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In the present study, we have explored porphyran as a reducing agent for one pot size controlled green
synthesis of gold nanoparticles (AuNps) and further investigated its application as a carrier for the deliv-
ery of an anticancer drug. The prepared AuNps showed surface plasmon resonance centered at 520 nm
with average particle size of 13 ± 5 nm. FTIR spectra suggested that the sulfate moiety is mainly respon-
sible for reduction of chloroauric acid. The capping of the AuNps with porphyran was evident from the
negative zeta potential value responsible for the electrostatic stability. Thus, porphyran acts as reducing
as well as capping agent. These AuNps are highly stable in a wide range of pH and electrolyte concen-
tration. Porphyran capped AuNps exhibited enhanced cytotoxicity on human glioma cell line (LN-229)
ytotoxicity
oxorubicin hydrochloride
rug delivery

as compared to native porphyran. Consequently, these AuNps have been utilized as a carrier for delivery
of the anticancer drug doxorubicin hydrochloride (DOX). Spectroscopic examination revealed that DOX
conjugated onto AuNps via hydrogen bonding. The release of DOX from DOX loaded AuNps was found
to be sixfold higher in acetate buffer (pH 4.5) as compared to physiological buffer (pH 7.4). Further, the
DOX loaded AuNps demonstrated higher cytotoxicity on LN-229 cell line as compared with an equal
dose of native DOX solution. This established the potential of these AuNps as a carrier for anticancer drug

delivery.

. Introduction

Novel colloidal carriers such as liposomes, polymeric nanopar-
icles and solid lipid nanoparticles are widely used for delivery
f various biomolecules and pharmaceutical actives because they
ffer lot of advantages like improved efficacy, targeted delivery
nd reduced toxicity as compared to conventional drug deliv-
ry system (Brigger et al., 2002; RaviKumar, 2000; Han et al.,
007). Metal nanoparticles are new generation materials being
idely investigated for biomedical and therapeutic applications.
old nanoparticles (AuNps) owing to their unique properties such
s comparable size with biomolecules, binding ability to various
olecules and optical properties in the visible and NIR regions
ake them potential candidates for chemical as well as biologi-

al applications and these can be synthesized easily (Shankar et al.,
005). Recent burst of research includes diagnostic and therapeutic

pplications of AuNps (Selvakannan et al., 2004; Mirkin et al., 1996;
sai et al., 2004). For such purpose several researchers improved
he properties of biomolecules and drugs such as amino acids
Hainfeld et al., 2004), protein (Gole et al., 2001), DNA (Alivisatos
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et al., 1996), insulin (Joshi et al., 2006), ciprofloxacin (Tom et al.,
2004) and plasmid (Thomas and Klibanov, 2003) after conjugation
with AuNps synthesized by conventional route. These conventional
methods utilized sodium borohydride or tri-sodium citrate like
harsh reducing agents. The drawbacks of these methods are that
the nanoparticles are unstable and form aggregates at the slight-
est change in their pH and electrolyte environments (Rouhana
et al., 2007). To overcome such tedious techniques and utilization of
harsh reducing agents, the interest in this field has shifted towards
‘green’ chemistry and bioprocess approach. This approaches focus
on exploration of cost effective eco friendly and biocompatible
reducing agents for synthesis of AuNps. Early report cite the use of
several plant extracts such as coriander (Narayanan and Sakthivel,
2008), banana peel (Bankar et al., 2010), Barbated skullcup herb
(Wang et al., 2009) and Syzygium cumini leaf (Kumar et al., 2010)
for synthesis of AuNps. Recently, Bacillus subtilis and Rhodopseu-
domonas capsulate like microorganism (Reddy et al., 2010; He et al.,
2007) were utilized for the biosynthesis of AuNps. However, these
natural sources containing several components generate AuNps at

much slower rate over a period of 24–48 h. To this end, interest
in this field has increased by utilizing non-toxic and biocompati-
ble naturally occurring polysaccharides such as chitosan (Bhumkar
et al., 2007) and gellan gum (Dhar et al., 2008) for rapid synthesis
of AuNps and subsequent use for drug delivery applications.

