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a b s t r a c t

We developed a nanoformulation of 5-FU (5-fluorouracil) with biodegradable thermo-responsive
chitosan-g-poly(N-vinylcaprolactam) biopolymer composite for its delivery to cancer cells. The novel
thermo-responsive graft co-polymeric nanoparticles (TRC-NPs) were prepared by ionic cross-linking
method, which showed a lower critical solution temperature (LCST) at 38 ◦C. The 5-FU drug was incor-
porated into the carrier using cross-linking reaction. The in vitro drug release showed prominent release
eywords:
hermo-responsive graft co-polymeric
anoparticles
CST
iomaterials
ancer drug delivery

above LCST. Cytotoxicity assay showed TRC-NPs in the concentration range of 100–1000 �g/ml are non-
toxic to an array of cell lines. The drug-loaded nanoparticles showed comparatively higher toxicity to
cancer cells while they are less toxic to normal cells. The cell uptake of the 5-FU loaded thermo-responsive
graft co-polymeric nanoparticles (5-FU–TRC-NPs) was confirmed from green fluorescence inside cells
by rhodamine-123 conjugation. The apoptosis assay showed increased apoptosis of cancer cells when
treated with 5-FU compared to the normal cells. These results indicated that novel 5-FU–TRC-NPs could

for c
be a promising candidate

. Introduction

An exciting potential solution in cancer treatments is to encap-
ulate the drug in a thermo-responsive biocompatible material
hat can be injected into the blood stream with the intention of
elivering drug to a tumor site in response to an external thermal
ctivation source (Jun, Bochu, & Peng, 2008; Partridge, Burstein,

Winer, 2001; Shapiro & Recht, 2008). Chitin and chitosan are
iocompatible, biodegradable and non-toxic polymers (Jayakumar,
agahama, Furuike, & Tamura, 2008a; Jayakumar, Selvamurugan,
air, Tokura, & Tamura, 2008b; Jayakumar & Tamura, 2008c;

ayakumar et al., 2009, 2010a; Peter et al., 2009). Because of

hese properties, it has many applications in tissue engineering
Madhumathi et al., 2009; Maeda, Jayakumar, Nagahama, Furuike,
Tamura, 2008; Nagahama et al., 2008; Peter et al., 2010; Shalumon

t al., 2009), wound healing (Sudheesh Kumar et al., 2010), drug

Abbreviations: TRC-NPs, thermo-responsive graft co-polymeric nanoparticles;
CST, lower critical solution temperature; LE, loading efficiency; 5-FU–TRC-
Ps, 5-FU loaded thermo-responsive graft co-polymeric nanoparticles; NVCL,
-vinylcaprolactam; PNVCL, poly(N-vinylcaprolactam); PNVCL–COOH, carboxyl

erminated poly(N-vinylcaprolactam); Chitosan-g-PNVCL, chitosan grafted poly(N-
inylcaprolactam).
∗ Corresponding author. Tel.: +91 484 2801234; fax: +91 484 2802020.

E-mail addresses: rjayakumar@aims.amrita.edu, jayakumar77@yahoo.com
R. Jayakumar).

144-8617/$ – see front matter © 2010 Elsevier Ltd. All rights reserved.
oi:10.1016/j.carbpol.2010.08.052
ancer drug delivery.
© 2010 Elsevier Ltd. All rights reserved.

delivery (Dev et al., 2010; Manjusha et al., 2010; Muzzarelli, 1988;
Thanou, Verhoef, & Junginger, 2001) and also in gene delivery
(Anitha et al., 2009; Calvo, Remunan-Lopez, Vila-Jato, & Alonso,
1997a; Calvo, Remunan-Lopez, Vila-Jato, & Alonso, 1997b; Gerrit,
2001; Huang, Khor, & Lim, 2004; Janes & Alonso, 2003; Jayakumar,
Prabaharan, Nair, & Tamura, 2010c; Jayakumar et al., 2010d;
Richardson, Kolbe, & Duncan, 1999; Vander et al., 2003; Xu & Du,
2003).

In recent years, much interest has been given on water-soluble
stimuli responsive polymeric systems that show a phase transi-
tion in response to external stimulus such as temperature, pH,
specific ion and electric field (Prabaharan, Jamison, Douglas, &
Shaoqin, 2008). Among all intelligent polymers studied temper-
ature and pH responsive polymeric systems have drawn more
attention, because these are the important physiological factors
in the body, and some disease states manifest themselves by a
change in either temperature or pH or both. In recent years, several
research groups have reported the preparation of pH and tempera-
ture sensitive polymers based on the poly(N-isopropylacrylamide)
(PNIPAAm) for biomedical applications. Poly(N-vinylcaprolactam)
(PNVCL) is another well studied polymer which shows a well

defined response towards temperature as compared to PNIPAAm
(Peng & Wu, 2000). The actual interest in PNVCL is connected with
its thermo-responsive nature, complexation ability and biocompat-
ibility, both NVCL and its polymer are industrial products that find
limited cosmetic applications, and that their safety sheets indicate

