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ABSTRACT: A series of copolymeric nanoparticles of methyl methacrylate and N-vinylcaprolactam were synthesized from microemul-

sions containing sodium dodecyl sulfate. Etoposide as a model drug was loaded in nanoparticles during in situ polymerization. Stable

nanolatex were produced and characterized for size and shape by dynamic light scattering (DLS) and transmission electron micros-

copy. Particles were found to be spherical in nature with size less than 50 nm. Structural characterization of copolymers was done by

infrared and nuclear magnetic resonance spectroscopy. Differential scanning calorimetery (DSC) and X-ray diffractometry (XRD)

techniques were used to evaluate molecular level interaction of etoposide with nanoparticles. Drug encapsulation efficiency was deter-

mined by ultraviolet (UV) spectrometry and found to be 35–67%. DSC, XRD, and UV data suggested the molecular level dispersion

of drug in the nanoparticles. In vitro release studies and in vitro cytotoxicity showed prolonged and controlled release of etoposide

from nanoparticles along with IC50 values of nanoparticles in the range of 0.01–0.1 mg/mL. VC 2012 Wiley Periodicals, Inc. J. Appl. Polym.
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INTRODUCTION

Podophyllotoxin is an antimitotic natural product and its inhib-

itory action on cell growth led to expansion of the clinically

important anticancer agents, etoposide and teniposide. The

cytotoxic mechanism of these drugs is the inhibition of topo-

isomerase II. It has been used in the treatment of a variety of

malignancies like malignant lymphoma, brain stem gliomas,

small cell lung carcinoma, stomach cancer, and ovarian cancer.

Among them, etoposide, a semisynthetic epipodophyllotoxin de-

rivative, is a first choice drug for the treatment of the above

mentioned diseases.1–3 However, its degradation at pH 1.3; poor

water solubility and slow intrinsic dissolution rate make it quite

challenging to prepare optimal formulation from it.4,5 Several

investigational oral formulations of etoposide had been devel-

oped but all suffered the disadvantage of low and erratic bioa-

vailability.6 Hence, efforts were made to boost the bioavailability

of the drug. The presently existing commercial oral formula-

tions are nonaqueous, that is, parenteral solutions and oral soft

gelatin capsules containing etoposide solution in a mixed sol-

vent system comprising benzyl alcohol, ethanol, PEG 400, and

Tween 80.7–9 However, both of these formulations have dis-

advantages. Etoposide precipitates from the parenteral solution

when diluted with other intravenous fluids, and conversely,

the oral soft gelatin capsule formulations exhibited low

bioavailability.10

Attempts have been made to increase the water solubility of eto-

poside through chemical modification, that is, prodrug, such as

etoposide phosphate. However, it has not yet proved whether

this path can actually improve oral bioavailability. Shah et al.5

implement another approach by disturbing the crystalline na-

ture to increase the water solubility and dissolution rate of the

drug by solid state dispersion of drug into water soluble carrier

molecules, which significantly reduces the crystallinity of drug.

They have reported two times increase in the solubility and 42

times increase in dissolution rate leading to increase in the oral

bioavailability of etoposide. Recently, due to emergence of
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genomic era, new drug targets have been identified, because of