dx.doi.org/10.1016/j.ijpharm.2011.02.054
http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
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Porphyran, a sulfated polysaccharide is obtained from marine
ed algae (Porphyra vietnamensis) (Dinabandhu et al., 2006). Por-
hyran comprising the hot-water soluble portion of cell wall is the
ain component of the marine red algae. Porphyran comprises

f anionic disaccharide units consisting of 3-linked-d-galactosyl
esidues alternating with 4-linked 3,6-anhydro-l-galactose and the
-sulfate residues (Gretz et al., 1983; Morrice et al., 1983). Por-
hyran is a dietary fiber that contains about 40–50% of seaweed
omponents. Pharmacological functions of isolated porphyran from
everal porphyra species were demonstrated in different struc-
ural and functional studies. It was interesting to note the reports
n the antioxidant and anticancer activity of porphyran (Zhang
t al., 2003; Kwon and Nam, 2006). Pursuing our interest we have
xplored the use of porphyran for one pot size controlled green
ynthesis of AuNps. We hypothesized that the anticancer activity of
orphyran may improve after capping on AuNps. Further, capping
f carbohydrate rich porphyran on AuNps may improve its func-
ionality for conjugation with biological molecules. To demonstrate
pplicability of these nanoparticles for drug delivery we have inves-
igated the loading of anticancer drug doxorubicin hydrochloride
DOX) on porphyran reduced AuNps. DOX is a potent anthracycline
ntibiotic used for various cancer therapies such as malignancies,
arcinoma and sarcomas, Lack of tumor targeting capacity of DOX
esults in narrow biodistribution and undesirable side effects which
emain as major problems to be solved (Steiniger et al., 2004). This
ed the company ALZA to develop a product DOXIL® that improved
he performance by encapsulating the DOX in a liposome, thereby
nhancing the anticancer action of DOX (Ning et al., 2007; Ogawara
t al., 2008).

Here, we report the green synthesis of AuNps using porphyran
nd subsequently loading of DOX. The porphyran reduced AuNps
nd DOX loaded AuNps were evaluated through suitable tech-
iques to study morphology, surface charge and drug loading
fficiency. Further, we analyzed the functional group responsible
or reduction of chloroauric acid through Fourier transform infrared
pectroscopy method. Effect of pH condition and presence of elec-
rolyte on these AuNps was carried out. Six month stability study of
hese nanoparticles was performed at ambient temperature. In vitro
ytotoxicity study on human glioma cell line (LN-229) was carried
ut for porphyran capped AuNps and DOX loaded AuNps by MTT
ssay. In vitro release studies of DOX loaded AuNps was carried out
n different pH to demonstrate the effect of pH on the release of
OX.

. Experimental

.1. Materials and reagents

Doxorubicin hydrochloride was gifted from RPG Life Sci-
nces Ltd. (Mumbai, India). Hydrochloroauric acid (HAuCl4) was
urchased from Sisco India Ltd. (Mumbai, India). The human
lioma cell line (LN-229) was procured from American type
ulture collection (ATCC, USA). The yellow tetrazolium MTT (3-
4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide) was
urchased from Sigma–Aldrich (USA). Analytical grade reagents are
aken from Merck India Ltd. (Mumbai, India). All the samples were
repared in deionized water.

.2. Synthesis of gold nanoparticles
The porphyran were isolated form marine red algae (P. viet-
amensis species) using reported method (Nishide et al., 1988;
shihara et al., 2005) and this species of marine red algae was
ollected in rainy season on the west coast of India, especially in
he provinces of Maharashtra, Goa and Karnataka. The isolated
of Pharmaceutics 409 (2011) 314–320 315

porphyran was characterized using established methods (S1 in
supporting information). The 0.01% (w/v) of isolated porphyran was
added to 100 mL aqueous solution of HAuCl4 (1 × 10−4 M) and pH of
solution was adjusted at 11 to yield dark ruby red AuNps on heat-
ing for 15 min at 70 ◦C on water bath. The AuNps dispersion was
dialyzed using dialysis tubing (12 kDa cut off) for 24 h to remove
the ionic impurities. After dialysis, the pH of the AuNps dispersion
was measured to be 7.

