determined using the TNBS assay [21].

Preparation and characterization of ES-conjugated

gelatin nanoparticles (GN) and gelatin alone

bearing Nos

Nos was loaded onto ES-conjugated gelatin (Nos-ES-

GN) and gelatin alone (Nos-GN) to compare the kinetics

of drug release and cytotoxic activity. Eight formula-

tions of Nos-GN nanoparticles were prepared (Table 2)

using the two-step desolvation method [22]. Briefly,

25 ml of a 5% w/v gelatin solution was prepared at room

temperature. Gelatin was desolvated by adding 25 ml of

acetone or ethanol dropwise and the mixture was left for

sedimentation. The supernatant was discarded and

the sediment was redissolved in 25 ml of water at vary-

ing pH ranging from 2 to 12 with 50 mg of Nos. Acetone

or ethanol was again added dropwise to form the GN.
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These GN were further cross-linked with GLA (25%

aqueous solution), excess of which was neutralized by

adding 500 mg of glycine [23]. Purification was performed

by centrifugation at 8000g and the desolvating agent was

removed by slow vaporization over 24 h.

Fluorescein isothiocyanate (FITC) was labeled to an ES-

appended formulation using a previously published

method [24]. Briefly, ES-GN were dissolved in borate

buffer (pH 8.5) at 371C and labeled as solution A.

Separately, FITC solution in borate buffer (pH 8.5) was

prepared and labeled as solution B. Both solutions A and

B were then mixed and incubated for 3 h at room

temperature. The mixture was then dialyzed against

distilled water to remove any residual FITC. To

determine the labeling efficiencies, the fluorescence

intensity of a solution of fluorescein isothiocynate-labeled

estrone-conjugated gelatin nanoparticles (FITC-ES-GN)

dissolved in PBS (pH 7.4) was measured. The fluores-

cence intensity (Spectra Fluor; Tecan, Mannedorf,

Switzerland; lexe 485 nm, lemi 535 nm) was calibrated

with standard solutions of 0.005 to 0.013 mg/ml of FITC

prepared by diluting 100 mg/ml of methanolic solution of

FITC with PBS (pH 7.4). Labeling efficiency was

calculated as the percent weight of FITC to weight of

the FITC-ES-GN.

y ¼ 32750x�134:7;R2 ¼ 0:992:

Characterization of nanoparticles

Particle size and surface charge analysis

The mean particle size and surface charge (B) of Nos-GN

and Nos-ES-GN were determined using a Zeta-Sizer

(Malvern Instruments, Worcestershire, UK).

Encapsulation efficiency and drug-loading capacity

The encapsulation efficiency of all the eight formula-

tions, Nos-GN, Nos-GN1 to Nos-GN6, and Nos-ES-GN

(Table 2) was calculated by dispersing the nanoparticles

(50 mg) in 50 ml of 0.02 N hydrochloric acid, followed by

warming for a few minutes, incubation for 48 h, and

centrifugation at 8000g. The supernatant was filtered

through a 0.2 mm membrane filter and an aliquot of the

filtrate was diluted appropriately with the respective

solvent system. The concentration of Nos in all the

formulations was determined by measuring the optical

density at 311.2 nm using a UV–Visible Spectropho-

tometer (Shimadzu, Kyoto, Japan) [8]. The encapsulation

efficiency and drug-loading capacity were calculated

using the following formula:

Encapsulation efficiency ¼Amount of drug entrapped

Amount of drug added
�100:

Drug loading capacity ¼ Amount of drug present

Practical yield of nanoparticles
:

Transmission electron microscopy (TEM) and atomic

force microscopy (AFM)

Particle shape and morphology of nanoparticles were

determined using TEM (Philips Morgagni-268 TEM;

Philips Innovation Services, AE Eindhoven, the Netherlands)

at a voltage of 80 kV. In addition, AFM was also used

to analyze the surface characteristics of Nos-GN and

Nos-ES-GN.

Circular dichroism (CD)

The secondary structure of the gelatin nanocoacervate in

the solvent phase (ethanol/acetone) was studied using

CD spectroscopy, carried out at 251C with constant

nitrogen flushing using a CD instrument (Jasco J-715;

Jasco Analytical Services, Easton, Maryland, USA). The

far-UV CD spectrum of gelatin was measured from 190 to

250 nm in distilled water at pHB2.5. All measurements

were performed in triplicate 10 min after sample pre-

paration with the following instrument settings: 0.5 s,

scan speed 200 nm/min, sensitivity 100 millidegrees, and

1 nm spectra band-width. The final concentration of

protein used in far-UV CD analysis was 1 mg/ml.