which controlled release (CR) and targeted drug delivery sys-

tems have become popular research areas. A recent trend has

been the use of particulate drug delivery technology, where the

payload (hydrophilic and hydrophobic drugs) is trapped within

the carrier system of 1–1000 nm in diameter. Nanocarriers, due

to their multifaceted specific properties like effective targeting

of hydrophilic as well as hydrophobic drugs at the site of action,

long shelf-life and high encapsulation efficiency of drugs unlike

liposomes often exhibit similarity in their size and structure to

natural carriers such as viruses and serum lipoproteins.11–13

In the search of an ideal system, a number of carrier systems

have appeared in the literature on formulation of nanodisper-

sions for controlled delivery of bimolecules/drugs.14–20 Basically,

nanodispersion is reported to be prepared by top-down

approach or bottom-up approach.21 In top-down approach, the

particulate size is reduced by either providing external forces

such as sonication, high pressure homogenization, or dispersion

of preformed polymer by means of organic solvents, which can

be hazardous to the biological environment. In bottom-up

approach, in situ polymerization technique is used where it has

been found that drug can be combined with nanoparticles

through dissolution in the polymerization medium, either

before the introduction of the monomer or after polymeriza-

tion. Development of smaller sized particles with high specific

surface area with porous nature and spherical morphology ena-

bles a large variety of entrapped drugs to be successfully deliv-

ered at different parts of body. For instance, Xu et al.22 synthe-

sized effective core-surface crosslinked nanoparticulate drug

delivery vehicle for cisplatin. Babu et al.23 performed polymer-

ization of acrylamide and methyl methacrylate (MMA) to pro-

duce novel core–shell microspheres and investigated the

release of anticancer agent 5-fluorouracil entrapped through

absorption, adsorption technique in the presence of crosslinking

agent. An improved release profile with a higher entrapment of

drug was reported for a 3 : 1 ratio of acrylamide to MMA core–

shell microparticles prepared by an in situ polymerization

method.

Recently, poly(N-vinylcaprolactam) (PVCL) water soluble, bio-

degradable, temperature responsive polymer having lower criti-

cal solution temperature near to body temperature (around

32�C) has attracted much attention of researchers and technolo-

gist.24 So far, only a few studies related to its properties and

applications have been reported even though PVCL has been

commercially available from Badische Anilin- und Soda-Fabrik

(BASF) for a long period of time. Much of the published work

is concentrated on the PVCL-based hydrogels as they have

potential applications in controlled drug delivery system, sepa-

ration science, immobilization of enzymes, and tertiary oil-re-

covery technology.25–29 Similarly, colloidal systems can be

equally attractive for such applications, which could be easily

synthesized through free radical microemulsion polymerizations.

Pelton and Chibante30 reported first time in 1986 synthesis of

temperature sensitive microgel from N-isopropylacrylamide

(NIPAM) and N,N0-methylene bisacrylamide as a crosslinker.

After that, many research papers were published on copolymeric

microgels based on NIPAM and other ionic monomers.

As a part of our ongoing research on the development of novel

CR systems,31–33 attempts are made to synthesize temperature

responsive copolymeric nanoparticles through microemulsion

copolymerization of MMA and N-vinyl caprolactam (VCL) of

different compositions for the entrapment of high molecular

weight lipophilic model drug etoposide and for the investigation

of its release pattern. The nanoparticles formed are character-

ized by dynamic light scattering (DLS), transmission electron

microscopy (TEM), differential scanning calorimetry, X-ray dif-

fractometry, and infrared (IR) spectrometry. Entrapment effi-

ciency and in vitro release of etoposide from nanoparticles was

also studied. To our knowledge, these copolymeric nanoparticles

are not reported so far in the literature and their use for loading

of etoposide is reported for the first time. Attempts are made to

find out the possible cytotoxicity effect of etoposide-loaded

nanoparticles on B16F10 melanoma cancer cells.

EXPERIMENTAL

Materials

Etoposide (99.9%) was obtained as a gift sample from Cipla,

Mumbai, India. VCL, (98%, Sigma-Aldrich, Steinheim,

Germany) and MMA (Merck, Mumbai, India) were distilled

under high vacuum and stored at 4�C before use. L-Ascorbic

acid, hydrogen peroxide (30% w/v, Merck, Mumbai, India) and

sodium dodecyl sulfate (SDS) from SD-Fine Chem., Baroda,

India were used as received. Double distilled deionised water

(0.22 lm nylon filtered) was used throughout the experiments.

