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5,6-Bis(benzylideneamino)-2-mercaptopyrimidin-4-ol (SCR7) is a new anti cancer molecule
having capability to selectively inhibit non-homologous end joining (NHEJ), one of the DNA
double strand break (DSB) repair pathways inside the cells. In spite of the promising potential
as an anticancer agent, hydrophobicity of SCR7 decreases its bioavailability. Herein the
entrapment of SCR7 in Pluronic copolymer is reported. The size of the aggregates was
determined by transmission electron microscopy (TEM) and dynamic light scattering (DLS)
which yields an average diameter of 23nm. SCR7 encapsulated micelles (ES) were also
characterized by small-angle neutron scattering (SANS). Evaluation of its biological properties
by using a variety of techniques, including Trypan blue, MTT and Live-dead cell assays, reveal
that encapsulated SCR7 can induce cytotoxicity in cancer cell lines, being more effective in
breast cancer cell line. Encapsulated SCR7 treatment resulted in accumulation of DNA breaks
within the cells, resulting in cell cycle arrest at G1 phase
and activation of apoptosis. More importantly, we found
� 5 fold increase in cell death, when encapsulated SCR7
was used in comparison with SCR7 alone.

1. Introduction

Cancer is one of the most common diseases that are

manifested in about a third of the population in some form

orother.[1] Cancer followsanumber ofmutagenic processes

which allow cancer cells to acquire properties of unlimited

proliferation potential, self-sufficiency in growth signals

and resistance to both anti-proliferative and apoptotic cues

which would, otherwise, contain their growth.[2,3] Cancer

drug targeting is challenged by problems like multi-drug

resistance (MDR). [4]MDR imparts on cancer cells the ability

topumpout toxic anti-cancer agentsbefore theycankill the

cells. Active efflux, enzymatic modification and modifica-

tion of target receptor or enzyme are the three main route

causes for drug resistance. There are two general classes of

resistance to anti-cancer drugs: those that impair delivery
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of anti-cancer drugs to tumor cells, and those that arise in

the cancer cell itself due to genetic and epigenetic

alterations that affect drug sensitivity. Impaired drug

delivery can result from poor absorption of orally admin-

istered drugs, increased drug metabolism or increased

excretion, resulting in lower levels of drug in the blood and

reduced diffusion of drugs from the blood into the

tumor.[5,6]

Therapeutic approach against cancer is widely classi-

fied into two groups: cytotoxic therapies and molecular

targeted drugs. Examples of traditional cytotoxic thera-

pies include radiation and chemotherapeutic compounds

such as platinum-based drugs.[7–10] Among the different

DNA damages, DNA double strand breaks (DSBs) are

considered as the most lethal as it affects the integrity

and continuity of the genome.[11–14] Inappropriate repair

of DSBs could result in deletions, inversions, duplications

and chromosomal translocations.[15–18] Non-homologous

DNA endjoining (NHEJ) is one of the major DNA DSB

repair pathways.[19] Recently, a novel inhibitor of NHEJ,

5,6-bis(benzylideneamino)-2-mercaptopyrimidin-4-ol (SCR7,

Figure 1) has been reported, which acts by targeting

DNA binding domain of Ligase IV.[20] Using various

biochemical and biophysical assays, it was established

that SCR7 can target NHEJ in both in vitro and ex vivo.

Inhibition of NHEJ by SCR7 in cancer cells results in the

accumulation of unrepaired DNA DSBs, which in turn

activated p53 mediated pathway of apoptosis. SCR7

impeded tumor progression in different tumor models.

More importantly, when SCR7 was co-administered

along with radiation and certain chemotherapeutic

agents, it significantly enhanced their antitumor effects.

Despite promising results of SCR7 as a good anticancer

agent, it showed high concentration of 50% inhibi-

tion (IC50), which could be attributed to its high

hydrophobicity.

Although SCR7 has shown promising results as a

potential anticancer drug, its limited solubility in water

may lead to poor bioavailability and demands the search

for novel drug delivery systems. Traditional methods to

improve the bioavailability of poorly soluble drugs

include encapsulating them in nanosized carriers such

as liposomes,[21] emulsions, polymer micelles,[22] nio-

somes,[23] lipid particles, etc. Poly(ethylene glycol)[24]

(PEG) based block copolymers have the distinct advant-

age, as compared to other delivery systems, due to its

ability to encapsulate large amounts of drug, having

stealth nature and well defined size with narrow

polydispersity. Biodegradable and non-biodegradable

polymers have been used for the past few decades for

encapsulating various anticancer drugs. Encapsulation of

drug within a micelle increases the drug’s effective

solubility in the bloodstream, allowing smaller doses to

be delivered with the same effect.[25] Polymer-conjugated

drugs[26,27] generally exhibit prolonged half-life, higher

stability, water solubility, lower immunogenicity and

antigenicity and often also specific targeting to tissues or

cells. Mechanism of the subsequent drug delivery, and the

role of encapsulating polymer in preventing the biological

degradation prior to the drug release is well estab-

lished.[28–30] The core shell structure of polymeric micelles

aid the system to incorporate poorly soluble drugs and

protect them from inactivation in biological media. The

particle size distribution in these systems is rather

narrow with a size range typically less than 30nm and

therefore, these systems exhibit many advantages such

as targeting ability, long circulation and easy production

on effective delivery of drugs. Copolymeric micelles were

extensively developed for drug delivery of anticancer

drugs.[31–33] One representative of such materials is

Pluronic block copolymers that are amphiphilic

synthetic polymers containing hydrophilic poly(ethylene

oxide) (PEO) blocks and hydrophobic poly(propylene

oxide) (PPO) blocks arranged in triblock structure: PEO-

PPO-PEO.[34] One of the advantages of working with block

copolymers is the versatility in precisely controlling

nanostructure.[35–40] Because of their lower critical

solution temperature (LCST), which is around body

temperature they have been widely used in the develop-

ment of controlled drug delivery systems based on sol-gel

phase conversion at the body temperature. Controlled

release systems are known to enhance effectiveness of

drug therapy.[41] In order to increase the bioavailability of

SCR7 and to reiterate the use of amphiphilic copolymer as

a better release system, we report the preparation of SCR7

encapsulated with Pluronic P123 copolymer (ES), its

microstructure characterization in micellar form and

evaluation of its biological activity.

2. Experimental Section

2.1. Materials

Pluronic P123 and D2O were purchased from Aldrich (Bangalore,

India). All the salts and solvents used in the study were purchased

from Merck (Mumbai, India), Sigma Chemical Co. (St. Louis, MO),Figure 1. Structure of SCR7.
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Amresco (USA) and SRL (India). All other reagents and buffer

solution components were analytical grade preparations. Distilled

and deionized water was used in all experiments.