In-silico molecular modeling

Molecular modeling studies were carried out to gain

insights into the secondary structure of gelatin nanocoa-

cervate in the solvent phase using Gaussian03 software

(Gaussian Inc., Wallingford, Connecticut, USA). Initially,

gelatin monomer and dimer models were optimized in

the gas phase using semiempirical Austin model 1 (AM1)

method [25] implemented in Gaussian03 software. To

understand the solvent effect, single point energy

calculations were performed on AM1 gas phase-optimized

structures at the HF/3–21G* level using the conductor-

like polarizable continuum model (CPCM).

In-vitro drug-release kinetics

Dialysis was used to determine the drug-release kinetics

of the nanoparticles [26,27]. Briefly, 2 ml of Nos-GN and

Nos-ES-GN were placed in dialysis bags (12 kDa; Sigma

Aldrich) and dialyzed against 250 ml of PBS (10 mmol/l, pH

4.5) [28] and PBS (10 mmol/l, pH 7.4) maintained at 371C

with a rotation speed of 50 rpm, followed by withdrawal of

5 ml of sample at different time intervals. The samples were

further replaced with fresh buffer of the same pH to mimic

sink conditions. The Nos concentration in the sample

was determined by measuring its optical density using a

UV–Visible Spectrophotometer (Shimadzu) at 311.2 nm

[8]. The extent of drug release was calculated using a

mathematical model based on zero-order or first-order

kinetic release of drug from colloidal matrices [26]. The

release kinetics was calculated using the following mathe-

matical model [eq. (1)]:

ln
C1�Q0

m

VT

� �
¼�Kmtþln

KCQ0
m

Km�KCVð Þ�V1V2

� �
: ð1Þ
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where C1 is the concentration of drug in the dialysate (outer

solution); Qm
0 is the total amount of drug associated with

the nanoparticles at time zero; Km is the first-order release

rate constant; KC is the apparent permeability constant of

dialysis tubing; and V1 and V2 are the volumes of solution

outside and inside the dialysis bag. VT = V1 + V2 and

KCV = KCVT/V1V2.

Therapeutic efficacy of Nos-GN and Nos-ES-GN

compared with Nos alone: in-vitro studies

In-vitro cytotoxicity assay

The MTT assay [29] was used to evaluate the

proliferative capacity of cells treated with various

nanoparticle formulations. Briefly, 3� 103 MCF-7 or

MDA-MB-231 cells per well were seeded in a 96-well

format. After 24 h of incubation, cells were treated with a

gradient concentration of Nos, Nos-GN, and Nos-ES-GN

and respective blank formulations. After 72 h of drug

incubation, the spent medium was removed and the wells

were washed twice with PBS. A final concentration of

5 mg/ml MTT was added to each well and cells were

incubated at 371C in the dark for 4 h. The formazan

product was dissolved in 100% dimethyl sulfoxide after

removing the medium from each well. The absorbance

was measured at 570 nm using a plate reader (Tecan).

In-vitro cellular uptake study: quantitative

and qualitative analysis

MCF-7 and MDA-MB-231 cells were plated in separate

Petri dishes (35� 12 mm) at a density of 3� 103 cells/

Petri plate. Dosing solutions consisted of a freshly

prepared FITC-ES-GN formulation [nanoparticle con-

centration B6.25–50 mmol/l of Nos encapsulated in

Nos-ES-GN in PBS (pH 7.4) diluted with DMEM].

Each cell monolayer was rinsed thrice and preincubated

for 1 h with 1 ml of DMEM at 371C. Uptake was initiated

by exchanging the DMEM with 1 ml of specified dosing

solution, followed by incubating the cells at 371C for 5 h.

The experiment was terminated by washing the cell

monolayer three times with ice-cold PBS (pHB7.4) and

lysing the cells with 1 ml of 0.5% Triton X-100. Cell-

associated FITC-ES-GN was quantified by analyzing the

cell lysate in a fluorimeter (Spectra Fluor, Tecan; lexe

485 nm, lemi 535 nm) [30]. The protein content of the

cell lysate was measured using the BCA protein assay kit

(Pierce Biotechnology Inc., Rockford, Illinois, USA).