dx.doi.org/10.1016/j.carbpol.2010.08.052
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:rjayakumar@aims.amrita.edu
mailto:jayakumar77@yahoo.com
dx.doi.org/10.1016/j.carbpol.2010.08.052
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Fig. 1. Loading chemistry for 5-FU in thermo-responsive c

ig. 2. (A) LCST transitions of chitosan-g-poly(N-vinylcaprolactam) at different temperatu
aterials in aqueous solution. (C) FTIR spectrum of (a) chitosan, (b) chitosan-g-PNVCL, (c)
Ps, (g) bare TRC-NPs, (h) rhodamine conjugated 5-FU–TRC-NPs and (i) rhodamine conju
hitosan-g-poly(N-vinyl caprolactam) nanoparticles.

res: (a) at 25 ◦C, (b) 38 ◦C and (c) 42 ◦C. (B) Transmittance (%) analysis of synthesized
PNVCL–COOH and (d) monomer NVCL. (D) FTIR spectrum of (e) 5-FU, (f) 5-FU–TRC-
gated TRC-NPs.
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Fig. 3. SEM analysis of (A) TRC–NPs and (B) 5-FU–TRC

ytotoxicity with a score of 5/10. Presently there are no studies con-
erning the nanoformulation for cancer drug delivery with these
olymers.

5-FU, a pyramidine analogue that interferes with thymidylate
ynthesis has a broad spectrum of activity against solid tumors
Choi et al., 2007; Kim, Kim, Cho, Yoon, & Song, 2006; Wang, Xiao,
heng, Chen, & Zou, 2007; Wilkowski, Thoma, Bruns, Wagner, &
einemann, 2006). Limitations are short biological half-life due to

apid metabolism, incomplete and ununiform oral absorption due
o rapid metabolism by dihydropyramidine dehydrogenase and
on-selective action against healthy cells. To prolong the circula-
ion time of 5-FU and increase its efficacy, its delivery has to be

odified by incorporation into nanoparticulate carriers to reduce
he 5-FU associated side effects and thereby improve its therapeutic
ndex.

Hydrophobic drugs like 5-FU rapidly redistribute out of the car-
ier upon entering the circulation, resulting in pharmacokinetics
hat are incrementally improved compared to the corresponding
ree drugs. Highly stable formulations are required to take full
dvantage of the EPR effect in treating solid tumors (Drummond
t al., 2010). Stability is needed for maximizing the dura-
ion of exposure and for thermal targeting using hyperthermia
o direct the drug-encapsulated thermo-responsive chitosan-
-poly(N-vinylcaprolactam) nanoparticles to target cancer cells
here the drug can then be released locally when the polymer

ttains its LCST. Nanoscale drug delivery vehicles formulated from
iodegradable and biocompatible chitosan and thermo-responsive
olymers constitute an evolving approach to drug delivery and

umor targeting. Biodegradable thermo-responsive drug carriers
re being purposely engineered and constructed with nanome-
er dimensions (Jayakumar, Deepthy, Manzoor, Nair, & Tamura,
010b; Kyung, Jin, Yoon, Jung, & Ki, 2008; Maltzahn et al., 2008).
uch approaches make it possible to develop smart materi-
; DLS analysis of (C) TRC–NPs and (D) 5-FU–TRC-NPs.

als like thermo-responsive drug delivery vehicles. In this paper
we are describing such a smart drug delivery vehicle with an
intention of delivering 5-FU only at the tumor site by exploit-
ing the LCST nature of the polymer carrier. The most important
advantage of thermo-responsive polymeric nanomaterials includes
their high tunability through the switch on and off mechanism
and biodegradability since it is conjugated with a biocompatible
chitosan moiety. Here we are describing about the nanofor-
mulation, stabilization chemistries, characterization as well as
the cytotoxicity, in vitro cell uptake and apoptosis studies of
5-FU–TRC-NPs.

2. Experimental

2.1. Synthesis of carboxyl terminated poly(N-vinylcaprolactam)
(PNVCL–COOH)

PNVCL–COOH was synthesized by free radical polymerization in
isopropanol medium (see supplementary Fig. S1A). Accordingly, N-
vinylcaprolactam (NVCL) (recrystallized from n hexane before use),
mercaptopropionic acid (MPA) and azo bis isobutyronitrile (AIBN)
(Sigma–Aldrich) were dissolved in 100 ml of isopropanol (Merk
Company Cochin). Dried nitrogen was bubbled into the solution
for 15 min prior to polymerization. The reaction was carried out at
75 ◦C for 6 h under inert atmosphere. After the reaction, the product
was precipitated with an excess amount of diethyl ether and dried
under vacuum. Thereafter the product was dissolved in 30 ml of

millipore water and dialyzed in cellulose membrane tubing (molec-
ular weight cut-off 1000 Da) against distilled water for 3 days to
remove the impurities and unreacted materials. Finally the frozen
product was lyophilized at −85 ◦C under 0.085 mbar pressure for
further studies.
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ig. 4. The drug release profile for the 5-FU from the TRC-NPs above (A) and below (