Cell Culture

B16F10, a highly metastatic lung selected subline derived from

C57/BL6 murine melanoma, was purchased from National

Centre for Cell Science (Pune, India). The cell line was main-

tained as a continuous culture in Iscove’s minimum Dulbecco’s

medium (GIBCO, BRL, MD) supplemented with 10% fetal bo-

vine serum (GIBCO BRL), 100 units/mL penicillin and 100 lg/
mL streptomycin. Cells were grown in a humidified atmosphere

of 5% CO2 and 95% air at 37�C. Media was replenished every

third day.

Synthesis of Copolymeric Nanoparticles and

Etoposide-Loaded Copolymeric Nanoparticles

Copolymeric nanoparticles of various compositions with and

without etoposide were prepared by without microemulsion po-

lymerization technique. The ternary microemulsions comprising

MMA-VCL monomer mixture having monomer weight ratios

varying from 100 : 0 to 25 : 75 MMA : VCL, SDS (2%, w/w)

and water (91%, w/w) were taken in three-neck reaction vessel

equipped with a nitrogen inlet, thermometer, water condenser,

and magnetic stirrer. Typically, monomer to surfactant ratio was

kept constant at 3 for all recipes. The ternary microemulsion

was deoxygenated by bubbling purified nitrogen for 15 min. Po-

lymerization was initiated by redox initiator pair hydrogen per-

oxide and L-ascorbic acid at 40 6 2�C. MMA was added drop

wise to maintain the monomer ratio in feed.33,34 The nanolatex

obtained after completion of the reaction was purified by

centrifugation at 5000 rpm at Krafft temperature (16�C) of sur-
factant to achieve surfactant free nanolatex and it was further

lyophilized using Heto Dry winner, Germany to separate nano-

particles. The adsorbed surfactant was removed by redispersing
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lyophilized drug loaded nanoparticles in hot water and then

centrifuging the suspension at 5000 rpm for 30 min at 16�C
thrice. Lyophilization was done after removal of supernatant to

obtain the dry nanoparticles for further structural characteriza-

tion. Monomer mixture containing 1% (w/w) etoposide and the

above synthesis procedure was followed for preparation of eto-

poside-loaded nanoparticles.

Characterization

Spectroscopic Analysis. The IR spectra of the purified copoly-

mer, drug loaded copolymer and drug was recorded on a Perkin

Elmer Rx1 IR spectrophotometer (MA) using 1-cm diameter

KBr pellets. 1H NMR spectrum of placebo copolymeric nano-

particles was recorded using 400 MHz 1H NMR spectrometer

(Bruker specrospin Avance Ultra-shield, Germany) at room

temperature (� 30 6 2�C). The spectrum was obtained after

accumulating 16 scans using 1% sample in CDCl3.

Differential Scanning Calorimetry. Differential scanning calo-

rimetric (DSC) analysis of the placebo poly(MMA-co-VCL)

copolymeric nanoparticles (50 : 50), etoposide-loaded copoly-

meric nanoparticles, etoposide and physical mixture of etopo-

side and copolymeric nanoparticles (1 : 1 w/w) was performed

using a Mettler–Toledo 822 instrument (Greifensee, Switzer-

land). The instrument was calibrated using indium as a stand-

ard and samples were heated in sealed aluminum pans between

0 to 400�C at a heating rate of 10�C min�1.

Powder X-ray Diffraction. Powder X-ray diffraction (XRD)

patterns of the placebo (MMA-co-VCL) copolymeric nanopar-

ticles (50 : 50), etoposide-loaded copolymeric nanoparticles,

etoposide, and physical mixture of etoposide and copolymeric

nanoparticles (1 : 1) were recorded on a Philips X’pert (MPD

range, Germany) using a Ni-filtered Cu Ka radiation (1.5405

A�) over the 2h range of 3–100�.

Dynamic Light Scattering. A Brookhaven’s 90 plus DLS equip-

ment (Holtsville) with a 30-mW solid state laser source oper-

ated at 688 nm was used to measure the particle size and size

distribution of the polymerized latex in a dynamic mode. The

particle size was obtained from the Stokes–Einstein relation

D ¼ kBT=ð6pgdÞ (1)

where d is the diameter of particles, D is the translational diffu-

sion coefficient, k is the Boltzmann constant, T is the tempera-

ture (�C), and g is the viscosity (centipoises) of the medium.