2.2. Methods

2.2.1. Preparation of SCR7-loaded Polymeric Micelles and

In Vitro Drug Release

SCR7 was synthesized as described earlier.[20] SCR7 loaded micelle

was prepared by thin-film hydration method.[34] Eight mg of SCR7

and 320mg of Pluronic block copolymer P123 were dissolved in

10ml acetonitrile in a round-bottom flask. The solvent was

evaporated by rotary evaporation at 50 8C for about 1h to obtain

a solid SCR7-P123 matrix. Residual acetonitrile remaining in the

film was removed under vacuum overnight at room temperature.

The resultant thin filmwas hydratedwithwater. Themixturewas

stirred at 700 rpm for 30min to obtain a micelle solution, which

was then filtrated through 0.2mm filter membrane to remove the

unincorporated drug aggregates, followedby lyophilization. The in

vitro release behavior of SCR7 from SCR7 encapsulated Pluronics

was monitored in phosphate-buffered saline (PBS; pH 7.4) with

0.2% Tween-80 by dialysismethod.[42] Oneml free SCR7 solution or

1ml SCR7 loaded micelles (containing 0.1mg SCR7) was kept in

dialysis bag (molecular weight cut-off (MWCO): 5000 Da) and the

bag was submerged fully into 40mL of PBS (pH 7.4) with 0.2%

Tween-80at37 8C.At appropriate time intervals (0, 1, 4, 8, 12, 24, 48,

72, and 92h), 0.5mL aliquots were withdrawn and replaced with

same amount of fresh medium. The content of SCR7 was

determined by Reverse Phase High Performance Liquid Chroma-

tography (RP-HPLC) (LC 2010C HT Shimadzu, Kyoto, Japan) assay

after solubilization in acetonitrile. An isocratic flow of 65:35 (v/v)

with a degassedmixture of acetonitrile/water asmobile phase and

reverse phase column (Kintex 5u C18, 250mm�4.6mm, Phenom-

enex, California, USA) was used. The flow rate was set at 1.0

mL �min�1 and the samples were monitored by UV absorption at

227nm. The retention time was around 5.1min. The eluent was

quantified by comparing the peak areas with standard curve. The

drug-loading coefficient (DL) and encapsulation ratio (ER) were

determined by the following equations:[43]

DL% ¼ weight of the drug inmicelles

weight of the feedingpolymer anddrug
� 100% ð1Þ

ER% ¼ weight of the feedingpolymer anddrug

weight of the feedingdrug
� 100% ð2Þ

2.2.2. Characterization of SCR7-loaded Polymeric Micelles

Fluorescence emissions were recorded on F-2500 fluorescence

spectrometer (Hitachi, Japan). Shimadzu (UV-2450) UV-visible

double beam spectrophotometer with matched pair of

stoppered fused silica cells of 1 cm optical path length was

used for UV spectroscopic measurements. Fourier transformed

(FT) IR measurements were obtained using SHIMADZU 8400 FT

IR spectrometer. 1H NMR spectra was recorded on a Varian

400MHz spectrometer (Varian, Palo Alto, CA, USA) in

deuterated dimethyl sulfoxide (DMSO-d6), chloroform (CDCl3)

and water (D2O) at room temperature. The mass spectrometric

analysis was carried out by direct infusion in Xevo G2 (Waters,

Milford, MA 01757, USA) Quadrapole-Time-of-Flight (Q-TOF)

Mass spectrometer. Q-TOF mass spectrometers combine the

high performance time-of-flight analysis in both mass

spectrometry (MS) and tandem MS (MS/MS) modes, with

the widely used technique of electrospray ionization (ESI). The

single and tandem mass spectra are obtained in the TOF

analyzer, product ion spectra are recorded with the same high

resolution, mass accuracy and even mass calibration as in

single MS mode. One of the most useful features of TOF spectra

for structural identification is very high mass accuracy, in the

ppm range.[44] Transmission electron microscopy (TEM)

images were obtained on an electron microscopy Igor

1200EX, operating at 80 kV of an accelerating voltage. Freshly

prepared samples were prepared by dropping 5mL aliquots of

Pluronic micelle solution (H2O) onto a TEM grid (400-mesh

copper grid coated with carbon). After a few minutes,

remaining solution was blotted off with a filter paper and

images were collected. The size distribution of the micelles

was measured by Dynamic Light Scattering (DLS) using a

Malvern 4800 Autosizer employing 7132 digital correlator. The

instrument is equipped with a 300mW diode pumped solid

state laser (l¼532 nm) with a vertically polarized light and

the measurements were carried out at a scattering angle of

1308. The apparent diffusion coefficients of the micelles are

obtained from the normalized time correlation function of the

scattered electric field, g(1)(t), using the cumulants analysis

which follows

ln g1 tð Þ� � ¼ lnb� Gtþ m2t
2

2
ð3Þ

where G is the mean relaxation rate given by G¼Dq2 (D being the

translational diffusion coefficient and q, thewave vector transfer),

m2 is the variance in the relaxation rate distribution and b is the

baseline. The hydrodynamic diameter (Rd) is obtained from the

translational diffusion coefficient using the Stokes-Einstein

relationship

Rd ¼ kT= 3phDhð Þ ð4Þ

wherek is theBoltzmannconstant,h is the solventviscosityandT is
the absolute temperature. Small-angle neutron scattering (SANS)

experiments were carried out using the SANS diffractometer at

Dhruva Reactor, Bhabha Atomic Research Centre, Trombay, India.

The diffractometermakes use of a berylliumoxide filtered beamof

mean wavelength (l) of 5.2 Å. The angular distribution of the

scatteredneutronswas recordedusinga one- dimensional position

sensitive detector (PSD). The accessible wave vector transfer

[q¼ 4psinu/l, where 2u is the scattering angle and range of the

diffractometer is 0.02–0.32 Å�1]. The PSD allows simultaneous

recording of data over the full q range. The samples were held in a

quartz sample holder of 0.5 cm thickness. All the measurements

were carried out at room temperature. The measured SANS data
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were corrected and normalized to a cross sectional unit, using

standard procedures.

2.2.3. Thin Layer Chromatography (TLC) and Thermal

Analysis

TLC method was adopted to study the physical interaction of SCR7

and P123. A mixture of 10% methanol in chloroform was used as

mobile phase and silica gel Gwas used as the stationary phase. The

spots were detected under UV light and stained using alkaline

KMnO4 solution and Rf values were determined.[45] Thermal

stability of the drug polymer conjugates were analyzed by

thermogravimetric analysis (TGA) and differential scanning calo-

rimetry (DSC). TGA was carried out using TGA-Pyres-6TGA (Perkin

Elmer, UK), by heating from 40 8C to 730 8C at a heating rate of

10Kmin�1 under N2 flow. DSC experiments were carried out in a

DSC Q100 V7.3 Build 249 (DSC standard cell) at a heating rate of

20Kmin�1 intherangeof40 8Cto300 8Cunder thesteadyflowofN2.

2.2.4. Evaluation of Cytotoxicity in Cancer Cell Lines

Nalm6 (Leukemia cell line) and MCF7 (breast cancer cell line) cells

were seeded at the density of 20 000 cells/well. After 24 h of

treatment, cells were treated with increasing concentrations of

encapsulated form of SCR7. Equivalent concentration of encapsu-

lation matrix alone was used as the control. Following 48h of

treatment, cytotoxicitywas assessed by Trypan blue dye exclusion

and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide

(MTT) assays.[46,47] Each experiment was independently repeated

minimum of 4 times. Graph was plotted (Graphpad Prism Version

5) and error bars are indicated.