.2. Synthesis of chitosan grafted poly(N-vinylcaprolactam)
chitosan-g-PNVCL)

PNVCL–COOH was grafted onto chitosan using (1-ethyl-
-(3-dimethylaminopropyl)carbodiimide/N-hydroxy succinimide)
DC/NHS as the condensing agents at room temperature (see
upplementary Fig. S1B). First chitosan solution was prepared
nder uniform stirring in 1% acetic acid. To this, an aqueous solution
f PNVCL–COOH (in millipore water) was mixed. Thereafter solu-
ion of EDC/NHS (Sigma–Aldrich) (1:2 ratios) in millipore water was
dded to the reaction mixture drop wise. The reaction was allowed
or 12 h at room temperature with constant stirring at low rpm.
fter dialysis using cellulose membrane tubing (molecular weight
ut-off 12 kDa) for 3 days against distilled water, the product was
reeze-dried.

.3. Synthesis of blank TRC-NPs
Chitosan grafted polymer (1:9 ratio polymer) was dissolved in
cetic acid (1% solution) and the resulting solution was cross-linked
ith (sodium tripoly-phosphate) TPP (Sigma–Aldrich) in 1:1 ratio.

he resulting nanoformulation was centrifuged at 30,000 rpm for
T (38 ◦C) and (C) hypothesized mechanism for the controlled release from TRC-NPs.

45 min, resuspended and pelletized several times in water until the
pH became 7.4.

2.4. 5-FU loading in TRC-NPs

5-FU–TRC-NPs were prepared by a simple ionic cross-
linking method by TPP via aqueous chemistry. Briefly, 5-FU
(Sigma–Aldrich) (5 mg in 1 ml water) and polymer (50 mg in 10 ml
1% acetic acid) were stirred for 5 min at low rpm. Further the
whole system was mixed with 100 �l TPP solution followed by stir-
ring for 20 min at low rpm. The nanoparticle suspension was then
centrifuged at 12,000 rpm for about 45 min and the residue was
resuspended in water till the pH become 7.4. The possible loading
chemistry is shown in Fig. 1.

2.5. LCST determination
We analyzed LCST of the systems by UV spectrophotometer
(Pharma spec) starting from a temperature range of 0–45 ◦C and an
average of three values were taken as the LCST of the synthesized
materials.
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ig. 5. Fluorescent images showing cellular uptake of rhodamine conjugated 5-FU–
are TRC-NPs, (B) 5-FU–TRC-NPs and (C) its bright field images, (D) the images of co

.6. FTIR studies

FTIR spectra of chitosan, monomer N-vinylcaprolactam (NVCL),
NVCL–COOH, thermo-responsive chitosan-g-PNVCL, TRC-NPs, 5-

U, 5-FU–TRC-NPs were carried out using KBr tablets (1%,
/w of product in KBr) with a resolution of 4 cm−1 and

00 scans per sample on a Perkin Elmer Spectrum RX1
pparatus.

Fig. 6. MTT assay for bare TRC-NPs on (A) L929, (B) PC3, (C) K
Ps on PC3 (A) display the fluorescence of cells treated with rhodamine conjugated
cells (PC3) with bare TRC-NPs did not show any fluorescence.

2.7. Freeze-drying

In this study, freeze-drying was employed as a means to impart
stability or improve shelf life of the developed formulations. Freeze-

drying using automated system (Martin Christ–Lyo Chamber Guard)
was adapted. In brief the conditions were as follows: condenser
temperature −85 ◦C and pressure applied during each step was
0.019 mbar. Two milliliters of the nanoparticle suspension was

B and (D) MCF7 after incubated at LCST of the carrier.
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Fig. 7. FACS based apoptosis profile for th

lled in 5 ml glass vials. Sucrose 1% (w/v) was added as a cryopro-
ectant to preserve the particle properties during freezing step. The
reeze-dried samples were resuspended in demineralized water
nd evaluated for size, nature of drug in nanoparticles and mor-
hology.

.8. Thermal analysis

Thermal studies were done by SII TG/DTA 6200 EXSTAR. The
hermal stability and thermal decomposition of prepared systems
ere investigated using TG/DTA. The temperature scan ranged

rom 25 ◦C to 500 ◦C at a rate of 10 ◦C/min.

.9. Nature of drug in nanoparticle (XRD studies)

The patterns of pure 5-FU, TRC-NPs and 5-FU–TRC-NPs were
btained using the X-ray diffractometer (PANalytical X’Pert PRO)
ith Cu source of radiation. Measurements were performed at

oltage of 40 kV and 25 mA. The scanned angle was set from
◦ ≤ 2� ≥40 ◦ and the scan rate was 2◦ min−1.