The scattering intensities from the samples were measured at

90� using photomultiplier tube. To minimize the interparticle

interactions, the analysis of the latex was done after 10 times

dilution considering the refractive index and viscosity of water

as that of latex. All the measurements were performed in tripli-

cate and mean values were taken.

Transmission Electron Microscopy. TEM analysis of copoly-

meric nanoparticles and etoposide-loaded copolymeric nanopar-

ticles was performed using JEOL 1200 EX Transmission Electron

Microscope at accelerating voltage of 80 kV. One drop of latex

was dispersed in 5 mL of water and was placed on the carbon-

coated copper grid. The grid was dried under IR lamp and then

the images of representative areas were captured at suitable

magnifications.

Gel Permeation Chromatography. Molecular weights of

copolymers were determined after lyophilization of the latex

using Perkin Elmer Totalchrom instrument with turbosec size

exclusion software equipped with a PE-series 200 RI detector,

series 200 isocratic pump, and rheodyne injector. The PLGel 5

lm mixed column, suitable for molecular weights up to 104–

107 was used in polar solvent. Distilled, degassed tetrahdrofuran

(THF) at flow rate of 1 mL/min was used as an eluent. Medium

molecular weight polystyrene standards (POLYSCI, 1 mg/mL in

THF, with molecular weights 1 � 103–3 � 105) were used for

calibration of gel permeation chromatography (GPC).

Estimation of Percentage Encapsulation Efficiency. The ultra-

violet (UV) spectra of the purified copolymer, etoposide, and

etoposide-loaded copolymers were recorded on a Perkin Elmer

Lambda 35 UV/Vis Spectrophotometer. The drug loaded nano-

particles were purified by successive washing with methanol to

remove the adsorbed drug and then relyophilized. Ten milli-

grams of nanoparticles were dissolved in 10 mL of chloroform.

Entrapment efficiency of etoposide in nanoparticles was calcu-

lated from the calibration plot constructed at 293 nm after

confirming the noninterference of polymers in the absorption

region of etoposide. All measurements were performed in tripli-

cate and the average values were considered.

In vitro Release. In vitro release study for etoposide-loaded

copolymeric nanoparticles of various compositions was per-

formed in a dialysis bag (cutoff 10,000, Hi-Media, Mumbai,

India) diffusion technique.35 Etoposide release from the nano-

particles was studied in phosphate buffer of pH 7.4 containing

0.1% Tween 80 at room temperature (306 2�C). The aqueous

nanoparticulate dispersion equivalent to 1 mg etoposide was

placed in cellulose dialysis bag and sealed at both ends. The di-

alysis bag was immersed in the receptor compartment contain-

ing 50 mL of the dissolution medium and stirred at 100 rpm

under magnetic stirring. Aliquots of samples were withdrawn at

regular time intervals and the same volume was replaced with

fresh dissolution medium. The samples were analyzed by UV

spectrophotometer at 293 nm against reagent blank. All experi-

ments were repeated thrice and the average values were

considered.

Cytotoxicity Assay. Cytotoxicity of the etoposide-loaded

copolymeric nanoparticles was evaluated using B16F10 cell lines.

Cells were seeded in 96-well microplates at a density of 5 � 103

cells/well. Cells were allowed to grow and stabilize for 24 h.

They were then treated with different concentrations of different

compositions of etoposide-loaded poly(MMA-co-VCL) copoly-

meric nanoparticles for 24 h, to find their cytotoxic effect. The

prepared nanoparticles being assayed were added directly to the

medium in each well at the dilutions 0.00001–0.5 mg/mL. On

each 96-well plates, four wells were left untreated for use in cal-

culating the 100% optical density (OD) values. Post-treatment

cell viability was determined by 3-(4,5-dimethyl-2-thiazolyl)-

2,5-diphenyltetrazolium bromide (MTT) colorimetric assay.