2.2.5. Live-dead Cell Assay

Nalm6 andMCF7 cellswere seeded and treated as described above.

After 48hof treatment, cellswereharvested,washedandsubjected

to live-dead cell assay as described.[48] Briefly, cells were stained

with 0.5mg �ml�1 of ethidium bromide and acquired using

fluorescence-activated cell sorting (FACS) verse from Becton

Dickinson (BD). Data was analyzed by WinMDI and plotted as

density plot.

2.2.6. Cell Cycle Analysis

In order to investigate the effect of encapsulation of SCR7 on cell

progression,Nalm6andMCF7cellswereseededandtreated (0,0.05,

0.1, 0.2 and 0.5 mg �ml�1) as described earlier.[49,50] After 48h of

treatment, cells were harvested, washed and stored at –20 8C (4h).

Followed by fixing, cells were spun, washed and treated overnight

with 50mg �ml�1 RNase A. Cells were stained with 0.1mg �ml�1 of

propidium iodide (PI) and acquired using BD FACS verse. Data was

analyzed by WinMDI and plotted as histogram. Distribution of

percentage of cells in different cell cycle phases was plotted

(Graphpad Prism Version 5).

2.2.7. Annexin V-FITC/PI Staining

Annexin V-fluorescein isothiocyanate (FITC)/PI staining was

performed as recommended in manufacture’s protocol. Following

treatment with encapsulated form of SCR7 (0, 0.1, 0.2 and 0.5

mg �ml�1) for 48h, cells were harvested, washed and stained with

Annexin-FITC for 1 h. Cellswere stainedwith PI for 15min,washed

and suspended in1�PBS. Cellswere acquiredbyBDFACSverse and

plotted density plot with the help of WinMDI as described

earlier.[51]

2.2.8. Immunocytochemistry

Nalm6 cells (0.25� 105) were cultured in 6 well plates for 24h,

followed by treatment with either SCR7 (100�10�6M) or ES (0.4

mg �ml�1). DMSO-treated cells were used as control. After 24h

treatment, cells were harvested, fixed (4% paraformaldehyde for

10min) and processed for immunocytochemistry.[20] Briefly,

following fixing, cells were permeabilized (PBS containing 0.1%

Triton X-100 for 5min) and blocked (PBST containing 0.1% BSA and

10% foetal bovine serum (FBS) for 1 h). Cells were incubated with

anti-g-H2AX antibody (1:500; Millipore) overnight at 4 8C, washed

with PBST and incubated with corresponding biotinylated

secondary antibody (1:200) for 2 h. Cells were then washed,

incubatedwith streptavidin-FITC (1:1000) for 20min, stainedwith

PI, and mounted using diazobicyclo[2.2.2]octane (DABCO). Images

of cells with g-H2AX foci were taken using Zeiss Laser Confocal

microscopy (Germany) or Olympus DSU fluorescent microscope

(Japan).

2.2.9. Comet Assay

Following treatment with either SCR7 (100�10�6M), ES (0.4

mg �ml�1)orDMSO(control),Nalm6cells (0.25�105)werecultured

in 6 well plates for 24 h. After treatment, cells were harvested and

processed for Comet assay as described.[52] Briefly, cells were

washed with PBS, mixed with 1% lowmelting agarose and coated

onto glass slides. Cells were then subjected to lysis in an alkaline

buffer condition, followed by electrophoresis. Electrophoresis of

samples was carried out (0.6 V � cm�1 for 25min), slides were

neutralized, stained with PI and visualized. About 20 cells were

imaged per sample for each experiment, scored for comets using

CometScore software and analyzed for % DNA in tail, tail moment

and Olive moment.

3. Results and Discussion

3.1. In Vitro Release Studies

The DL% and ER% were determined by Equation (1) and (2)

as 1.39� 0.04% and 95� 3.91%, respectively for the

composition of 1:40of SCR7:P123. Even thoughdrug release

is expected to be pH dependent,[53] we attempted only the

release at physiological pH 7.4. Pluronic copolymer showed

good encapsulation ability for SCR7, which consists of

aromatic and heterocyclic systems. In vitro release profile

(Figure SI, Supporting Information) indicated that nearly

80% of SCR7 was released within 4d.
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3.2. Analytical Characterization

3.2.1. Fluorescence and UV-Vis Spectra

The fluorescence emission spectra of SCR7 showed a blue

shift upon encapsulationwith P123 copolymer in DMSO as

shown in Figure 2a. SCR7 in DMSO exhibits an emission

peakat�474nm,while SCR7 in thepresenceof P123showa

maximum at �442nm in the same solvent (DMSO due to

the high solubility of SCR7). The shift in the lmax of

fluorescence spectrum is an indication of interaction

between SCR7 and the copolymer P123. Such shift in the

fluorescence emission is reported for doxorubicin encapsu-

lated with chitosan nano particles and curcumin casein

micelles.[54,55] Theblue-shift in thefluorescence is likelydue

to the changes in themicroenvironment of SCR7within the

hydrophobic core of P123.[56]

UV-Vis absorption spectra of SCR7-P123 in water

(Figure 2b) showed that addition of P123 enhances

the solubility of SCR7. The hydrophobic PPO core of the

copolymer effectively encapsulates the drug molecule and

makes it dispersible the the aqueous layer. To reiterate the

encapsulation and release of SCR7 from P123, the aqueous

layer was extracted with chloroform (3�). The chloroform

layer was dried with Na2SO4. The UV absorption spectra of

the chloroform layer showmaxima at 267nm and 365nm.

The optical absorption spectrum of the chloroform layer is

compared with SCR7 in pure water and SCR7 encapsulated

P123 in water. This indicates the ability of P123 to

encapsulate the drug and its release upon treatment with

hydrophobic solvents like chloroform.

3.2.2. FT-IR, NMR and MS/MS Spectra

FT-IR spectra (Figure SII, Supporting Information) of SCR7

andSCR7encapsulatedwithP123showedevidence fordrug

encapsulation. The C–N stretching vibrations occur at

1094 cm�1. The absorption occurring at 1367 cm�1 is due to

C–H stretching vibrations, that at 1639 cm�1 is due to CN

stretching vibration.[57] The absorptions at 1296 cm�1and

1031.1 cm�1 are due to C–O stretching vibrations from the

P123matrix. The absorptions at 931 cm�1 and 851 cm�1 are

arising from the aromatic ring of SCR7 and that at

2972 cm�1 corresponds to O-H group. There was no

appreciable shift in the IR signal of SCR7 observed when

it changes fromfree state topolymerboundstate. It canalso

be concluded that there was no chemical interaction takes

place between P123 and SCR7. The result confirmed the

presence of SCR7 in the encapsulated formulation.