2.3. UV/Visible spectroscopy measurement

The UV/Visible spectra of native porphyran solution (0.1% (w/v))
and porphyran reduced AuNps was monitored by UV/Visible spec-
troscopy (Jasco Dual Beam UV/Visible Spectrophotometer, Japan).

2.4. Loading of doxorubicin hydrochloride onto gold
nanoparticles

A calculated amount of DOX was added to AuNps dispersion
(pH 7), obtained as described above, resulting in a final DOX con-
centration of 10−4 M in solution. The mixture of DOX and AuNps
dispersion was incubated for 24 h at room temperature and then
centrifuged at 10,000 rpm for 15 min. The obtained pellet after
centrifugation was separated from the supernatant solution and
redispersed in deionized water prior to further characterization.

2.5. Determination of percent drug loading on to gold
nanoparticles

Drug loading was calculated by two ways, first based on indi-
rect method by estimating the DOX content of the supernatant
and second based on direct estimation of the DOX content present
in the pellet obtained after centrifugation. The drug concentra-
tion in supernatant and redispersed pellet were determined by
measurements of its UV absorbance at 480 nm using UV/Visible
spectroscopy and the percentage loading of DOX on to AuNps was
estimated by the following formula

% Loding

= Total amount of DOX added−amount of DOX in supernatent or redispersed pellet
Total amount of DOX added

× 100

2.6. Characterization of gold nanoparticles and DOX loaded gold
nanoparticles

Fourier transform infrared (FTIR) spectra of native porphyran,
porphyran reduced AuNps, native DOX and DOX loaded AuNps
was recorded in KBr pellets using FTIR spectrophotometer (Jasco,
Japan). The scan was performed in the range 400–4000 cm−1. The
morphology and size distribution of the porphyran reduced AuNps
and DOX loaded AuNps dispersion was carried out by high res-
olution transmission electron microscopy (HRTEM) measurement
casting of nanoparticle dispersion on carbon-coated copper grids
and allowed to dry at room temperature. Measurements were done
on TECHNAI G2 F30 S-TWIN instrument operated at an acceler-
ated voltage of 200 kV with a lattice resolution of 0.14 nm and
point image resolution of 0.20 nm. The particle size analysis was
carried out using Gattan software (Pleasanton, CA, USA). The hydro-
dynamic diameter of AuNps was determined using Zetasizer 300
HAS (Malvern, UK). Analysis (n = 3) was carried out at room tem-

perature by keeping angle of detection at 90◦. Particle size of the
sample was measured as such without dilution. X-ray diffraction
(XRD) measurement of porphyran reduced AuNps was carried out
by preparing films of nanoparticle dispersion on glass substrates
by simple solvent evaporation method at room temperature. The
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iffraction measurements were carried out on X’pert Pro X-ray
iffractometer (Netherland) instrument operating at 40 kV and a
urrent of 30 mA at a scan rate of 0.388/min. The zeta potential of
uNps before and after loading of DOX was determined by using

he Zetasizer 300 HAS (Malvern, UK) as such without dilution.

.7. Stability study of gold nanoparticles

The stability study of porphyran reduced AuNps was carried out
t ambient temperature. The change in surface plasmon resonance
SPR) of the nanoparticle dispersion was recorded up to six month
sing UV/Visible spectroscopy.

.8. pH and electrolytic stability study of gold nanoparticles

In the pH stability study, the pH of AuNps dispersion was
djusted using 0.1 N hydrochloric acid (pH 2, 3, 4, 5 and 6) and
.1 M sodium hydroxide (pH 7, 8, 9, 10, 11 and 12) using cali-
rated pH meter (Delux pH Meter 101, India). Change in SPR of
uNps dispersion was recorded after 24 h using an UV/Visible spec-

rophotometer. Also, the effect of electrolyte was studied by adding
arying molar concentration of sodium chloride (101 to 10−6 M) to
uNps dispersion. The change in SPR was recorded after 24 h using
V/Visible spectrophotometer.