After 5 h of incubation, the medium was removed and the

plates were washed thrice with sterile PBS. After the final

wash, the cells were fixed with 4% paraformaldehyde and

individual cover slips were mounted on clean glass

slides with fluoromount-G mounting medium (Southern

Biotechnology, Birmingham, Alabama, USA). The slides

were viewed under a fluorescence microscope (excitation/

emission 485/535; Leica Microsystems, Wetzlar, Germany).

Statistical analysis

The results are expressed as the mean±SD for n value 3

or more. Statistical significance was analyzed by one-way

and two-way analyses of variance tests. A value of P less

than 0.05 was considered statistically significant.

Results

Design, preparation, characterization, and optimization

of GN

We have designed, developed, and optimized Nos-ES-

GN by initially conjugating ES-30-HS with gelatin sheets,

followed by encapsulation of Nos in ES-GN (Scheme 1).

Characterization of ES-conjugated gelatin

Conjugation of ES with gelatin sheets required the

synthesis of the ES-30-HS moiety, followed by the

activation of its carbonyl group. Hence, we synthesized

ES-30-HS as the first step in the preparation of ES-

conjugated GN, which was characterized by 1H NMR and
13C NMR spectroscopy, as shown in Table 1. Subsequently,

the carbonyl group was activated upon incubation with

N-hydroxysuccinimide and 1-(3-dimethyl-aminopropyl)-

3-ethyl-carbodimide hydrochloride in the presence of

dioxane and dimethyl formamide. This was followed by

conjugation of activated ES-30-HS to gelatin sheets,

resulting in the formation of ES-modified gelatin. The

reaction was confirmed by determining the free amine

groups that indicate the extent of gelatin modification in

ES-conjugated gelatin using a TNBS assay. About 40% of

the amine groups in gelatin were found to be modified

with ES-30-HS.

Nos loading onto GN

A series of eight formulations of GN were prepared using

a two-step desolvation method by varying various process

variables, where gelatin was desolvated in acetone/

ethanol to sediment and was then loaded with Nos

(Nos-GN). The last member of this series was prepared

using the ES-modified gelatin, thus forming Nos-ES-GN

(Table 2).

Size characterization of nanoparticles

The size of the nanoparticle determines the effectiveness

of drug delivery to the tumor tissue as only appropriately

sized nanoparticles can remain in the bloodstream for the

required amount of time to selectively deliver the drug to

the tumor. An ideal nanoparticle shows compactness in

size (> 10 and <100 nm), that is, it should be large

enough to pilot through the leaky blood vessels, but small

enough to escape macrophage attack and easily permeate

the tumor mass [31]. Hence, we studied the particle

morphology, size, and the associated process variables to

determine the most effective formulation as observed

in Table 2 for further studies.
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Evaluation of particle size on variation of physical

parameters

Various physical parameters such as pH, temperature, and

surface charge are known to affect the particle size and its

dynamics in the bloodstream. We found that the

nanoparticle size increased significantly with an increase

in the pH of the aqueous gelatin solution from 2.5 to 7.4,

as observed in case of Nos-GN, Nos-GN1, and Nos-GN2

(130±18 to 180±15 nm) [one-way analysis of variance

(ANOVA), P < 0.05] (Table 2). When the temperature

was varied, with the pH constant, an increase in

temperature from 40 to 601C resulted in an increase

in particle size from 130±18 to 287±11 nm as observed

for Nos-GN and Nos-GN4 (two-way ANOVA, P < 0.0001)