Successful incorporationofSCR7 inP123and its release in

different solventswere elucidated by 1HNMRspectroscopy

(Figure SIII, Supporting Information). In 1H NMR spectrum

ofSCR7-P123employingDMSO-d6as solvent, characteristic

aromatic signals from SCR7 at 7.1–7.5 ppm were observed.

D2O and CDCl3 were also used as solvent. In all the spectra,

the aromatic proton signals corresponding to SCR7 are seen

with lower intensity compared with the Pluronic

counterpart.
1H signals from the hydrophobic part of the copolymer

were seen in D2O. However, the PPO segments in pluronic

micelles are loosely bound and there is still mobility of the

chains. It is expected that a broadening of the peak with

association may occur, but the broadening is not large

enough tomask the lines. Itmay be noted that pure SCR7 in

D2O does not show any appreciable signal due to poor

solubility of the drug in water. However, the occurrence of

aromatic proton signals inD2O in the presence of P123 is an

indication of encapsulation of the drug in the micelle.

Different solvents were used to see whether there is any

change in intensity of SCR7 signal due to difference in

release property. Moreover, the signals in D2O are broader

Figure 2. (a) (A) Fluorescence emission spectra of SCR7 in DMSO; (B) SCR7 loaded P123 in DMSO. (b) (A) UV absorption spectra of SCR7 loaded
P123 in water; (B) chloroform extract (C) SCR7 alone in water.
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than that in CDCl3 orDMSO. This is due to the association of

thedrug in thepolymermatrixwhich restricts the tumbling

motion of drug molecules.

The TOF Mass spectra from Pluronic polymer P123

were acquired to investigate the mass distribution

pattern from the drug encapsulated polymer matrix

(Figure SIV, Supporting Information). The significant

fragmented ion peaks from the PEO and PPO parts of the

polymer are observed in the region of m/z ranging from

50 to 850. The peak at m/z 233.16 showed the strongest

intensity in the low mass range from P123. The

fragments from pure P123 were observed at m/z value

of 59 from [CH3–CH2–O–CH2]
þ which is in agreement

with published data from a Pluronic polymer P104.[56]

The fragmented mass distribution shows two series of

the distributions derived from PPO component, [(PO)nþ
Na]þ and [(PO)nþOþNa]þ with ‘‘n’’ ranging from 7 to 20,

where sodium participated in the ionization process as

an ionization assisting agent. PEO fragment ion distri-

butions were observed in the mass range over 400m/z,
[(EO)nþNa]þ and [(EO)nþO þNa]þ with ‘‘n’’ ranging

from 9 to 31. The MS/MS spectrum clearly indicates the

presence of entrapped SCR7 in polymeric micelle. The

selected m/z value is 335.09 from the [MþH]þ where M

represents the molecular ion.

3.2.3. TEM, DLS and SANS

To ascertain the size distribution of SCR7 encapsulated

micelles, TEM measurements were made on specimens

dried over a carbon coated Cu grid. As seen from the TEM

image (Figure 3), a few spherical micelle-like particles can

be seenwith typical size of the order of 20–30nm.However,

there are many large clumps observed which could be

interpreted as aggregates or clusters of polymer-drug

assemblies formed during evaporation of the solvent.

As micelle like aggregates are present in the presence of

solvent (like water or D2O), we explored in-situ measure-

ments in thepresence of solvent to assess SCRencapsulated

micelles using DLS.

Figure 4a shows the autocorrelation function of SCR7-

P123assemblies inwater at a concentrationof 1.2%P123, at

a drug-polymer ratio of 1:40. The solid line is a fit to the data

using the method of cumulants (as described in the

experimental section), which shows good agreement with

the data, indicatingmonomodal distribution of aggregates.

The best fit values of DLS data indicate the formation of

micelles with hydrodynamic diameter of 22.8 nm with a

polydispersity index (PDI) of 0.188. Particle size distribution

extracted from the autocorrelation function using CONTIN

algorithm (Figure 4b) again confirms the formation of

micelles.

Further evidence for drug encapsulated micelles was

obtained from SANSmeasurements. SANS can also provide

evidence for interparticle interactions.[58] SANS experi-

ments were widely used in the past to study associative

interactions between pluronic triblock copolymers and

drugs.[59] Figure 5 shows the SANS spectra of drug

encapsulated polymer aggregates in D2O at different

drug-polymer ratios 1:2, 1:4 and 1:40. Among these three

formulations, drug polymer ratio of 1:40 gives the best

number ofdrugspermicelle as35 foranencapsulation ratio

of 95%. The SANS spectrum is similar to that of other

reported dilute suspension of block copolymer

assemblies.[60]

The SANS data were analyzed by assuming polydisperse

core-shell spheres, of different scattering contrasts for the

coreandshell of themicelleswith respect to thesolvent. The

scattering intensity as a function of the scattering vector (q)

can be represented as

Icoh qð Þ ¼ Np

V
4p
3 R1

3 r1 � r2ð Þ 3j1 qR1ð Þ
qR1

þ 4p
3 R2

3 r2 � rsð Þ 3j1 qR2ð Þ
qR2

h i2

ð5Þ
where j1 is a spherical Bessel function given by

J1 xð Þ ¼ sin xð Þ � x � cos xð Þ
x2

ð6Þ

Here r1,r2 andrs are the scattering lengthdensities of the

core, shell and solvent (water) respectively. R1 is the core

radius and R2 is the shell radius given by R1þt; t being

the thickness.Np is the number density ofmicelles andV is

the volume of the micelle. A polydispersity in core radius,

assuming a gaussian distribution with a PI of 0.2 is

introduced in the fit.

Figure 3. TEM image of SCR7 loaded P123.
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Analysis of the SANS data indicates the formation of

micelleswithacore radiusof35 Åandashell thicknessof46

Å. The variation in themicellar parameterswith changes in

the drug-polymer ratio is summarized in Table 1. With an

increase in the drug to polymer ratio, the core radius

increases while the shell thickness decreases. This is

consistent with the expectation that the drug molecules

are solublized in the core/palisade layerof themicelleswith

concomitant changes in the conformationof thePEOchains

of the polymer.

3.2.4. Thermal Analysis

In TLC, SCR7 exhibited Rf value of 0.5, SCR7 encapsulated

P123 showed two spotswith Rf values 0.5 and 0.31. Rf value

of 0.31 corresponds to P123. This indicated that there is no

chemical interaction between SCR7 and the Pluronic

copolymer. Thermal studies indicate a rapid weight-loss

occuring for the encapsulated SCR7 around320 8C. After the
end of thermal decomposition, the matrix is burnt

completely without leaving behind any residual matter

(Figure SV and SVI, Supporting Information). The curves

indicate an amorphous or disordered crystalline phase of a

moleculardispersionor a solid solution state in thepolymer

matrix.

3.3. Cytotoxic Studies

3.3.1. Encapsulated form of SCR7 (ES) induces

cytotoxicity in leukemic and breast cancer cells

Cytotoxic potential of ES was evaluated in a leukemic cell

line (Nalm6) and breast cancer cell line (MCF7). In both the

cases, cells (0.20� 105) were seeded, and treated after 24h.