.10. Particle size analysis

The particle size was measured by Dynamic light scatter-
ng (DLS-ZP/Particle Sizer NicompTM 380 ZLS) taking the average
f three measurements. The surface morphology of nanoparticle
as analyzed by scanning electron microscope (SEM) (JEOLJSM-

490LA). The nanoparticle suspension was placed on the silicon
afer with the help of micropipette tip and allowed to dry

vernight in air.

.11. Loading efficiency (LE)
The percentage of drug incorporated during nanoparticle
reparation was determined by centrifuging the drug-loaded
anoparticles at 20,000 rpm for 30 min and separating the super-
atant. The supernatant was assayed by UV spectrophotometer
–TRC-NPs on (A) L929 and (B) MCF7 cells.

(UV-1700 Pharma Spec) at 265 nm by dissolving in ethanol. The
calculated LE was 95% using the following formula.

Loading efficiency = Total amount of 5-FU-Free 5-FU
Total amount of 5-FU

× 100

2.12. In vitro quantification of 5-FU

For in vitro quantification of 5-FU, a standard solution of 5-FU
was prepared by dissolving 5 mg of 5-FU in 100 ml ethanol solu-
tion. A serial dilution from 0.2 to 2 ml was taken and diluted up
to 25 ml and assayed at 265 nm using (UV-1700 Pharma Spec) UV
spectrophotometer. The data was plotted to get a straight line for
the quantification of unknown drug in the nanoparticles.

2.13. In vitro drug release

A known amount of lyophilized TRC-NPs (50 mg) encapsulating
5-FU was dispersed in 10 ml phosphate buffer, pH 7.4, and the solu-
tion was divided into 30 eppendorf tubes (500 �l each). The tubes
were kept in a thermostable water bath set at two different tem-
peratures (below and above LCST). Free 5-FU is completely soluble
in water; therefore at predetermined time intervals the solution
was centrifuged at 5000 rpm for 7 min to separate the released
5-FU (which will be in a pellet form) from the loaded TRC-NPs.
The released 5-FU was redissolved in 3 ml ethanol to assay spec-
trophotometrically at 265 nm. The concentration of released drug
was then calculated using standard curve of 5-FU in ethanol. The
percentage of 5-FU released was determined from the following
equation:

Release (%) = Released 5-FU from TRC-NPs
Total amount of 5-FU in TRC-NPs

× 100
2.14. Cell culture

MCF 7 (Human Breast cancer cell line, NCCS Pune), L929 (mouse
fibroblast cell line, NCCS Pune), KB (oral cancer cell line, NCCS
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une) were maintained in Minimum Essential Medium (MEM) sup-
lemented with 10% fetal bovine serum (FBS) and PC3 (Prostate
ancer cell lines, NCCS Pune) was maintained in Dulbecco’s mod-

fied Eagles Medium (DMEM-F12) with 10% FBS. The cells were
ncubated in an incubator with 5% CO2. After reaching confluency,
he cells were detached from the flask with trypsin–EDTA. The cell
uspension was centrifuged at 3000 rpm for 3 min and then resus-
ended in the growth medium for further studies.

.15. Cell uptake studies by fluorescence microscopy

Acid etched cover slips kept in 24-well plates were seeded with
929 and PC3 cells with a seeding density of 5000 cells per cover slip
nd incubated for 24 h for the cells to attach. After the 24 h incuba-
ion the media were removed and the wells were carefully washed
ith PBS buffer. Then the particles at a concentration of 1 mg/ml
ere added along with the media in triplicate to the wells and incu-

ated for 4 h, thereafter the media with sample were removed and
he cover slips were processed for fluorescent microscopy. The pro-
essing involved washing the cover slips with PBS and thereafter
xing the cells in 3.7% para-formaldehyde (PFA) followed by a final
BS wash. The cover slips were air dried and mounted on to glass
lides with DPX as the mountant medium. The slides were then
iewed under the fluorescence microscope (Olympus-BX-51).

.16. Cytotoxicity studies

For cytotoxicity experiments, L929 (mouse fibroblast cell
ine, NCCS Pune), MCF7 (Breast cancer cell line, NCCS Pune),
C3 (prostate cancer cell line, NCCS Pune), KB (oral cancer
ell line, NCCS Pune) were seeded on a 96-well plate with a
ensity of 10,000 cells/cm2. MTT [3-(4,5-dimethylthiazole-2-yl)-
,5-diphenyl tetrazolium] assay was used to evaluate cytotoxicity
f the prepared nanoparticles and this is a colorimetric test based
n the selective ability of viable cells to reduce the tetrazolium
omponent of MTT into purple colored formazan crystals. Five dif-
erent concentrations of the nanoparticles (0.2 mg/ml, 0.4 mg/ml
nd 0.6 mg/ml 0.8 mg/ml, 1 mg/ml) were prepared by dilution with
he media. After reaching 90% confluency, the cells were washed
ith PBS buffer and different concentrations of the nanoparticles

100 �l) were added and incubated. Cells in media alone devoid
f nanoparticles acted as negative control and wells treated with
riton X-100 as positive control for a period of 24 h. 5 mg of MTT
Sigma) was dissolved in 1 ml of PBS and filter sterilized. 10 �l
f the MTT solution was further diluted to 100 �l with 90 �l of
erum-free phenol red free medium. The cells were incubated with
00 �l of the above solution for 4 h to form formazan crystals by
itochondrial dehydrogenases. 100 �l of the solubilisation solu-

ion (10% Triton X-100, 0.1N HCl and isopropanol) was added in
ach well and incubated at room temperature for 1 h to dissolve the
ormazan crystals. The optical density of the solution was measured
t a wavelength of 570 nm using a Beckmann Coulter Elisa plate
eader (BioTek Power Wave XS). Triplicate samples were analyzed
or each experiment.