.9. In vitro cytotoxicity study

Human glioma cell line (LN-229) was cultured in Dulbecco’s
odified eagle’s medium (DMEM) supplemented with 1.5 g/mL

odium bicarbonate, 4 mm glutamine and 5–10% fetal bovine serum
Gibco, USA). The cultures were maintained in a humidified atmo-
phere of 5% CO2 at 37 ◦C in an incubator. For cytotoxicity testing,
he cells were utilized when they reached 70–80% confluence. The
ells were diluted as needed and seeded as 3 × 103 for LN-229 in
00 �L of media per well, sequentially plated in flat bottom 96 well
lates (Becton Dickinson Labwane, USA). This number of cells was
elected to avoid potential over confluence of the cells at the end
f the four day experiment while still providing enough cells for
dequate formazan production. After plating, the 96 well plates
ere then incubated for 24 h to allow adherence of the cells prior

o the administration of various samples for testing. After complete
dherence of cells the culture medium was replaced with 200 �L of
olution containing mixture of fresh medium and porphyran solu-
ion prepared in deionized water (0.01% (w/v)), porphyran capped
uNps dispersion, native DOX solution prepared in deionized water
nd DOX loaded AuNps in separate wells. Control wells contain-
ng cells received only 200 �L of medium. After addition of all the
est samples, the plates were incubated up to 72 h for native por-
hyran and porphyran capped AuNps and 48 h for unloaded AuNps,
ative DOX and DOX loaded AuNps in CO2 incubator. The cells could
e maintained in wells for this period without the need for re-
eeding. All experiments were performed in triplicate. MTT assay
as based on the measurement of the mitochondrial activity of

iable cells by the reduction of the tetrazolium salt MTT (3-(4,5-
imethyathiazol-2-yl)-2,5-diphenyl tetrazolium bromide) to form
blue water-insoluble product, formazan. MTT (5 mg/mL, 20 �L)
as added to respective set of cells and the plates were incu-

ated for an additional 4 h. After 4 h of incubation, the medium
as removed and DMSO (200 �L, Sigma–Aldrich, USA) was added

o dissolve the formazan crystals resulting from the reduction of the
etrazolium salt only by metabolically active cells (Mosmann, 1983;

leihues and Ohgaki, 2000; Kleihues et al., 2002). The absorbance
f dissolved formazan was measured at 570 nm using a Bio-Rad
icroplate reader (Model 680, Heraeus, USA). Since the absorbance

irectly correlated with the number of viable cells, the percent
iability was calculated from the absorbance.
of Pharmaceutics 409 (2011) 314–320

2.10. Statistical analysis

Data was expressed as mean ± S.D. and statistical analysis was
carried out using two way ANOVA followed by Bonferroni post test.
A level of significance of p < 0.0001 was regarded as statistically
significant.

2.11. In vitro drug release study of doxorubicin loaded gold
nanoparticles

The dialysis tube containing DOX loaded AuNps was transferred
to a beaker containing 100 mL of phosphate buffer (pH 7.4) by
maintain temperature at 37 ◦C with continuous stirring at 100 rpm.
Sink condition was maintained by periodically removing 2 mL sam-
ple and replacing equal volume of buffer. The amount of DOX
release was analyzed with a spectrophotometer at 485 nm. A sim-
ilar release study was carried out in acetate buffer (pH 4.5). The
experiments were performed in triplicate for each of the samples.

3. Results and discussion

In this work, we have utilized isolated porphyran as a reducing
as well as stabilizing agent for the one pot size controlled green
synthesis of AuNps. Further, we have investigated that these syn-
thesized AuNps would enable attachment of biomolecules for drug
delivery applications (Scheme 1).