(Table 2). On maintaining pH and temperature constant,

an increase in the GLA content from 250 to 500 ml in the

formulation did not lead to any considerable change in

the nanoparticle size, as observed in the case of Nos-GN

(130±18 nm), Nos-GN5 (125±22 nm), and Nos-GN6

(127±12 nm) (one-way ANOVA, P > 0.05). The maximum

noscapine nanoencapsulation efficiency for Nos-GN

(66.1±5.9%) did not appear to be significantly higher

than Nos-ES-GN (65.2±5.6%). However, the B potential,

which is a measure of the surface charge (B) of

nanoparticles indicating the stability in the aqueous

phase, decreased for Nos-ES-GN (– 33.1±0.8 mV) com-

Scheme 1

HO

O

Estrone-3′-hemisuccinate Gelatin sheet

EDAC/NHS Activation

H2N

NH2

ES-3′HS

H

O

O

O

O
H H

Estrone

Surface-modified
nanoparticle

Encapsulation

Nos

O

O

MeO

OMe

OMe

O

O

Noscapine Estrone-modified
gelatin

+
N

H
H

Me

Succinic anhydride

THF, TEA and DMAP

+

H

O

Schematic representation of the preparative steps involved in encapsulation of noscapine (Nos) in estrone-modified gelatin nanoparticles. The
estrone-30-hemisuccinate was conjugated to gelatin sheets to form estrone-modified gelatin. Further, estrone-modified gelatin nanoparticles were
constructed to encapsulate noscapine. DMAP, dimethylaminopyrimidine; EDAC, 1-(3-dimethyl-aminopropyl-3-ethyl-carbodiimide hydrochloride;
NHS, N-hydroxysuccinimide; TEA, triethanolamine; THF, tetrahydrofuran.

Table 1 Characterization of ES and ES-30-HS by 1H NMR and 13C
NMR spectra of ES and ES-30HS

1H NMR 13C NMR

Position d (ppm) Proton Position d (ppm) Carbon

ES 4 6.588–6.658 C–H 15 219.73 C = O
3 2.3–2.39 OH 2, 3 137.9–140.1 C

16 0.911 CH3 16 13.82 CH3

(77.411
76.989
76.566)

CDCl3

ES-30-HS 16 0.907 CH3 15 219.73 C = O
4 (A) 178.290 –C = O

2–3 (A) 3.22 CH2–CH2 2, 3 137.9–140.1 C
16 13.82 CH3

(77.41
76.989
76.566)

CDCl3

A, aliphatic; CD, circular dichroism; ES, estrone; ES-30-HS, estrone-30-
hemisuccinate; NMR, nuclear magnetic resonance spectroscopy.
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pared with Nos-GN (– 40.1±0.5 mV) (two-way ANOVA,

P < 0.05), measured at the same ionic concentration of

PBS. This further confirmed the coating of ES over the

surface of GN.

TEM and AFM

We first examined the sizes of nanoparticle formulations

using a particle-size analyzer. Subsequently, electron

microscopy was used to analyze the surface morphology

of optimized formulations. The TEM (Fig. 1a and c) and

AFM (Fig. 1b and d) micrographs of lyophilized Nos-GN

and Nos-ES-GN suggested that the nanoparticles were

smooth and spherical in shape, facilitating their smooth

passage through the bloodstream. The TEM micrographs

also indicated that centrifugal forces and freeze-drying

factors, which are important parameters in nanoparticle

preparation, did not affect the nanoparticle texture

(Fig. 1a and b).

CD studies and molecular modeling of gelatin

nanocoacervates

The process of Nos loading onto GN utilized acetone or

ethanol as desolvating agents that influenced the size

of nanoparticles (Table 2). Acetone produced smaller

nanoparticles (Nos-GN, 130±18 nm) in comparison with

ethanol (Nos-GN3, 285±10 nm), while keeping other

variables constant (401C, 250 ml GLA). To gain further

insights into the formation of nanoparticles using acetone

or ethanol, we performed CD spectroscopy and in-silico

molecular modeling of the gelatin nanocoacervate.

Figure 2a shows the CD spectra of an aqueous gelatin

solution at pH 7.15 and pH 2.5 with a peak at

200–210 nm and a consistent dip at 230 nm for both

solutions. It is recognized that unless an unusual fraction

of an aromatic amino acid is present, the optical activity

in the region between 190 and 230 nm is governed by the

peptide backbone (without any aliphatic side-chain

contribution) of proteins, a linear sum of contribution

from a-helices, b-turns, and random coils. A similar CD

profile, with a peak at 210 nm and a dip at 230 nm, was

observed when the aqueous gelatin solution (1 mg/ml, pH

2.5) was titrated gradually with ethanol (Fig. 2b).

However, the CD profile of gelatin solution (1 mg/ml,

pH 2.5, titrated with acetone; Fig. 2c) indicated the

absence of a-helices in gelatin as no dip was observed at

230 nm, a characteristic of the a-helix. This interesting

observation led us to carry out in-silico molecular

modeling studies to confirm the secondary structure

of gelatin nanocoacervate in both the desolvating agents.

These studies were carried out using the Gaussian03

Fig. 1

Nos-GN
Z-range

666.6 nm Nos-ES-GN
Z-range

535.5 nm

X-range
5024 nm

X-range
4790 nm

(a) (b) (c) (d)

Particle shape and morphology of the nanoparticles were observed by transmission electron microscopy (TEM) and atomic force microscopy (AFM).
TEM images of Nos-GN (a) and Nos-ES-GN (b) (scale barB200 nm). AFM images of Nos-GN (c) and Nos-ES-GN (d). Nos-GN, noscapine-
encapsulated gelatin nanoparticles; Nos-ES-GN, estrone-conjugated noscapine-loaded gelatin nanoparticles.