.17. Apoptosis assay by flow cytometry (Annexin V-FITC/PI
taining)

Phosphatidylserine (PS) translocation from the inner to the
uter layer of plasma membrane is one of the important earliest
poptotic features. The PS exposure in both L929 and MCF7 cells

as detected using an Annexin V-FITC/PI Vybrant apoptosis assay

it (Molecular probes, Eugene, OR). After reaching 90% confluency
he cells were treated with three different concentrations of 5-FU
anoparticles as described previously. After being exposed to 5-FU
anoparticles for 24 h, cells were harvested by trypsinization and
olymers 83 (2011) 776–786

washed with ice-cold PBS for 5 min at 500 × g at 4 ◦C. The super-
natant was discarded and the pellet resuspended in ice-cold 1×
Annexin binding buffer (5 × 105 to 5 × 106 cells/ml). 5 �l of Annexin
V-FITC solution and 1 �l of PI (100 �g/ml) were added to 100 �l
of the cell suspensions. The samples were mixed gently and incu-
bated at room temperature for 15 min in the dark. After incubation,
400 �l of ice-cold 1× binding buffer was added and mixed gently,
and analyzed by flow cytometry. Cells in media alone devoid of
nanoparticles (negative control) and cells treated with bare poly-
meric nanomaterials were also analyzed in the same way. Triplicate
samples were analyzed for each experiment.

2.18. Statistics

Statistical analysis of the data was performed via one-way anal-
ysis of variance (ANOVA) using origin software; a value of p < 0.05
was considered significant (n = 3).

3. Results and discussions

3.1. FTIR studies of polymeric systems and their nanoformulations

The polymerization of NVCL was confirmed by FTIR analysis,
characteristic peaks of PNVCL–COOH are located at �max/cm−1

1631 of amide I band and 1480 �s cm−1 (CN), while those of NVCL
monomer at 1658 cm−1 (C C) and 3000–3100 cm−1 (CH and
CH2 ) disappeared (Fig. 2C (c and d)).

The IR spectra of chitosan and chitosan grafted PNVCL–COOH
are shown in Fig. 2A (a and b), respectively. As seen, the spectrum
of the graft co-polymer shows not only the characteristic stretching
vibration of hydroxyl, aliphatic C–H, and acetylated amino groups
from chitosan at 3450, 2922 and 1658 cm−1, respectively, but also
the characteristic absorption bands of the amide I band at 1631
and C–N stretching at 2857 cm−1. The newly formed amide bond
was confirmed at 1560 cm−1(Laura et al., 2009). The degree of sub-
stitution (DS) of PNVCL–COOH onto chitosan was estimated to be
∼47%.

In the nanoformulation characteristic peak shift was observed
due to the potential interaction of protonated amine/amide groups
and negatively charged TPP cross-linking agent. The two possi-
ble mechanisms could be (1) TPP interaction with the protonated
amide and/or (2) with the protonated amine from the residual chi-
tosan in the grafted polymer (see supplementary Fig. S2A and B).
The amine peak at 1630 as shifted to 1629 cm−1 due to the inter-
action with the tripoly-phosphate, and with 5-FU loading the peak
again shifted to 1627 cm−1. Similarly there is an amide peak shift
from 1560 to 1555 cm−1 which is a good evidence for the possibility
of TPP-protonated amide interaction as explained before. The wave
number shift from higher frequency region to lower frequency
region could be attributed to the fact that as TPP cross-linking
reaction happened the bond length would have increased, which
ultimately would have resulted in the reduction in stretching fre-
quency (stretching frequency and wave number are proportional to
each other, � = c/� or � = c �−1, where �−1 is the wave number) and
thereby a shift in wave number as described above (Sanoj Rejinold
et al., 2010).

The 5-FU loading and its nanoformulation was confirmed by
FTIR analysis by a peak shift in Fig. 2D (e). After 5-FU loading the
amine peak of grafted polymer was shifted from 1629 to 1627 cm−1

and the amide peak was merged at the same peak. Similarly the

peaks at 3450 cm−1 seem sharper because of the presence of more
F (unbound) groups from the 5-FU. The peaks at 2857–2924 cm−1

were also sharper which could be attributed to the presence of more
number of C–H groups from the nanopolymeric formulations. The
amide peak at 1555 cm−1 is vanished, which throws light on the
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Table 1
Variation in LCST with respect to polymer concentrations.