MTT reagent (Sigma-Aldrich) was added to each well to make a

final concentration of 1 mg/mL of media and incubated for 4 h
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at 37�C. Formazan crystals were dissolved in 100 lL of dimethyl

sulfoxide (DMSO); the OD was measured in the enzyme-linked

immunosorbent assay plate reader (Molecular Devices, Spectra

Max 190 with Soft max Pro) at 540 nm with a reference wave-

length of 690 nm.

RESULT AND DISCUSSION

FTIR Analysis

FTIR spectra of copolymeric nanoparticles, pure etoposide, and

etoposide-loaded copolymeric nanoparticles were recorded and

are given in Figure 1. The carbonyl stretching vibrations of the

MMA and VCL units of the copolymer [Figure 1(a)] appear as

a very strong absorption bands at 1732 and 1640 cm�1, respec-

tively. The copolymer being hydrogel in nature, the appearance

of a strong but broadband at 3436 cm�1 can be attributed to

the presence of water of hydration in copolymer. Krish et al.36

studied detailed structural transformations and interactions of

PVCL and water using various methods such as IR-spectros-

copy, quantum-chemical calculations, DSC, and optical micros-

copy and have reported that PVCL macromolecules in aqueous

solution are the highly modified water associated structures,

being affected by the polarization action of highly polar amide

groups due to specific configurational and conformational

structures of the polymer. The bands appearing at 2922, 2852,

1447, and 1387 cm�1 are attributed to stretching and bending

vibrations of >CH2, >CHA groups respectively. Bands appear-

ing at 1045 cm�1, 1245 cm�1 correspond to ester stretching

vibration of acrylate polymer and bands appearing at 719 cm�1

correspond to the presence of more than three >CH2 groups in

a cyclic structure, providing evidence of copolymerization. IR

spectrum of etoposide [Figure 1(b)] exhibits, strong absorption

peaks at 3392, 2912, 1763 �1610, 1500–1300, 1250–1050, and

950–850 cm�1 corresponding to AOH, ACH2 stretching, lac-

tone group, ring stretching, CAOAC linkages and substituted

ring stretching, respectively, as reported earlier. Although in the

case of etoposide-loaded copolymeric nanoparticles [Figure

1(C)], presence of characteristics bands of drug and copolymer

at 3401, 2922, 2852, 1763–1610, 1520–1300, 1250–1050, and

900–750 cm�1 correspond to AOH, >CH2 stretching, lactone

group, ring stretching, CAOAC linkages and the presence of

more than three ACH2 groups in cyclic structure supporting

Figure 1. FTIR spectra of (A) poly (MMA-co-VCL) copolymer, (B) etopo-

side, and (C) etoposide-loaded copolymeric nanoparticles.

Figure 2. 1H NMR spectrum of 50 : 50 poly (MMA-co-VCL) copolymer.
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the existence of etoposide in nanoparticles.36 Changes observed

in FTIR spectrum of the etoposide-loaded copolymer might be

due to the interaction between drug and polymer or difference

in the polymer morphology due to the presence of small quan-

tity of etoposide.37–39

Nuclear Magnetic Resonance Spectroscopy

A representative 1H NMR spectrum of 50 : 50 poly (MMA-co-

VCL) copolymer is given in Figure 2. The composition of the

copolymer was determined by linear and nonlinear least square

methods34 from the well separated signals that appeared at

4.798 ppm corresponding to the proton from a caprolactam

ring of the VCL units and the signal that appeared near 0.84–

1.1 ppm corresponding to the methyl proton of the MMA units.