The cytotoxicity was determined by Trypan blue and MTT

assays after 48h of treatment. Results showed a dose-

dependent increase in the cytotoxicity, when Nalm6 cells

were treatedwith ES (0.05, 0.1. 0.2, 0.5 and 1mg �ml�1). IC50
of encapsulated formofSCR7 inNalm6wasca. 0.1mg �ml�1

Figure 4. (a) Autocorrelation function of SCR7-P123 assemblies in water at a concentration of 1.2% P123, at a drug/polymer ratio of 1:40 (b)
Particle size distribution extracted from the autocorrelation function using CONTIN algorithm.

Table 1. Variation in micellar parameters with different drug/
polymer ratios

Drug/polymer

ratio

Core radius

[Å]

Shell thickness

[Å]

1:40 35 46

1:4 36 47

1:2 30 59

Figure 5. SANS spectra of encapsulated SCR7 at different drug
polymer ratios (A) 1:2, (B) 1:4, and (C) 1:40, at a concentration of
1.5% (w/v) in D2O.
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(Figure6A). Consistentwith this, adose-dependent increase

in cell death was also observed in Nalm6 cells, when live-

dead cell assay was performed using flow cytometry

(Figure 6B).

To rule out the possibility that the encapsulation

matrix used in the preparation of ES causes toxicity by

itself, cytotoxicity assays (MTT and trypan blue assays)

were carried out by treating Nalm6 cells with increasing

concentration of the pluronic polymer (0.05, 0.1. 0.2 and

0.5 mg �ml�1) without SCR7 (Figure 7). Results showed no

significant decrease in cell viability upon treatment of

encapsulation matrix up to 0.1 mg �ml�1 concentration,

for a period of 48 h (Figure 8). Although higher concen-

trations induced some degree of cytotoxicity, the amount

of matrix present at the IC50 concentration (0.1 mg �ml�1),

did not cause any damage by itself.

Interestingly, MCF7 showedmore sensitivity to ESwhen

studiedusingbothMTTand trypanblueassayswithan IC50
of 0.05 mg �ml�1 (Figure 9A). Live-dead cell analysis also

showed a significant dose-dependent increase in ethidium

Figure 6. (A) Evaluation of cytotoxic effects of encapsulated form of SCR7 (ES) in leukemic cells. Nalm6 (0.20� 105) cells were seeded and
treated with indicated concentrations of ES for 48 h. Cytotoxicity was evaluated by Trypan blue exclusion andMTT assays. (B). Live-dead cell
analysis for estimation of cytotoxic effects exerted by encapsulated form of SCR7 was monitored by ethidium bromide staining.

Figure 7. Evaluation of cytotoxic effects of encapsulation matrix (Pluronic P123) in leukemic cells. Nalm6 (0.20� 105) cells were seeded and
treatedwith indicated concentrations of polymer for 48 h (ns: not significant). Cytotoxicity was evaluated by Trypan blue exclusion andMTT
assays.
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bromide stained dead cell population (Figure 9B) further

confirming the above results. In a previous study, when

parental SCR7 was used, a similar increase in sensitivity

towards breast cancer cell lines was also reported.[20]

Recently itwasestablished thatPEGbasedcopolymerswith

cisplatin showed dose-dependent cell proliferation inhib-

ition against human breast cancer cell line ZR-75–30.[61]

3.3.2. ES Induces Cell Cycle Arrest at G1 Phase.

DNAdamage results in theactivationofp53andcheckpoint

proteins resulting in cell cycle arrest. As SCR7 is an inhibitor

ofDNAdouble-strandbreak repair,weevaluated theeffects

of encapsulated form of SCR7 on the cell cycle progression

following48hof its treatment (Figure10). Results showeda

Figure 8. (A) Immunofluorescence showing g-H2AX foci in Nalm6 cells treated with ES. Nalm6 (0.20� 105) cells were seeded and treated
with 100� 10�6M SCR7 and 0.4 mg �ml�1 ES. Extent of DNA damage was evaluated by g-H2AX immunofluorescence after 24 h treatment.
(B) Quantification depicting normalized % cell number with indicated number of foci, after SCR7 and ES treatment, based on multiple
experiments. (ns: not significant, *p<0.05, **p<0.01, ***p<0.001) Normalization was done for ES treated cells, equalizing the amount of
SCR7 actually present in the encapsulated form, as compared to SCR7 alone.
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prominent arrest atG1phaseof the cell cyclewhenanalysis

was done on Nalm6 cells (Figure 10A-C). Cell cycle arrest

was predominant at a concentration of 0.1 mg �ml�1 of ES

(Figure 10A-C). Although a similar G1 arrest was observed

even in the case of MCF7 cells, it was less prominent when

compared to Nalm6 cells (Figure 10A-D). Although MCF7

wasmoresensitive toES incytotoxicityassays, compared to

Nalm6 assays, it was not evident when cell cycle analysis

was performed. This difference can be explained by the fact

that MTT and Trypan blue assays provide the measure of

the livecells, andcannotdifferentiatebetweenarrestedand

non-arrested cells. Besides, it should be kept in mind that

cell cycle analysis undermines the amount of dead cells for

both the cell lines, due to several processing steps involved

unlike MTT and Trypan blue assays. Taken together, our

results suggested significant G1 arrest in both Nalm6 and

MCF7 cells.

3.3.3. ES Induces Apoptosis in Cancer Cells

As encapsulation of SCR7 induces significant cytotoxicity in

cancer cell lines, we wanted to decipher its mode of

induction of cell death. In order to evaluate weather ES

induces apoptotic or necrotic pathways, annexin V/PI

double-stainingwas performed onNalm6 cells after 48h of

treatment (0, 0.1, 0.2 and 0.5 mg �ml�1). The result was a

dose-dependent increase in early (annexin positive) and

late apoptotic (annexin and PI positive) cell population

(Figure 11). Thus our results suggest ES induced apoptosis

rather than necrosis, to induce cell death. This result is also

consistent with the mode of action of parental SCR7.[20]

Previous studies with SCR7 have shown that it

inhibits the NHEJ pathway, activates p53, and brings

about cell death by inducing the intrinsic pathway of

apoptosis.[20]

3.3.4. ES Leads to the Accumulation of Unrepaired DSBs

Within the Cells

Based on cytotoxicity results described above, we were

interested in testing whether ES leads to accumulation of

DNA damage within the cell, hence inducing apoptosis.

The extent of DNA damage caused by ES was assessed at

individual cell level byperforminganalkalineComet assay.

Results showed that cells treatedwith ES (0.4mg �ml�1, for

24h) harboured extensive DNA damage (Figure 12A). The

observed increase in the % DNA in the tail, as well as

parameters such as tail moment and Olive moment

demonstrated an elevated level of DNA damage

(Figure 12B).