3.1. Synthesis and evaluation of gold nanoparticles

Preliminary study revealed that the reduction of gold ions in
presence of porphyran did not occur in deionised water and up
to pH 7 on heating for 10 min, but as pH increased to 11 reduction
occurred as indicated by the color change. At pH 11 the color of solu-
tion changed from colorless to dark ruby red on heating for 10 min
(inset Fig. 1a). Fig. 1a shows the UV/Visible spectra recorded from
the dispersion obtained by the reduction of HAuCl4 using 0.01%
(w/v) of porphyran at pH 11, the band corresponding to the SPR
occurred at 520 nm. SPR of AuNps appears in the visible region and
can be used to monitor shape, size and aggregation of the nanopar-
ticles (Bhumkar et al., 2007). It was observed that HAuCl4 reduction
occurs rapidly and the intensity remained unchanged, without any
shift in the peak wavelength even after 24 h of reduction time.
The FTIR spectra of porphyran (Fig. 1b(I)) depicted typical bands
at 1645, 1417, 1230, 1158, 1019, 933 and 819 cm−1. The signal at
1230 cm−1 was assigned to the asymmetric stretching vibration of
sulfate group and the band at 819 cm−1 was indicative of a sulfate
group attached to a primary hydroxyl group. Another weak band at
933 cm−1 was due to the 3,6-anhydro-d-galactose unit in the por-
phyran. From these results and similar finding reported earlier we
confirmed that the isolated porphyran contained 3,6-anhydro-d-
galactose unit and sulfate group (Brasch et al., 1981; Zhang et al.,
2009). Fig. 1b(II) depicted the FTIR spectra of porphyran reduced
AuNps, where signal of asymmetric stretching vibration of sulfate
group shifted from 1230 cm−1 to 1283 cm−1 while the signal at
819 cm−1 (sulfate group attached to a primary hydroxyl group) dis-
appeared after synthesis of AuNps indicating the involvement of the
sulfur group of porphyran in the reduction process. HRTEM images
(Fig. 2a) revealed that the porphyran reduced AuNps appeared
to be spherical in shape with narrow size distribution and inset
Fig. 2a showed average particle size about 13 ± 5 nm. The selected
area of electron diffraction pattern of obtained AuNps showing

the rings designated 1, 2, 3 and 4 arise due to the reflections
from (1 1 1), (2 0 0), (2 2 0) and (3 1 1) (Fig. 2b). This was further
confirmed by the powder X-ray diffractogram recorded from the
sample (inset Fig. 2b), which indexed as the band for face cen-
tered cubic (fcc) structures of gold. The XRD pattern thus illustrated
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Scheme 1. Schematic representation showing porphyran reduced gold nanoparticles (AuNps) and subsequent loading of cationic doxorubicin HCl on porphyran capped gold
nanoparticles.

Fig. 1. (a) UV/Visible spectra of 0.01% (w/v) porphyran reduced gold nanoparticles (AuNps) and inset photograph showed ruby red color of AuNps dispersion, (b) FTIR spectra
of (I) isolated porphyran and (II) porphyran reduced AuNps. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)

Fig. 2. (a) HRTEM images of porphyran reduced AuNps and inset image showed particle size distribution graph, and (b) electron diffraction pattern of porphyran reduced
AuNps and inset image showed XRD pattern of porphyran reduced AuNps.
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Fig. 3. UV/Visible spectra of porphyran reduced AuNps (a) of six month stability study (inset showed HRTEM image of six months stability sample of AuNps) (b) at varied
pH conditions and (c) electrolytic concentration.
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ig. 4. (a) UV/Visible spectra of native DOX solution, redispersed pellet of DOX load
oaded AuNps and inset photograph represented color of redispersed DOX loaded A

he broadening of Bragg’s peaks which is indication of crystalline
anoparticles (Narayanan and Sakthivel, 2008). The hydrodynamic
article size of the 0.01% (w/v) porphyran reduced AuNps was
ound to be 101 ± 4 nm with polydispersity index of 0.119. Low
olydispersity index indicates the uniformity of particle size dis-
ribution. Zeta potential of porphyran reduced AuNps was found to
e −31.05 mV. The negative charge indicated that the AuNps were
roperly capped with anionic porphyran. In general, particle aggre-
ation is less likely to occur for charged particles with optimum
eta potential (∼±30 mV) due to electrostatic repulsions (Bhumkar
t al., 2007). Thus, porphyran acts as reducing as well as capping
gent.