This also provides evidence for copolymerization.40,41

Differential Scanning Calorimetry

DSC thermograms of (A) etoposide, (B) copolymeric nanopar-

ticles, (C) physical mixture of etoposide and copolymeric nano-

particles, and (D) etoposide-loaded copolymeric nanoparticles

are given in Figure 3. DSC thermogram of pure etoposide evi-

denced an endotherm over the range of 80–120�C due to dehy-

dration of water molecules and endothermic peak at 269�C for

melting followed by decomposition observed above 290�C. A

similar observation is reported by Jasi et al.40 Although endo-

thermic peaks at 84 and 223�C are observed for lyophilized 50 :

50 poly (MMA-co-VCL) copolymeric nanoparticles. However,

no characteristic endothermic peaks at 84�C and 269�C corre-

sponding to copolymer and etoposide were observed in DSC

plot of the etoposide-loaded copolymeric nanoparticles (D)

might be due to low loading of drug in copolymer structure

along with strong interaction of drug with copolymer, but two

separate peaks at 84�C and 282�C corresponds to copolymeric

nanoparticles and etoposide were observed in a physical mixture

of copolymeric nanoparticles and etoposide (C) Similar obser-

vation was reported earlier by Babu et al.23 From these results,

we can also say the presence of possible interaction takes place

between drug and polymers.

Powder X-ray Diffraction

Powder X-ray diffraction (XRD) patterns for the (A) etoposide,

(B) physical mixture of etoposide and copolymeric nanopar-

ticles (1 : 1 w/w) (C) copolymeric nanoparticles, and (D) eto-

poside-loaded copolymeric nanoparticles are given in Figure 4.

The peaks of interest for pure drug observed at 4.2, 9.46, 10.22,

13.18, 16.15, 17.08, 17.67, 19.26, 19.89, 22.14, 23.03, 23.67,

24.17, and 26.78; indicate highly crystalline nature of the drug.

Although for etoposide-loaded copolymeric nanoparticles, all

the crystalline peaks of drug disappear, as only 1% of drug is

present in the sample that contains etoposide in the polymer

matrix. These results are in agreements with the earlier pub-

lished work.22

Determination of Particle Size and Molecular Weight

Particle size of the etoposide-loaded copolymeric nanoparticles

was determined through DLS technique and TEM (Figures 5

and 6). The particle size histograms obtained through DLS for

homopolymer [polymethyl methacrylate (PMMA)], and 75 : 25,

50 : 50, and 25 : 75 poly (MMA-co-VCL) copolymers are shown

in Figure 5(A–D) and data for etoposide-loaded copolymeric

Figure 3. DSC thermograms of (A) etoposide, (B) poly (MMA-co-VCL)

copolymeric nanoparticles (50 : 50), (C) physical mixture of etoposide

and copolymeric nanoparticles (1 : 1 w/w), and (D) etoposide-loaded

copolymeric nanoparticles. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

Figure 4. X-ray diffraction patterns of (D) etoposide, (C) physical mix-

ture of etoposide and copolymeric nanoparticles (1 : 1 w/w), (B) poly

(MMA-co-VCL) copolymeric nanoparticles (50 : 50), and (A) etoposide-

loaded copolymeric nanoparticles. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

ARTICLE

WWW.MATERIALSVIEWS.COM WILEYONLINELIBRARY.COM/APP J. APPL. POLYM. SCI. 2012, DOI: 10.1002/APP.38107 5



nanoparticles for all compositions are compiled in Table I. The

particle size and polydispersity index were observed to be in the

range of 20–120 nm; 0.029–0.223 and increased with increase in

VCL content in the copolymer. TEM was used to examine size

and morphology of etoposide-loaded copolymeric nanoparticles.

Figure 6 shows TEM images of [Figure 6(A)] etoposide-loaded

poly(MMA-co-VCL) copolymeric nanoparticles and [Figure

6(B)] placebo nanoparticles. Particles were observed to be

Figure 5. A representative DLS histograms of (A) PMMA, (B) 75 : 25 poly(MMA-co-VCL), (C) 50 : 50 poly(MMA-co-VCL), and (D) 25 : 75 poly

(MMA-co-VCL) copolymers.