Figure 9. (A) Cytotoxic effects of encapsulated form of SCR7 on breast cancer cell line, MCF7.MCF7 (0.20� 105) cells were seeded and treated
with indicated concentrations of ES for 48h. Cytotoxicity was evaluated by Trypan blue exclusion andMTT assays. (B). Live-dead cell assay to
determine cytotoxic effects caused by copolymer encapsulation onMCF7 cells as monitored by ethidium bromide staining followed by flow
cytometry.

www.mbs-journal.de

F. John et al.

Macromol. Biosci. 2015, 15, 521–534

� 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim530 www.MaterialsViews.com



DNA damage results in the activation of a cascade

pathway termed as the DNA damage response.[62] One of

the initial events in this pathway is the phosphorylation of

histoneH2AX, a variant of theH2Ahistone family, at serine

139 position, forming distinct foci inside the cell.[63] Upon

treatment of Nalm6 cells with ES (0.4 mg �ml�1), increased

number of g-H2AX foci were observed, as compared to

untreated cells, indicative of accumulation of unrepaired

DSBswithin the cell (Figure 8A). Thus, ES treatment leads to

the accumulationof unrepairedDNAbreakswithin the cell.

Figure 10. Effect of encapsulated form of SCR7 on cell cycle progression. (A) Cell cycle analysis in Nalm6 and (B) MCF7 cells following
treatment with ES (0, 0.05, 0.1, 0.2 and 0.5 mg �ml�1; 48 h). (C) Quantification showing % distribution of Nalm6 and (D) MCF7 cells in
different phases of cell cycle following treatment with ES.

Figure 11. Evaluation of mode of apoptosis following treatment with encapsulated form of SCR7. Nalm6 cells (0.20� 105) were seeded and
treated with increasing concentration of ES (0, 0.1, 0.2 and 0.5 mg �ml�1; 48 h). Following staining with Annexin V-FITC/Propidium Iodide,
mode of apoptosis was assayed using flow cytometry.
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A comparative analysis of the efficacy of SCR7 and its

encapsulated form (ES), showed that a 5-fold lower

concentration of SCR7 was sufficient to exhibit similar

cytotoxic effects incells,whenusedasencapsulated formin

Nalm6 cells. The comparison was also extended for the

extent of DNA damage induced within the cell. g-H2AX

immunofluorescence results showed a 4-fold increase in

cells bearing6–10 foci in ES treated samples, as compared to

SCR7 treatment (Figure 8 B). Comet assay analysis showed

increasedpercentage ofDNA in the tail in ES treated cells, as

compared to SCR7 treated ones.

Among different strategies used for targeting cancer

cells, inhibition of a particular DNA repair pathway in cells,

is gaining importance in recent times.[64,10] Although

normal cells possess such DNA repair pathways as well,

this strategy takes advantage of the fact that cancer cells

possesshigher innateDNAbreaks, anda fasterproliferation

rate, thus rendering selectivity.[65] SCR7, an inhibitor of

DNA Ligase IV, has been shown to cause accumulation of

unrepaired DNA breaks inside the cell, resulting in

activationof apoptosis in cancer cells.Oneof thedrawbacks

of SCR7 has been its hydrophobic nature, which makes it

poorly soluble inwater, thus limiting bio-availability. Here,

we adopted the encapsulation of SCR7 with Pluronic P123

co-polymer, resulting in nano-dimensional micelle and

showed its increased availability, within the cells.

Like SCR7, upon ES treatment, we observed significant

increase in the accumulationofunrepairedDSBswithin the

cell, indicating abrogation of NHEJ, activation of p53-

mediated intrinsic apoptotic pathway, and eventually cell

death, with increased efficacy as compared to SCR7.

Previous studies have shown that treatment of cells with

SCR7 leads to the phosphorylation of Ataxia telangiectasia

mutated (ATM) kinase, which in turn phosphorylates p53,

resulting in activation of the p53 mediated intrinsic

pathway of apoptosis.[20] Since p53 is either lost ormutated

in 50% of all cancer types, it would be interesting to study

the effect of ES in such cancers in order to exploit its

antioxidative weakness.[66]

One of the disadvantages of using nanomaterials is that

it can trigger latent toxicity, leading to impaired cellular

function.[67] Metal nanoparticles can engage regulation of

p53 through intracellular reactive oxygen species (ROS).

Excessive accumulation of ROS may promote tumor

incidencewhich is a setback in cancer therapy.[66]However,

micellar encapsulation of SCR7 produces particles in the

nanometer range and induced only minimal cytotoxicity,

as indicated by cellular assays.

Figure 12. (A) Evaluation of direct DNA damage induced by ES using Comet assay. Nalm6 (0.20� 105) cells were seeded and treated with
100� 10�6M SCR7 and 0.4 mg �ml�1 ES for 24 h and the extent of DNA damage was evaluated by alkaline comet assay. (B) Quantification
depicting amount of DNA breaks in the cells after treatment, for different parameters such as % DNA damage, tail moment and Olive
moment (ns: not significant, *p<0.05, **p<0.01, ***p<0.001).

www.mbs-journal.de

F. John et al.

Macromol. Biosci. 2015, 15, 521–534

� 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim532 www.MaterialsViews.com



Althoughusageofnanomaterials as carriers hasbeen the

traditional route to nanomedicine, recent studies have also

explored the possibility of the nano carrier itself acting as a

drug. One such example is the use of ZnO nanoparticles,

which have been shown to exploit the p53 status of a cell,

thus rendering specificity to cancer cells, while sparing

normal cells.[68] It would be interesting to employ a

combination strategy, wherein potent anti-cancer mole-

cules like SCR7 could be encapsulated with such nano-

materials, giving it a more efficient, dual mode of action.

In the field of anti-cancer therapeutics in recent times,

major focushasbeen towardsefficient killingof cancer cells

without any side-effects. This involves adopting a technol-

ogy that produces maximum effect with a minimal

concentration or dose (in case of radio-therapy). Interest-

ingly, our studies indicate that encapsulation of SCR7

rendered it around 5 timesmore potent as compared to the

parental compound. Thisfindingopensupanewavenue for

the use of the modified form of SCR7 against different

cancers. Previous studies have shown that SCR7 can

potentiate the effect of radiation in anti-cancer therapy.[20]

Our new finding suggests that the dose of SCR7 can be

further brought down, due to efficient bio-availability of

themoleculewhen it is inencapsulated form.Thus,useofES

SCR7 serves as a promising technology for development of

potent anti-cancer treatment modalities.

One of the leading cancer therapeutics strategies

includes combination therapy, where multiple drugs

targeting the same or different pathways are used in order

to increase the efficacy of treatment.[69] Previously it has

been shown that in a combination therapy, SCR7, along

with either ionizing radiation or etoposide, successfully

enhanced tumor regression in mice as compared to

individual treatments.[20] Although drug combinations

are synergistic, there are possibilities that some drugs

may act in an antagonistic manner when used in

combination. However, recent studies highlight the

advantage of encapsulation of drugs to avoid antago-

nism.[70] Thus, the potential anti-cancer effect of ES can

further be explored for combination therapy along with a

number of frontline drugs such as cisplatin, doxorubicin,

paclitaxel, etc.[22,61]

Thus the clinical development of this polymer-drug

conjugate as a new class of anticancer agent would be a

continuousconcertedeffortattheinterfaceofchemistryand

biology for in vivo application. The biocompatibility of the

polymericmatrixcanserveasan ideal formulationfor tissue

engineering and controlled drug delivery applications.