Table 2 Effect of process parameters on particle size and entrapment efficiency of GN

Samples pH Temp (1C) GLA 25% (ml) Size (nm)a Polydispersity indexa EE (%)a Drug-loading capacity (mg)/10 mg Ba potential (mV)

Nos-GN 2.5 40 250 130±18 0.096±0.026 66.1±5.9 8.26 – 40.1±0.5
Nos-GN1 4.5 40 250 149±21 0.071±0.009 60.8±2.3 – –
Nos-GN2 7.4 40 250 180±15 0.099±0.065 35.3±6.2 – –
Nos-GN3

b 2.5 40 250 285±10 0.065±0.010 57.4±4.1 – –
Nos-GN4 2.5 60 250 287±11 0.087±0.011 56.1±4.2 – –
Nos-GN5 2.5 40 400 125±22 0.110±0.071 55.5±2.9 – –
Nos-GN6 2.5 40 500 127±12 0.089±0.067 57.9±3.1 – –
Nos-ES-GN 2.5 40 250 155±15 0.055±0.074 65.2±5.6 8.35 – 33.1±0.8

Acetone was used as the desolvating agent for all the samples.
EE, entrapment efficiency; GLA glutaraldehyde; GN, gelatin; Nos, noscapine; Nos-ES-GN, estrone-conjugated noscapine-loaded gelatin nanoparticles;
Temp, temperature.
aValues are presented as mean±S.D for nZ 3.
bEthanol was used as a desolvating agent.
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software to examine the solvent effect [32]. Initially,

gelatin monomer and dimer models were optimized in

the gas phase using a semiempirical AM1 method [25].

To understand the solvent effect, single point energy

calculations were performed on the optimized structures

at the HF/3–21G* level using a CPCM solvation

model [33,34]. Binding energy of the gelatin dimer in

acetone was – 17.02 kcal/mol and the complexation

energy was – 15.03 kcal/mol in ethanol (Table 3), sug-

gesting the gelatin dimer to be more stable in acetone

compared with ethanol (Fig. 3). Hence, these studies

predicted that the compactness of the gelatin nano-

coacervates may be stronger in acetone than in ethanol.

Drug-release kinetics from GN

In-vitro drug-release kinetics of Nos from GN

One of the factors affecting drug release across the

dialysis membrane is the permeability constant [26,27]

that was determined by adding a known quantity of drug

Fig. 2
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Circular dichroism (CD) curves of aqueous gelatin solution (1 mg/ml) (a), aqueous gelatin solution (1 mg/ml, pH 2.5) titrated with ethanol (EtOH)
(b), aqueous gelatin solution (1 mg/ml, pH 2.5) titrated with acetone (ACN) (c). Decrease in pH from its isoelectric point (4.7–5.2) to pH 2.5 retained
the secondary structure characteristics of gelatin, whereas titration with ethanol preserves the a-helical contents of gelatin and acetone promotes the
formation of random coils. GN, gelatin nanoparticles; mdeg, millidegree.

Table 3 Heat of formation of gelatin monomer and dimers in acetone and ethanol

Gelatin [heat of formation (AU)] Stabilization energies (DHf, kcal/mol)

Acetone Ethanol Gelatin dimers

Monomer – 2968.1541826 – 2968.1582605 Acetone – 17.02
Dimer – 5936.3355026 – 5936.3404830 Ethanol – 15.03

Implicit solvent conditions were used on the Austin Model 1 optimized structure. The absolute and relative energy values were reported at the HF/3–21G* level.
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(25 mg/ml Nos) inside the dialysis bag and monitoring

the drug concentration in solution outside the bag (C1) as

a function of time. Using the equation for permeability

constant (In[Qm
0 – C1(V1 + V2)] = In Qm

0–KCVt), a plot

of In[Qm
0 – C1(V1 + V2)] versus time yielded the slope

(= KCV) as 0.0147/h/ml (Fig. 4a). The intercept of the

above equation represented the amount of drug present

inside the bag (24.95 mg), which was almost equal to the

amount loaded (25 mg). This suggested negligible

adsorption of Nos on the dialysis membrane. Our data

showed that the drug release from Nos-GN and Nos-ES-

GN followed first-order release kinetics and showed a

biphasic release at pH 4.5 (Fig. 4a) when In[C1 – Qm
0/VT]

was plotted against time. Release rate constants for the

two phases were determined by the slopes as shown

in Table 4. The percent release of drug was calculated

following the amount of drug released in both the phases

using the rate constant values (Table 4).