Material Determined LCST

PNVCL–COOH 32 ◦C
Chitosan-g-PNVCL (1:9) 38 ◦C
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Chitosan-g-PNVCL (2:8) 41 ◦C
Chitosan-g-PNVCL (3:7) 42 ◦C
Chitosan-g-PNVCL (4:6) 45 ◦C

act that 5-FU–TRC-NPs amide interaction in the nanoformulation.
oreover the peaks at 984 and 1087 cm−1 (Fig. 2C (f)) confirm the

resence of chitosan saccharine residues in nanoformulations.
The rhodamine-123 conjugation on TRC-NPs was confirmed by

he sharp peaks at 3450 and 1560 cm−1 (Fig. 2D (h and i)) which
ssures the hydrogen bonding interaction between amine function-
lities of rhodamine-123 dye and the OH functionalities from the
RC-NPs.

.2. LCST analysis of the synthesized materials

The determined LCST of the systems was given in Table 1 and the
CST transition for the grafted polymer in different ratios was also
ncluded (Table 1). As seen in Fig. 2A, the chitosan-g-PNVCL showed
ritical solution temperature of 38 ◦C and below this temperature
he system was completely soluble in the water and as temperature
ncreased the density of the particles also increased (Fig. 2A (c))

hich could be attributed to reduced hydrogen bonding interaction
f the polymer with the water molecules that resulted in hydrogel
ormation.

The LCST behavior of the bulk system is a reversible process. The
ost important observation during the analysis was the tunable

ature of the LCST which is purely based on the polymer concen-
ration as depicted in Table 1. The enhanced hydrophilic nature of
rafted polymer would result in higher LCST as shown in Table 1.

Phase transition temperature is an important parameter for in
itu gel-forming polymer, and determines the potential utilization
f the polymer in drug delivery (Prabaharan et al., 2008). The LCST
f TRC-NPs in aqueous solutions were investigated by measuring
he optical transmittance at 480 nm over the temperature range
0–50 ◦C. There was no phase transition observed for chitosan

n the investigated temperature range. Pure PNVCL–COOH and
hitosan-g-PNVCL co-polymer exhibited phase transition behav-
or as shown in Fig. 2B. For pure PNVCL–COOH, a LCST at 32 ◦C was
learly observed. The optical transmittance was almost 100% below
2 ◦C and it dropped immediately to zero once the temperature was
aised above 32 ◦C. Moreover, the observed LCST of PNVCL–COOH
as found to be independent of pH. The reason for the LCST charac-

eristic in thermo-responsive polymers has been well explained in
he literature. In the case of PNVCL–COOH, aggregation above the
CST is due to the disruption of hydrogen bonding with water and
he increasing hydrophobic interaction among caprolactam groups.
or chitosan-g-PNVCL co-polymer, its aqueous solution showed a
emperature dependent transmittance change due to the introduc-
ion of thermo-sensitive PNVCL graft chains, and the LCST value
as determined to be 38 ◦C. The fact that the phase transition

emperature of chitosan-g-PNVCL was the same as the LCST of
ure PNVCL–COOH indicates that aggregation of the grafted PNVCL
hase was not affected by the chitosan component.

.3. Freeze-drying
The 5-FU–TRC-NPs were freeze-dried using sucrose at 5% (w/v),
n 3 ml of concentrated nanoparticle suspension (1%, w/v) which
esulted in an intact fluffy cake. The hydrodynamic sizes of the
yophilized particles were determined by resuspending in water.
olymers 83 (2011) 776–786 783

The characteristics of the particles before and after 5-FU loading
are shown in Fig. 3A–D. The addition of 2 ml of water to the cake
(freeze-dried particles) allowed easy resuspension by mere shak-
ing. However, an increase in size was observed.

3.4. Thermal analysis of the synthesized materials

The thermal stability and thermal decomposition of prepared
systems were investigated by TG and are given in supplementary
Fig. S3A. It shows that the initial degradation temperature of chi-
tosan is very close to 280 ◦C, slow weight loss starting from 140
to 200 ◦C due to the decomposition of polymer with low molecu-
lar weight, followed by more obvious loss of weight starting from
200 to 310 ◦C, which could be attributed to a complex process
including dehydration of the saccharine rings. The degradation
profile of grafted polymer is almost similar to chitosan but less
stable compared to chitosan which proves that the system is of
amorphous nature. The carboxyl terminated PNVCL has higher
stability compared to the chitosan (control). 5-FU degradation
nature has been determined to compare the same with loaded
TRC-NPs. As per the TG data, the blank TRC-NPs shows slower
degradation rate compared to the 5-FU–TRC-NPs which could be
due to the more amorphous nature of the 5-FU–TRC-NPs sys-
tem.