4. Conclusion

Newly synthesized anti cancer agent SCR7 has the

capability to inhibit NHEJ in a Ligase IV dependentmanner

within cells. Hydrophobicity of SCR7 decreases its bioavail-

ability, which is a major setback in utilization of this

compoundasatherapeuticagent. Polymerencapsulationof

smallmolecules to enhance thephysicochemical properties

represents an intriguing approach in recent drug discovery.

The focus of the reported study is to formulate an aqueous

soluble matrix for efficient delivery of SCR7. Thin film

hydration method is confirmed to be one of the most

suitablemethods for theencapsulationof SCR7 inaPluronic

matrix. 1HNMR spectrum confirmed the entrapment of the

drug within the polymeric core, along with fluorescence,

UV-Vis and FT-IR spectroscopic techniques. SCR7 is

efficiently diffused from the polymeric core as evidenced

from the chloroform extract. TEM, DLS and SANS results

demonstrated that Pluronic polymer could very well be

usedasanefficient carrier forhydrophobicmolecule suchas

SCR7. The in vitro cytotoxic assays showed that the

encapsulated form of SCR7 induced cytotoxicity in a

concentration dependent manner. Importantly, encapsu-

lated SCR7 treatment led to arrest at G1 phase of the cell

cycle, thus culminating into apoptosis. g-H2AX immuno-

fluorescence and comet assay analysis showed that ES

treatment led to accumulation of unrepaired DSBs within

the cell, thus inducing apoptosis. Taken together, our data

suggests that encapsulation of SCR7 can effectively induce

cytotoxicity in cancer cell lines by inducing cell cycle arrest,

leading to apoptosis. Moreover, a comparative analysis of

the efficacy of SCR7 and ES, showed that encapsulation

rendered the molecule �5 times more effective than its

hydrophobic counterpart.
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Nonhomologous end joining (NHEJ) of DNA double strand breaks (DSBs) inside cells can

be selectively inhibited by 5,6-bis-(benzylideneamino)-2-mercaptopyrimidin-4-ol (SCR7)

which possesses anticancer properties. The hydrophobicity of SCR7 decreases its

bioavailability which is a major setback in the utilization of this compound as a

therapeutic agent. In order to circumvent the drawback of SCR7, we prepared a

polymer encapsulated form of SCR7. The physical interaction of SCR7 and Pluronic®

copolymer is evident from different analytical techniques. The in vitro cytotoxicity of the

drug formulations is established using the MTT assay.

Introduction

Cancer drug targeting is challenged by problems like multi-drug resistance and
low solubility of potential drug candidates. There are two general classes of
resistance to anti-cancer drugs: those that impair delivery of anti-cancer drugs to
tumor cells, and those that arise in the cancer cell itself due to genetic and
epigenetic alterations that affect drug sensitivity. Impaired drug delivery can
result from poor absorption of orally administered drugs, increased drug
metabolism or increased excretion, resulting in lower levels of drug in the blood
and reduced diffusion of drugs from the blood into the tumor.1,2

Cytotoxic therapy offers one prominent approach towards cancer treatment.
Traditional cytotoxic therapy includes radiation and chemotherapeutic
compounds such as platinum-based drugs.3–6 Among the genetic damages, DNA
double strand breaks (DSBs) are considered as the most lethal as they affect the
integrity and continuity of the genome.7–10 Inappropriate repair of DSBs may
result in deletions, inversions, duplications and chromosomal translocations.11–14
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Nonhomologous DNA end joining (NHEJ) is one of the major DNA DSB repair
pathways.15 Recently, a novel inhibitor of NHEJ, 5,6-bis-(benzylideneamino)-2-
mercaptopyrimidin-4-ol (SCR7) has been reported.16 Inhibition of NHEJ by SCR7
in cancer cells results in the accumulation of unrepaired DNA double-strand
breaks. Despite promising results of SCR7 as a good anticancer agent, it showed
high IC50 which could be attributed to its high hydrophobicity.

Results and discussion

Although SCR 7 has shown promising results as a potential anticancer drug, its
limited solubility in water may lead to poor bioavailability and requires the search
for novel drug delivery systems. Traditional methods to improve the bioavail-
ability of poorly soluble drugs include encapsulating them in nanosized carriers
such as liposomes,17 emulsions, polymer micelles, niosomes,18 lipid particles etc.
Poly Ethylene Glycol (PEG)19 based block copolymers have the distinct advantage
as compared to other delivery systems due to its ability to encapsulate large
amounts of drug. One of the most widely studied classes of amphiphilic copoly-
mers in this eld is the Pluronic triblock copolymers. Thus, we investigated the
role of Pluronic P123 in encapsulating and delivering SCR7 via hydrophobic
interactions.

Fluorescence emission spectra of SCR7 showed a blue shi upon encapsula-
tion with P123 copolymer in DMSO as solvent as shown in Fig. 1(a). The uo-
rescence spectra of SCR7 in DMSO exhibits an emission peak at �474 nm while
SCR7 in the presence of P123 show amaximum at�442 nm with the same solvent
(DMSO due to the high solubility of SCR7).20 The shi in the lmax of uorescence
spectrum is an indication of interaction between SCR7 and the copolymer P123.
Such shi in the uorescence emission is reported for doxorubicin encapsulated
with chitosan nano particles and curcumin casein micelles.21,22

Fig. 1(b) shows the UV-Vis absorption spectra of SCR7-P123 dissolved in a
minimum amount of water. The hydrophobic PPO core of the copolymer effec-
tively encapsulates the drug molecule and makes it dispersible in the aqueous
layer. To reiterate the encapsulation and release of SCR7 from P123, the aqueous

Fig. 1 (a) (A) Fluorescence emission spectra of SCR7 in DMSO (B) SCR7 loaded P123 in
DMSO. (b) (A) UV absorption spectra of SCR7 loaded P123 in water (B) chloroform extract
(C) SCR7 alone in water (D) P123 in water.
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layer was extracted with chloroform (3�). The chloroform layer is dried with
Na2SO4. UV absorption spectra of the chloroform layer show absorption maxima
at 267 nm and 365 nm. The optical absorption spectrum of the chloroform layer is
compared with SCR7 in pure water and SCR7 encapsulated P123 in water (A and C
of Fig. 1(b)). This indicates the ability of P123 in encapsulating the drug and its
release upon treatment with hydrophobic solvents like chloroform.