Effect of pH on in-vitro release of Nos from GN

We next evaluated the effect of pH on drug release and

found that Nos-GN released 47.2±4.5% of Nos in PBS at

pH 4.5 in 8 h. However, only 13.2±2.9% of Nos was

released at pH 7.4 (Fig. 4b). Similarly, Nos-ES-GN

released 40.89±1.8% of Nos in 8 h at pH 4.5 (Fig. 4c).

This suggested that enhanced Nos release was found at

a pH of 4.5.

Nos-ES-GN showed enhanced efficacy

The cytotoxicity analysis using an in-vitro cell proliferation

assay on MCF-7 and MDA-MB-231 cells indicated that the

IC50 of Nos-ES-GN (21.2mmol/l) was significantly (one-

way ANOVA test, P < 0.05) lower than that of Nos-GN

(32.1mmol/l) and Nos alone (43.3mmol/l) in the MCF-7

cell proliferation assay (Fig. 5). Although there was not

much of a significant difference in the IC50 values of Nos-

GN and Nos-ES-GN, an enhanced cytotoxic effect was

observable with the ERs-targeted formulation. In addition,

we included MDA-MB-231 breast cancer cells that do not

express the ER-receptor as a negative control [35] and

found that the IC50 value of both formulations (Nos-GN

and Nos-ES-GN) was almost similar (36.1 and 33.3mmol/l,

respectively), suggesting that the approximately two-fold

lower IC50 for Nos-ES-GN in MCF-7 cells might be

because of receptor-targeted drug delivery. Blank GN and

blank ES-GN had no influence on the cytotoxicity of

MCF-7 and MDA-MB-231 cells even at higher concentra-

tions (data not shown) [36,37].

Fig. 3
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Molecular modeling structures of gelatin monomer (a) and gelatin dimer (b). Gelatin monomer and dimer models were optimized in the Austin model
1 gas phase at the HF/3–21G* level using a conductor-like polarizable continuum model solvent model. The intermolecular hydrogen bond
distances were in Å units.
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FITC-ES-GN accumulation in MCF-7 and MDA-MB-231

cells

The quantitative and qualitative cellular accumulation of

FITC-ES-GN into MCF-7 and MDA-MB-231 cells was

investigated by tracking nanoparticles using fluorimetry

(Spectra Fluor; Tecan; lexe 485 nm, lemi 535 nm). After

incubation of a gradient concentration of FITC-ES-GN

with MCF-7 and MDA-MB-231 cells for 5 h, the highest

mean fluorescence intensity and cellular accumulation

was observed in MCF-7 cells (88.92%), whereas it was

less distinctive in MDA-MB-231 cells (33.52%) (Fig. 6a

and b).
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Release kinetics of Nos from Nos-GN and Nos-ES-GN at pH 4.5 was measured as a function of time (a). Drug release was found to follow first-order
release kinetics. In-vitro release kinetics of Nos from Nos-GN at pH 4.5 and 7.4 (b). Nos-GN releases 92.1±4.2% of Nos significantly (P < 0.05)
higher than Nos (15.3±2.7%) released at pH 7.4. In-vitro release kinetics of Nos from Nos-GN and Nos-ES-GN at pH 4.5 (c). Nos-GN released
47.2±4.5% of Nos in 8 h (P < 0.05) higher than Nos released from Nos-ES-GN (40.89±1.8%) at pH 4.5. Values are shown as mean±SD for n value
3 or more. Nos, noscapine; Nos-GN, noscapine-encapsulated gelatin nanoparticles; Nos-ES-GN, estrone-conjugated noscapine-loaded gelatin
nanoparticles.