.2. Stability study at wide range of pH condition and electrolytic
oncentration

For varied therapeutic and biomedical applications, we per-
ormed the stability study of porphyran reduced AuNps by

onitoring the SPR over reasonable period of time and under dif-
erent pH and electrolytic conditions. It should be noted that a
ed shift in UV/Visible spectra is mainly associated with either
n increase in the mean size of the particles or aggregation of
anoparticles or a combination of both (Sato et al., 2003). Notice-
ble variation in UV/Visible spectra and particle size of porphyran
apped AuNps was not observed over six month stability period
evealed that these AuNps are highly stable over reasonable period
f time (Fig. 3a). Further, these nanoparticles did not show any SPR

hift and change in peak intensity over the pH range of 3–12 and
p to 1 × 10−2 M concentration of electrolyte (NaCl) after 24 h incu-
ation at ambient temperature, respectively (Fig. 3b and c). Such

nsignificant change in its position under pH change and electrolytic
onditions indicated greater stability of porphyran reduced AuNps
ps and supernatant of DOX loaded AuNps, (b) HRTEM image of doxorubicin (DOX)
and (c) FTIR spectra of (a) native DOX and (b) DOX loaded AuNps.

as compared to borohydrate or citrate reduced AuNps aggregate
(Rouhana et al., 2007). All these results laid out the utility of these
nanoparticles for drug delivery application.

3.3. Evaluation of doxorubicin loaded gold nanoparticles

After the successful synthesis of stable AuNps, we have envis-
aged this system for drug delivery application through subsequent
loading of a bioactive molecule. Using a delivery system with non-
covalently loaded drug is considered a more rationale approach
that avoids any potential issues associated with a prodrug strategy.
We have selected anticancer drug DOX (doxorubicin hydrochlo-
ride) (pKa = 8.2) for loading on synthesized AuNps. Percent loading
of DOX on to AuNps was determined based on DOX content
in the supernatant and obtained pellet and it was found to be
38 ± 3% and 60 ± 4.5% of DOX, respectively (Fig. 4a). Fig. 4b repre-
sented HRTEM image of DOX loaded AuNps revealed insignificant
change in particle size (14 ± 3 nm) and inset image represented
uniformly redispersed DOX loaded AuNps dispersion. The hydro-
dynamic particle size of the DOX loaded AuNps was found to be
105 ± 2 nm with polydispersity index of 0.329. The decrease in
the zeta potential (from −31.05 mV to −19 mV) of DOX loaded
AuNps was ascribed to the presence of positively charged DOX on
the surface of AuNps. It was thought that along with the electro-
static interaction other attractive forces including hydrogen bond
could be playing a major role facilitating the drug loading pro-

cess. The hydrogen bonding between protonated amine groups
of the DOX molecule with porphyran on the surface of AuNps is
evidenced by FTIR, where NH stretching band at 3314 cm−1 of
native DOX shifted to 3413 cm−1 in case of DOX loaded AuNps
(Fig. 4c).
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ig. 5. Percent cell viability of human glioma cell line (LN-229) after exposure to
.01% porphyran and 0.01% porphyran capped AuNps at the end of 72 h.

.4. In vitro cytotoxicity study

In order to demonstrate the cytotoxic effect of the porphyran
apped AuNps, we have performed cytotoxicity study of (0.01%
w/v)) native porphyran and (0.01% (w/v)) porphyran capped
uNps on LN-229 cell line using in vitro MTT assay method. At the
nd of 72 h, we observed that both native porphyran and porphyran
apped AuNps decreased the cell viability. It was interesting to
ote a fourfold increase in cytotoxicity of porphyran capped AuNps
s compared to native porphyran (p < 0.0001) (Fig. 5). This clearly
emonstrated the role of AuNps for the enhancement of cytotoxic
ffect of porphyran on human glioma cell line. Previous report
ustified that porphyran exhibited cytotoxicity on human gastric
arcinoma cell line via induction of apoptosis related signaling
hrough activation of proapoptotic molecules (Bax and caspase-3),
uppression of anti-apoptotic molecule (Bcl-2), inhibition of IGF-

receptor and decrease in the level of Akt activation (Kwon and
am, 2006). In our case, improvement in cytotoxicity of porphyran
apped AuNps can be attributed to the greater uptake potential
f the AuNps by endocytosis mechanism as compared to native
orphyran (Dhar et al., 2008; Chen et al., 2007).

ig. 6. (a) Percent cell viability of LN-229 cell line after exposure to control media, unlo
elease profile of DOX from DOX loaded AuNps in acetate buffer (pH 4.5) and phosphate b
of Pharmaceutics 409 (2011) 314–320 319