Figure 6. TEM images of (A) poly(MMA-co-VCL) copolymeric nanoparticles and (B) etoposide-loaded poly(MMA-co-VCL) copolymeric nanoparticles.
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smaller than 50 nm diameters and for both placebo and etopo-

side-loaded nanoparticles with spherical morphology and

monodispersed nature. Gel permeation chromatographic analy-

sis of the etoposide-loaded copolymeric nanoparticles shows

that molecular weight decreases and polydispersity index

increases with increase in VCL content in copolymer at a fixed

drug concentration (Table I). Peak molecular weight and poly-

dispersity were found to be 1.15–0.48 � 105 and 1.05–1.33,

respectively. These results are in good agreement with DLS data

and indicate that particles are monodispersed in nature. The

systematic decrease in molecular weight may be due to the

exclusive polymerization of MMA during polymerization.

Entrapment Efficiency of Etoposide in Nanoparticles

The entrapment efficiency of etoposide in copolymeric nanopar-

ticles was determined using UV-Visible spectrometry (Figure 7).

The entrapment efficiency was found to vary from 35 to 68%

when 1% (w/w) etoposide was added during polymerization of

different monomer compositions. UV-spectrum of pure etopo-

side [Figure 7(A)] showed maximum absorbance (kmax) around

293 nm in chloroform, whereas UV-spectrum of placebo nano-

particles did not show any peak in the UV–visible region [Fig-

ure 7(B)]. UV-spectrum of etoposide-loaded copolymeric nano-

particles [Figure 7(C1–4)] shows that peaks corresponding to

etoposide show small red shift and exhibited maximum absorp-

tion at 296 nm. From the calibration plot at 293 nm, entrap-

ment efficiency of etoposide in nanoparticles was calculated.

Maximum entrapment efficiency (67%) of etoposide was

observed for homopolymer (PMMA). Table I shows the results

of entrapment efficiency of etoposide in nanoparticles of differ-

ent compositions. It was observed that with increase in the VCL

content in copolymerization recipe, encapsulation efficiency of

etoposide decreases. This may be due to the highly hydrophobic

nature of etoposide in the nanoparticle matrix and monomer

partitioning effect observed during micellar polymerization. The

entrapment efficiency of etoposide was also observed to be

higher for smaller size particles.

In Vitro Release

The release of etoposide from copolymeric nanoparticles in

phosphate buffer of pH 7.4 containing 0.1% Tween 80 is illus-

trated in Figure 8. The release profile of etoposide from nano-

particles was observed to be biphasic. The first phase shows ini-

tial high rate of release for maximum period of 60 min

followed by the slow release phase. The total percentage cumu-

lative release was up to the maximum of 82% for the batches

with 25 : 75 poly (MMA : VCL) and the minimum of 63% for

PMMA for a period of 30 h indicating a sign of CR of etopo-

side. The initial fast release of drug is the outcome of burst

release due to the fast dissolution and quick diffusion of drug

particles migrated to the periphery during the formation of the

Table I. Particle Size, Molecular Weight Distribution, and Encapsulation Efficiency of Etoposide in

Copolymeric Nanoparticles

Copolymer
(MMA : VCL)

Particle
size (nm) PDI (DLS) Mw � 10�4 Mn � 10�4

PDI
(GPC)

Encapsulation
efficiency (%)

PMMA 20 6 1.6 0.029 1.58 1.52 1.05 67.33

75 : 25 22 6 1.1 0.102 0.829 0.737 1.16 44.77

50 : 50 33 6 2.4 0.132 0.745 0.600 1.24 40.43

25 : 75 178 6 4.1 0.223 0.482 0.36 1.33 35.05

Figure 7. UVspectra of (A) etoposide, (B) copolymeric nanoparticles, and

(C1-4) etoposide-loaded copolymer nanoparticles. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 8. Percentage cumulative release pattern of etoposide through

copolymeric nanoparticles. Symbols: PMMA (*), 75 : 25 Poly(MMA:

VCL) (h), 50 : 50 Poly(MMA: VCL) (~), (l) 25 : 75 Poly(MMA: VCL)

nanoparticles.
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particles. A drug-like etoposide has low partition coefficient

(1.7) at acidic pH and diffuses faster in the hydrophilic polymer

matrix than in a hydrophobic polymer matrix. A similar obser-

vation is seen in the present case where polymers with higher

hydrophobic character (100% PMMA) show lower burst release

of etoposide (� 5%) with respect to low hydrophobic (25%

PMMA) nature copolymeric nanoparticles.