The FTIR spectra of SCR7 and SCR7 encapsulated with P123 are depicted in
Fig. 2. The C–S stretching vibrations occur at 3271 cm�1, while the C–S bending
occurs at 1047 cm�1 and 1082 cm�1. The C–N stretching vibrations occur at 1026
cm�1, whereas the N–H bending vibrations occur at 924 cm�1. The absorptions at
1250 cm�1, 1117.6 cm�1 and 1031.1 cm�1 are due to C–O stretching vibrations
from the P123 matrix. The absorptions at 957 cm�1 and 817 cm�1 are arising from
the aromatic ring of SCR7. As seen, the spectrum of SCR7-P123 did show the
characteristic absorption band of SCR7 at 2965 cm�1 and 1107 cm�1. FT-IR
spectral analysis reveals that there is no appreciable shi in the IR signal of SCR7
when it changes from the free state to the polymer bound state. It can also be
concluded that there is no chemical interaction taking place between P123 and
SCR7. The result conrmed the presence of SCR7 in the encapsulated
formulation.

Successful incorporation of SCR7 in P123 and its release in different solvents
was elucidated by 1H NMR spectroscopy. As is evident from Fig. 3, the 1H NMR
spectra of SCR7-P123 employing DMSO-d6 as the solvent showed characteristic
aromatic signals from SCR7 at 7.1–7.5 ppm. In all the spectra, the aromatic proton
signals corresponding to SCR7 are seen with lower intensity than compared with
the Pluronic counterpart. The small signals from SCR7 are indicated by * in Fig. 3.

Fig. 2 FT-IR spectra of (A) SCR7 and (B) SCR7-P123.
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In vitro cytotoxic assay

A cytotoxic assay was performed to measure the metabolic activity of cells. This
was carried out by reducing yellow coloured tetrazolium salt 3-(4,5-dimethyl
thiazol-2-yl)-2,5-diphenyltetrazolium bromide to purple coloured formazan. The
test sample was prepared by dissolving 200 mg of SCR7-P123 in 0.5 mL of DMSO
and made up to 5.8 mL with culture medium containing serum and sterilized
lters. This was diluted with culture medium to 50%, 25% and 12.5%. Cells
cultured in normal medium were considered as the cell control. An equal volume
(100 mL) of various dilutions of test samples, extract of negative control, cell
control and positive control were placed on subconuent monolayer of L929 cells.
Aer incubation of the cells with various concentrations of test sample and
controls at 37 �C for 24 � 2 h, the extract and control medium was replaced with
50 mL MTT solution (1 mg mL�1 in medium without supplements), wrapped with

Fig. 3 1H NMR spectra of SCR7P123 in (a) DMSO-d6 (b) D2O.
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aluminium foil and incubated at 37 �C for 2 hours. Aer discarding the MTT
solution 100 mL of isopropanol was added to all wells and the plates were shaken.
The developed colour was quantied by measuring absorbance at 570 nm using a
spectrophotometer. The data obtained for the test sample were compared with
the cell control. As shown in Fig. 4, the MTT assay of L929 cells aer 24 hour
contact with samples 100%, 50%, 25% and 12.5% of test material SCR7P123
showed 4.72%, 8.23%, 52.29%, and 60.69% metabolic activity respectively. The
positive control (diluted phenol with culture medium containing serum) showed
15.14% and the negative control (ultra high molecular weight poly ethylene with
culture medium containing serum) showed 80.56% metabolic activity.

Experimental section

Pluronic P123 and D2O were purchased from Aldrich (Bangalore, India). All the
salts and solvents used in the study were purchased fromMerck (Mumbai, India).
All other reagents and buffer solution components were analytical grade. Distilled
and deionized water was used in all experiments.

Preparation of SCR7-loaded polymeric micelles

SCR7 loaded micelles were prepared by the thin-lm hydration method. 8 mg of
SCR7 and 440 mg of Pluronic block copolymer were dissolved in 10 mL aceto-
nitrile in a round-bottom ask. The solvent was evaporated by rotary evaporation
at 50 �C for about 1 h to obtain a solid SCR7-P123 matrix. Residual acetonitrile
remaining in the lm was removed under vacuum overnight at room temperature.
Then, the resultant thin lm was hydrated with different amounts of water, while
the hydration temperature was varied according to the experimental design. The
mixture was stirred at 700 rpm for 30 min to obtain a micelle solution, which was
then ltrated through 0.2 mm lter membrane to remove the unincorporated drug
aggregates, followed by lyophilization.

Characterization

Fluorescence emissions were recorded on a F-2500 uorescence spectrometer
(Hitachi, Japan). UVmeasurements were performed on a Shimadzu (UV-2450) UV-

Fig. 4 MTT assay profile of SCR7P123.
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visible double beam spectrophotometer with a matched pair of stoppered fused
silica cells of 1 cm optical path length. Fourier transformed infrared (FT-IR)
measurements were obtained using a SHIMADZU 8400 FT IR spectrometer. The
drug loading and release characteristics of P123 encapsulated SCR7 was analyzed
by 1H NMR spectra which was recorded on a Varian 400 MHz spectrometer
(Varian, Palo Alto, CA, USA) in deuterated dimethyl sulfoxide (DMSO-d6), chlo-
roform (CDCl3) and water (D2O) at room temperature.

Thin layer chromatography (TLC) was adopted to study the physical inter-
action of SCR7 and P123. 10% methanol in chloroform was used as the mobile
phase and silica gel G was used as the stationary phase. The spots were detected
under UV light and stained using alkaline KMnO4 solution and the Rf values
were determined.23 To evaluate the cell cytotoxic potential of SCR7-P123, a MTT
assay was performed. The cell line was obtained from the biotechnology wing
of SCTIMST Thiruvananthapuram. The source of the cell line is the ATCC strain
and L-929. L-929 is an established and well characterized mammalian cell line
that has demonstrated reproducible results. The cells were cultured in 10%
FBS. Ultra high molecular weight poly ethylene was used as the negative control
and it was prepared by incubating 3 cm2 ultra high molecular weight poly
ethylene with culture medium containing serum at 37 � 1 �C for 24 � 2 h.
Diluted phenol was used as the positive control and was prepared by diluting
phenol stock solution (13 mg mL�1) to 1.3 mg mL�1 with culture medium
containing serum.

Conclusions

Anti cancer agent SCR7 has the capability to inhibit NHEJ in a Ligase IV
dependent manner within cells. Hydrophobicity of SCR7 is a major setback in
the utilization of this compound. Polymer encapsulation of small molecules to
enhance their physicochemical properties represents an alternative approach
in recent drug discovery research. The major focus of the reported study is to
formulate an aqueous soluble matrix for drug delivery. The thin lm hydration
method is conrmed to be one of the most suitable methods for the encap-
sulation of SCR7 within the copolymer. 1H NMR spectra conrmed the
entrapment of the drug within the Pluronic polymeric core, along with uo-
rescence, UV-Vis and FT-IR spectroscopic techniques. SCR7 is efficiently
diffused from the polymeric core as evidenced from the chloroform extract. In
vitro cytotoxic assays showed that the encapsulated form of SCR7 induced
cytotoxicity in a concentration dependent manner. Biocompatibility of the
polymeric matrix can serve as an ideal formulation for controlled drug delivery
applications.
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