Table 4 In-vitro release rate constants for optimized formulations at different phases

Samples Entrapment efficiencya Release rate constants Km1, Km2, Km (mg/h) Initial drug release (%) Terminal drug release (%) Total drug release (%)

Nos-GN 66.1±0.9 1.81�10 – 3, 0.16�10 – 3, 1.65�10 – 3 47.2 44.9 92.1
Nos-ES-GN 65.2±0.6 1.60�10 – 3, 0.17�10 – 3, 1.43�10 – 3 40.8 45.8 86.6

Km1, initial rate constant (release of entrapped + free drug); Km2, terminal rate constant (release of entrapped drug); Km, Km1 – Km2 (rate constant for the release of free
drug).
Nos, noscapine; Nos-ES-GN, estrone-conjugated noscapine-loaded gelatin nanoparticles.
aValues are shown as mean±SD for nZ3.
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Intracellular tracking of FITC-ES-GN in MCF-7 and

MDA-MB-231 cells

The qualitative particle internalization was further

examined and visualized by fluorescence microscopy

(excitation/emission 485/535; Leica Microsystems). After

incubation for 5 h, the intracellular fluorescent spots were

observed clearly in cultured MCF-7 cells in the presence

of FITC-ES-GN particles. Fluorescence microscopy

showed that FITC-ES-GN were distributed homoge-

nously into the cytoplasm of MCF-7 cells in comparison

with MDA-MB-231 cells (Fig. 6c).

Discussion
We have shown enhanced drug-release efficacy of Nos-

ES-GN targeted to breast cancer MCF-7 cells. These

novel nanoparticles were designed, synthesized, and

characterized to achieve better targeting of Nos to the

ERs selectively overexpressed on breast cancer cells

when tumors are hormone responsive [9]. We have

optimized formulations taking into consideration the

effects of pH, temperature, concentration of GLA,

desolvating agents, and entrapment efficiency on nano-

particle size. During the course of experimentation, we

found that changes in pH and temperature influenced

the nanoparticle size. Essentially, adjustment of pH to 2.5

by adding 0.1 mol/l hydrochloric acid promoted the

positive NH3
+ groups to cross-link with –CHO groups

of GLA, facilitating the production of smaller particles.

However, larger particles were produced at a pH of 7.4

under similar conditions (Table 2) [38]. Changes in

temperature also resulted in varying nanoparticle sizes

because of the gelling property of gelatin. In solution, the

triple helical structure began to uncoil because of an

increase in temperature and thus showed decreased

viscosity. In addition, at 401C, the chains seemed to have

sufficiently uncoiled and the addition of a desolvating

agent led to a better-controlled precipitation of the

macromolecules as compared with a higher temperature

(Table 2). CD spectroscopy and molecular modeling

studies showed the effect of a desolvating agent on

nanoparticle size, wherein ethanol produced larger

nanoparticles and acetone resulted in smaller particles

(Figs 2 and 3 and Table 2). The process of nanocoacerva-

tion induced by the addition of ethanol facilitated the

process of inducing chain collapse and interaction of

positively charged segments of gelatin with negatively

charged ones. Furthermore, ethanol allowed the rupture

of hydrogen bonds between water molecules and the

polyion. However, water molecules form a hydrogen bond

with ethanol molecules and the resultant binary mixture

may act as a marginal solvent for gelatin molecules. This

perhaps resulted in a reduction in the overall spatial

extension of the polyelectrolyte chain, thereby bringing

the complementarily charged segments closer. We

envisage that this may lead to self-charge neutralization

and the formation of gelatin particles in a single chain

that were mostly present in the supernatant and the

intermolecular segments of complementary charge

formed aggregates. As these aggregates may not be fully

charge neutralized, they could have attracted other

gelatin molecules and thus increased in size (Table 2).

Moreover, the dielectric constant of the gelatin aqueous

solution also decreased as the volume of ethanol

increased, facilitating a stronger electrostatic interaction

and hence increase in aggregate size, which drove the

system toward coacervation [39]. In contrast, acetone,

being a nonpolar solvent, produced smaller particles by

decreasing the dielectric constant of water and caused

the formation of random coils in the gelatin secondary

structure (Figs 2 and 3 and Table 2). This perhaps

restricted the interaction of positively charged segments

with negatively charged ones and thus did not support

the formation of large aggregates, resulting in reduced

nanoparticle size. Our molecular modeling studies

yielded similar results (Fig. 3) and allow us to propose

that favorable hydrogen bonding and electrostatic inter-

action occurs between two gelatin monomers in acetone,

which leads to smaller gelatin coacervates. In the case of

ethanol, a relative decrease in favorable hydrogen bonding

interactions between two gelatin monomers may have

resulted in a loose packing arrangement. A typical

structure of gelatin consists of –Ala–Gly–Pro–Arg–Gly–

Glu–4Hyp–Gly–Pro–, and AM1 studies [25] under gas

phase conditions showed that intermolecular interactions

in the gelatin dimer were stabilized by van der Waals

interactions in addition to hydrogen bonding (Fig. 3). Our

modeling data suggested that the peptide bond oxygen of

Pro–Arg may form a hydrogen bond with amino group

Fig. 5
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hydrogen of Ala with a distance of 2.19 Å. Similarly, the