Similarly, the differential thermal analysis of all the systems was
preformed to understand the effect of temperature on the behavior
of the chitosan, grafted chitosan, 5-FU, TRC-NPs and 5-FU–TRC-
NPs. Polysaccharides usually have a strong affinity for water and in
solid state these macromolecules may have disordered structures
that can be easily hydrated. The hydration properties of polysac-
charides depend on primary and supramolecular structures. The
endotherm related to evaporation of water is expected to reflect
the molecular changes brought in after cross-linking. Thus, chitosan
and grafted chitosan had different water-holding capacities. In chi-
tosan the bound water molecules are associated with hydrophilic
hydroxyl groups. The thermogram of chitosan showed endotherm
at 100 ◦C (Devika & Varsha, 2006; Radhakumary, Nair, Suresh, &
Nair, 2005).

The heat capacity of grafted chitosan with TPP, i.e. (TRC-NPs)
was found to be less compared with that of chitosan and chitosan-
g-PNVCL. The cross-linking reaction via TPP modifies the crystalline
nature of chitosan and also the grafted chitosan moiety. The DTA
analysis showed 5-FU had started to melt at 180 ◦C wherein the
loaded TRC-NPs, the same endotherm peak was shifted to 150 ◦C
which assures the amorphous nature of the 5-FU–TRC-NPs (see
supplementary Fig. S3B).

On the basis of these results it can be stated that increase in the
polar groups and reduction in crystalline domains caused reduc-
tion in heat capacity/thermal stability. The second thermal event
observed was the presence of exotherms due to the decomposition
of the polymer. Owing to the differences in the chemical character-
istics, changes in the exothermic peak of chitosan and cross-linked
chitosan were also observed. Characterization of cross-linked chi-
tosan polymer and its 5-FU loaded nanoparticles were analyzed
by XRD and FTIR provided the evidence of reduction in crys-
tallinity after cross-linking with TPP. The TG/DTA analysis confirms
the more amorphous nature for the cross-linked TRC-NPs and 5-
FU–TRC-NPs.

3.5. Nature of drug in nanoparticles by XRD studies
X-ray analysis was conducted in order to compare 5-FU–TRC-
NPs with the bare 5-FU and its nanocarrier. Bare 5-FU is highly
crystalline in nature. It has been observed that sharp peaks in their
XRD spectra indicating high crystalline nature. TG/DTA also con-
firmed the same character to 5-FU. The loaded TRC-NPs showed
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roader spectrum in the XRD studies (see supplementary Fig. S3C)
s blank TRC-NPs. The high amorphous nature could be accounted
o the two mechanisms as described in the previous section. The

ore amorphous the polymeric carrier system, higher would be
he release percentage of the loaded drugs (Abdelwahed, Degobert,
tainmesse, & Fessi, 2006; Furqan maulvi, Thakkar, Soni, Gohel, &
andhi, 2009).

.6. Particle size and topography

Fig. 3A and B shows the SEM images of the synthesized TRC-NPs,
hich confirm the TRC-NPs are nearly spherical in shape with an

verage diameter of 150 nm whereas the 5-FU–TRC-NPs showed a
ize range of 180–220 nm and the increase in particle size could
e attributed to the loading of 5-FU on TRC-NPs. The DLS analysis
lso confirmed the particles are in the same range described above
Fig. 3C and D).

.7. In vitro drug release

In vitro drug release was done at two different temperatures
above and below LCST) to evaluate the thermo-responsive nature
f the nanoparticle in PBS solution (pH 7.4) for 3 days. Fig. 4A
hows the release profile for the 5-FU from the TRC-NPs at above
nd below the LCST (Fig. 4B) of the carrier system. After 3 days
xperiment 40% 5-FU has been released above LCST of the sys-
em while at below LCST, only a 5% drug release is observed which
onfirms the drug release mechanism is based on the LCST of the
olymeric carrier system. The 5% drug release could be due to the
resence of unbound drug onto the surface of the TRC-NPs. There
re different factors involved in the complex formation of TRC-
Ps with 5-FU that include the van der Waals interaction between

he hydrophobic moiety of the drug molecules and the PNVCL side
hains, hydrogen bonding between the polar functional groups of
rug molecules and the hydroxyl groups of chitosan-g-PNVCL.

There are three primary mechanisms by which the release of
rug molecules can be controlled: erosion, diffusion, and swelling
ollowed by diffusion (Peppas, 1985). Compared to the previous
tudies on chitosan-g-PNVCL as micro-beads (Prabaharan et al.,
008), our nanoformulation showed very controlled and sustained
elease of 5-FU from the TRC-NPs, which is essential in cancer drug
elivery. In TRC-NPs, it was observed that drug release is promi-
ent above LCST in the initial period compared to that below LCST.
bout 10–20% of the drug has been released within 10 h at above
CST. Thereafter, a much slower and almost constant release rate is
bserved. It seems that release is influenced by swelling, especially
n the initial period of release above LCST. After this initial period, in

hich the swelling equilibrium is achieved, the release most prob-
bly follows diffusion-controlled mechanism. In the initial period,
ydration followed by polymer chain relaxation takes place by pen-
tration of water into the matrix. During this process, high release
ates occur due to the presence of the drug at and near the sur-
ace. After forming the gel structure, the release continues with the
iffusion mechanism through the matrix by a much slower release
ate. However, the drug release is very slow and almost less than
% at below LCST which assures that there would not be any change
or the above said mechanism. Above LCST the TRC-NPs would lose
ts hydrogen bonding interaction with 5-FU hence the drug–carrier
nteraction would be less and carrier–carrier molecules interaction

ould be high, whereas below LCST hydrogen bonding would be
trong enough to hold the drug molecules on it.
.8. Fluorescence microscopy