Further, to establish the capabilities of the synthesized AuNps as
an efficient drug carrier, we determined the cytotoxicity of native
DOX solution and DOX loaded AuNps on LN-229 cell line using
in vitro MTT assay method. Fig. 6a illustrates cytotoxic effect of
unloaded AuNps and DOX in the form of either DOX loaded AuNps
or native DOX on the LN-229 cells after 48 h exposure. The concen-
tration of DOX loaded AuNps was equivalent to the concentration
of native DOX solution. The unloaded AuNps at a dose equivalent
to the higher dose of DOX loaded AuNps (15 �g/mL and above)
showed 80% cell viability at the end of 48 h. This could be attributed
to the cytotoxic effect of porphyran capped on the surface of AuNps
on the human cancer cell line. However at lower doses of unloaded
AuNps insignificant cytotoxicity was observed. Both, native DOX
and DOX loaded AuNps decreases cell viability with increasing con-
centration of DOX. However, it was observed that the cytotoxicity
of DOX loaded AuNps was statistically dominating as compared to
native DOX (p < 0.001). At the end of 48 h, the decrease in cell via-
bility with native DOX and DOX loaded AuNps in the concentration
range studied (1.0–20 �g/mL) was found to be between 60–35%
and 45–15%, respectively. Previously, Serpe et al. reported higher
cytotoxicity of DOX when incorporated in solid lipid nanoparticles
as compared to native DOX solution and they have justified that
such increase in cytotoxicity of DOX may be due to the fast inter-
nalization of DOX loaded solid lipid nanoparticles followed by the
release of DOX inside the cells (Serpe et al., 2004). In our study, it
was observed that a significant increase in the cytotoxicity of DOX
on LN-229 when loaded on AuNps compared to native DOX. The
increase in cytotoxicity of DOX loaded AuNps may be due to the
enrichment in internalization of DOX loaded AuNps by an endocy-
tosis mechanism as compared to the passive diffusion mechanism
of native DOX into cells (Yoo et al., 2000). In an earlier cytotoxicity
study of anticancer drug loaded AuNps, Chen et al. have reported
the intracellular accumulation of methotrexate conjugated AuNps
owing to AuNps mediated endocytosis (Chen et al., 2007).

3.5. In vitro drug release study of doxorubicin loaded gold
nanoparticles

The ability of the carrier to release the cargo efficiently at the
desired site is an important feature of any delivery system. Fig. 6b
depicts the release of DOX from DOX loaded AuNps in acetate buffer

(pH 4.5) and phosphate buffer (pH 7.4). At the end of 7 h, 98% and
15% of DOX was released in acetate and phosphate buffer, respec-
tively. This revealed that the release of DOX was higher in acidic pH
as compared to basic pH. This pH dependant release may help to
improve efficacy of DOX since the uptake of drug loaded nanopar-

aded AuNps, native DOX solution and DOX loaded AuNps (48 h) and (b) the drug
uffer (pH 7.4).
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icle through endocytosis process leads to exposure to an acidic
nvironment (Bareford and Swaan, 2007). This may initiate rapid
elease of DOX from DOX loaded AuNps after internalization. Such
fficient release would ultimately result in improved cytotoxic effi-
acy against tumor cells. Also, negligible release of DOX from DOX
oaded AuNps in basic pH will help to reduce toxicity of DOX to the
ormal tissue since the physiological pH of body is maintained at
H 7.4 (Santosh et al., 2009).

. Conclusion

In conclusion, we have reported size controlled one pot green
ynthesis of AuNps by using isolated porphyran. These nanopar-
icles exhibited stability in a wide range of pH and electrolyte
oncentration. Further, applicability of these nanoparticles as a
arrier for the delivery of the cationic anticancer drug was demon-
trated by successful loading of DOX onto synthesized AuNps.
nhanced cytotoxicity of DOX loaded AuNps can be attributed to
he greater uptake potential of the AuNps thus establishing the
ole of the gold nanoparticle as an efficient carrier for the deliv-
ry of anticancer drug. These DOX loaded AuNps exhibited a pH
ependant release behavior with negligible release of DOX in basic
H which may help to reduce the toxicity of DOX to the normal
issue. Further, in vivo toxicity study of porphyran capped AuNps
nd in vivo anti-tumor activity of DOX loaded AuNps are under
nvestigation in our laboratory.
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