peptide bond oxygen of Arg–Gly was oriented to form two

hydrogen bonds with the H atoms of guanidine at a

distance of 2.18 and 2.15 Å. In addition, the peptide bond

oxygen of Gly–Glu may form a hydrogen bond with

guanidine hydrogen at a distance of 2.27 and 2.69 Å

(Fig. 3 and Table 2). Thus, we contemplate that acetone

significantly reduces the GN size compared with ethanol.

Furthermore, an in-vitro release study at physiological pH

to measure the release rate constant suggested that the

initial (or first phase) release rate constant was greater

than terminal (or second phase), indicating that both

surface-adsorbed (free drug) and surface-entrapped drug

were released in the first phase, whereas only entrapped

drug was released in the second phase (Fig. 4a). Our data

also showed that Nos-ES-GN released B87% of Nos in

an acidic environment. The enhanced Nos release from

tailored nanoformulations was observed at pHB4.5

in comparison with pHB7.4. This may be attributed to

the rigidity of GN at physiological pH, which pre-

vents the swelling of cross-linked gelatin and thus

reduces the release rate. However, slightly acidic pH

increases the GN size/degree of swelling or the rate of

water uptake, which further enhances the release rate.

The rate of gelatin swelling is faster in acidic pH because

of the ionization of the basic amino acid residues [8,23].

Fig. 6
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breast cancer cells line for 5 h (a) mean fluorescence intensity versus gradient concentration of nanoparticles, (b) percent cellular accumulation
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This was favorable as tumors are generally hypoxic and

their pH is usually acidic [40] (Fig. 4b). In-vitro

cytotoxicity analysis of the three formulations, Nos-GN,

Nos-ES-GN, and Nos alone, showed that the IC50

of Nos-ES-GN was B1.5- and B2-fold lower than that of

Nos-GN and Nos alone, respectively, in MCF-7 cells

whereas the IC50 value of Nos-GN and Nos-ES-GN in

MDA-MB-231 cells was almost similar (Fig. 5).

Further, to evaluate whether the surface density of ERs

influences the penetration of ES-GN into the cancer

cells, cell lines with different expression levels of ERs,

MCF-7 and MDA-MB-231 were employed to examine the

FITC-ES-GN uptake (Fig. 6a–c). The mechanism that

controls ER expression in breast carcinoma elucidated

that MCF-7 cells express a 6.5-kb ER mRNA, which

actively transcribes the ER gene. However, no ER

transcription was detected in MDA-MB-231 cells [41].

Receptor-mediated endocytosis is an essential first step

for many antibody-targeted therapies [15–17]. In a similar

incubation period, the greater uptake and distribution of

FITC-ES-GN in MCF-7 cancer cells may be attributed to

the processing of ES-appended formulation by receptor-

mediated endocytosis. Therefore, we propose that the

receptor-mediated endocytosis pathway would have

probably allowed the ES-30-HS anchored nanoparticles

to bind with nuclear ERs, and further processing by ES-

ER complexes, instead of favoring the progression of

MCF-7 cells [11–14].

Conclusion

We have shown the optimization of Nos-ES-GN for the

efficient delivery of Nos into breast cancer cells. Our

systematic and methodological investigation of various

synthesis parameters governing nanoparticle preparation

showed that Nos-GN and Nos-ES-GN can be synthe-

sized with a narrow particle size distribution. In addition,

the use of acetone or ethanol as a desolvating agent

during the fabrication of nanoparticles was crucial to

control the size of nanoparticles to achieve better cellular

targeting. Further, in vitro cytotoxicity and the cellular

uptake study confirmed that Nos-ES-GN, with greater

efficacy compared with Nos alone and Nos-GN, may

potentially be used for targeting breast tumor cells.

However, more detailed insights into this proof-of-

concept study are required to further decode the

mechanistic action of an ES-appended formulation

including preclinical biodistribution and tumor regression

study. The promising in-vitro treatment data of ES

appended gelatin nanoformulation bearing Nos deserves

further follow-up for preclinical tumor regression study.
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