Cellular uptake studies of 5-FU–TRC-NPs were done by
hodamine-123 conjugation, and visualizing the dye using flu-
olymers 83 (2011) 776–786

orescence microscopy. Fig. 5 displays the fluorescent images of
rhodamine conjugated 5-FU–TRC-NPs on PC3. The same study on
L929 is given in materials section (see supplementary Fig. S4).
Images of control cells without any drug and cells incubated with
empty TRC-NPs did not show any fluorescence. Because of the inter-
nalization of both free and rodamine conjugated 5-FU–TRC-NPs,
images of the cells showed green fluorescence.

3.9. Cytotoxicity studies

MTT assay was done for six different concentrations, viz.,
0.1–1 mg/ml. Triton X-100 was taken as the positive control for
cytotoxicity. Here in our study there is no significant cytotox-
icity in any of the concentrations of the bare TRC-NPs studied
(see supplementary Fig. S5). Similarly, we also compared the
level of toxicity of nanoparticles with the negative control, which
are the cells grown in its respective media. It is evident from
supplementary Fig. S5 that compared to the negative control almost
98% cells are viable in all the six concentrations of TRC-NPs. These
results indicated that the prepared nanoparticle carriers are non-
toxic to L929, KB, PC3 and MCF7. The same experiments were
analyzed with 5-FU–TRC-NPs in the same concentration range
(0.1–1 mg/ml) (Fig. 6) after incubation at 38 ◦C. From our exper-
imental observations it is evident that the 5-FU–TRC-NPs showed
comparatively less toxicity on L929 cells, while specific toxicity has
been observed on to PC3, KB and MCF7 cell lines. The results were
further confirmed by FACS based apoptosis assay on L929 and MCF
cells.

3.10. Apoptosis assay by flow cytometry (Annexin V-FITC/PI
staining)

Phosphatidylserine (PS) is exposed during early apoptosis by
flipping from the inner to the outer layer of plasma membrane,
and Annexin V has the ability to bind to PS with high affinity.
Furthermore, propidium iodide (PI) conjugates to necrotic cells.
Since Annexin V is conjugated to FITC, double staining with FITC-
Annexin V and PI is used to detect apoptosis and necrosis. Four
distinct phenotypes were distinguishable: viable (lower left quad-
rant, Q3), early apoptotic (lower right quadrant, Q4), late apoptotic
and necrotic (upper right quadrant, Q2), and damaged cells (upper
left quadrant, Q1). The blank TRC-NPs did not show any apoptosis in
any of the three concentrations. Necrotic cells have been observed
in the case of MCF7 cells, may be due to the dead cells during the
experiment.

supplementary Fig. S6 shows the apoptotic profile of bare
TRC-NPs and Fig. 7 for 5-FU–TRC-NPs. As seen in Fig. 7, more
percentage of apoptotic cells were observed in the case of
MCF7 compared to that L929 cell line. We checked three con-
centrations of 5-FU–TRC-NPs as low (0.2 mg/ml){[5-FU]}= 1.9 �g,
medium (0.6 mg/ml) {[5-FU]}= 4.6 �g and a higher concentration
as (1 mg/ml) {[5-FU]}= 8.6 �g. A concentration dependent increase
in apoptosis is observed in the case of breast cancer cells (MCF7).
Our results clearly support the fact that there is differential sensi-
tivity of cell lines to 5-FU–TRC-NPs. Among various factors that are
responsible for preferential uptake in tumor cells against normal
cells; difference in membrane structure, protein composition and
bigger size could be the prime reason.

4. Conclusion
Biodegradable and thermo-responsive polymeric nanoparti-
cles were synthesized and characterized for cancer drug delivery.
Due to the presence of PNVCL, chitosan co-polymer showed a
temperature-induced phase transition and LCST was determined in
the range of 38–45 ◦C in aqueous solutions. The 5-FU drug release
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as found to be more prominent above its LCST temperature com-
ared to that below LCST. The TRC-NPs were non-toxic in the
oncentration range of 0.1–1.0 mg/ml to normal and cancer cells.
he 5-FU–TRC-NPs have shown to be toxic to PC3, KB and MCF7
ancer cells which are further confirmed by the FACS based Apop-
osis assay. These results indicated that the 5-FU–TRC-NPs can be
sed for cancer drug delivery and thus novel 5-FU–TRC-NPs could
e more beneficial for cancer treatment when subjected to temper-
ture increase using external sources.
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