In Vitro Cytotoxicity

As a part of our ongoing research on the development of novel

CR systems,31–33 attempts were made to synthesize various acry-

late nanoparticles for the entrapment of model drugs like acry-

flavin, carbamazepine, and lamotrigine for the investigation of

their release patterns through emulsion and microemulsion po-

lymerization technique. Such polymeric nanoparticles are being

used for encapsulation of drugs, but very few attempts are

made for biological applications of these systems. Polyacrylates

are commonly used in biomedical applications; but toxicity

associated with nanoparticles itself has not been systematically

addressed. In vitro cytotoxicity effect of etoposide and etopo-

side-loaded poly(MMA-co-VCL) copolymeric nanoparticles on

B16F10 cells was examined for a period of 24 h. In vitro cyto-

toxicity studies were conducted with the series of copolymeric

nanoparticles against B16F10 melanoma cell lines and were

reported earlier by Shah et al.34 Figure 9 shows the cytotoxic

effect of etoposide and etoposide-loaded copolymeric nanopar-

ticles on B16F10 melanoma for a period of 24 h. Etoposide, pla-

cebo nanoparticles, and etoposide-loaded nanoparticles inhibit

B16F10 melanoma cell viability. The preliminary evaluation of

cell-viability data shows that, IC50 value of etoposide and etopo-

side-loaded copolymeric nanoparticles was observed to be in

the range of 0.00001–0.0001 mg/mL and 0.01–0.1 mg/mL,

respectively. Current clinical administration methods for etopo-

side have a relatively high toxicity. The synthesis of poly(MAA-

co-VCL) nanoparticles in this study may lead to a new approach

for delivery of etoposide and many other hydrophobic therapeu-

tic agents. Using this technique, high dose of etoposide can be

initially injected and etoposide will be slowly released from the

nanoparticles. As etoposide will be released at a lower rate from

nanoparticles, the nanoparticles minimize the systemic toxicity

and reduce the number of injections necessary to maintain sys-

tematic concentrations of etoposide. This type of system can

also be used for local therapy, if injected at the site of a tumor

due to particle diameter which ranged from 20 to 50 nm and

also a thermo responsive nature of polymer can help in the CR

of etoposide at tumor site.

CONCLUSIONS

The addition of a model high molecular weight drug etoposide

to copolymeric nanoparticles synthesized through microemul-

sion polymerization proved to be successful with a 35–67%

drug entrapment with respect to copolymer compositions. The

incorporation of etoposide did not appear to interfere signifi-

cantly in the physicochemical properties of the polymer such as

structure, molecular weight, particle size, and morphology. IR

and 1H NMR analysis confirmed the copolymer formation.

DSC and XRD analysis indicates the molecular level dispersion

of drug in polymeric matrix. TEM, DLS, and GPC analysis of

nanolatex confirmed the formation of well defined reasonably

well monodispersed particles with spherical morphology. As the

VCL content increases in copolymer, increase in particle size

and polydispersity and decrease in molecular weight and encap-

sulation efficiency of etoposide was observed. In vitro release

profile of etoposide from copolymeric nanoparticles shows ini-

tial burst effect followed by continuous slow release for a period

of 30 h indicating a sign of CR of etoposide from nanoparticles.

Preliminary biological characterization of etoposide-loaded

copolymeric nanoparticles shows possible technologically im-

portant route for etoposide-based nanoparticles formulation.
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