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Abstract
The focus of the present work is on the preparation and loading
of the anti-cancer drug doxorubicin (Dox) on the surface of both
kaempferol and resveratrol capped gold nanoparticles (k-AuNPs
and r-AuNPs) and investigating their cytotoxic properties to MCF-7
cells. The effects of k-AuNP-Dox and r-AuNP-Dox conjugates have
been investigated using zebra fish embryos as a model system and
the results obtained with respect to hatching and survival rates
confirm that they are bio-compatible. Time dependent uptake of
these conjugates by MCF-7 cancer cell line has also been evaluated.
No significant release of Dox is observed in vitro at neutral pH,
whereas at mild acidic pH environments, drug release is observed
from k-AuNP-Dox and r-AuNP-Dox conjugates. The cytotoxic
potential of these drug conjugates is better compared to the same
concentration of the unconjugated counterparts or free Dox.
Reactive oxygen species (ROS) production has been monitored and
increased levels are observed within 2 h of treatment with 20 µg /
mL (Au equivalents) of both the nano drug conjugates. Presence of
membrane blebs and cleavage of DNA of MCF-7 cells on treatment
with k-AuNP-Dox and r-AuNP-Dox conjugates as visualized from
the SEM micrographs and agarose gel electrophoresis confirm the
mode of cell death to be apoptosis. Cell cycle analysis also indicates
G2/M arrest by conjugates which confirm apoptosis. These results
suggest that the anti-cancer effects of the bio-compatible nano drug
conjugates can be used as a novel therapeutic approach to overcome
the toxic side effects of doxorubicin.
Keywords: Gold nanoparticles; Doxorubicin; Zebra fish embryo;
Cell death; Breast cancer

dendrimers, carbon nanotubes, iron oxide nanoparticles,
gold nanorods and gold nanoparticles [5-11].Of these, gold
nanoparticles (AuNPs) hold immense promise as a carrier due to
its large surface to volume ratio, inertness, easy functionalization,
low toxicity and ample cell penetration properties [12, 13].
Conjugations of Dox to AuNPs through covalent linkages and
surface adsorption have been attempted [14]. In these methods,
AuNPs prepared using chemicals such as sodium borohydride or
citrate have been utilized which has resulted in non-compatibility
towards normal cells. For overcoming this problem, AuNPs
synthesized using plant extracts and pure phytochemicals are
suggested as alternatives. In addition, delivery of Dox using these
AuNPs to cancer cells is also being investigated in recent times.
For example, AuNPs prepared using Helminthosporum solani
have been used for Dox delivery to cervical cancer cells (HeLa)
[15].Azadirachta indica extract capped AuNPs have also been
reported to deliver Dox to embryonic kidney cells (HEK239)
[16]. Since k-AuNPs have been shown to elicit toxicity to MCF7 cells and preliminary results obtained in our laboratory have
indicated that resveratrol (a stillbenoid) conjugated to AuNPs
(r-AuNPs)is also able to bring about apoptosis of MCF-7 cells,
it is possible that loading of Dox to k-AuNPs and r-AuNPs may
enhance the cytotoxicity [17]. Hence, Dox conjugated k-AuNPs
and r-AuNPs have been synthesized and characterized and their
actions on MCF-7 cells have been investigated.

Experimental Details

Introduction

Materials

Doxorubicin (Dox) is an anthracycline antibiotic commonly
used as a chemotherapeutic agent for the treatment of several
cancers including breast cancer [1]. The main drawbacks of this
drug are non-specificity, cardiotoxicity, poor solubility,poor
bioavailability and early clearance from the body [2-4]. In
order to overcome these demerits and efficiently deliver Dox to
tumors,the drug has been loaded to micelles, liposomes, polymers,

Hydrogen tetrachloroaurate (HAuCl4·3H2O, > 99.9%),
resveratrol, kaempferol, doxorubicin hydrochloride (Dox),
resazurin, Dulbecco’s Modified Eagles Medium (DMEM), fetal
bovine serum (FBS),sodium bicarbonate, Dulbecco’sphosphate
buffered saline (PBS), penicillin, streptomycin, amphotericinB,
gentamycin, ribonuclease A (RNase), propidium iodide (PI), dic
hlorodihydroﬂuoresceindiacetate (DCFH-DA), 4’-6- diamidino-2-
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phenylindole (DAPI), proteinase K, Tris-HCl, EDTA, NP-40, sodium
dodecyl sulphate (SDS), agarose and hexamethyldisilazane (HMS)
were purchased from Sigma-Aldrich (USA). Sodium chloride,
Sodium hydroxide (NaOH > 98%) was obtained from Himedia,
India. Thermanox coverslips, sodium cacodylate trihydrate,
osmium tetroxide and glutaraldehyde were purchased from
Electron Microscopy Sciences, USA. MilliQ water (conductivity of
18 mΩ cm-1) was autoclaved and filter- sterilized using 0.22 μm
filters. All chemicals were used as received without any further
purification. MCF-7 and HBL-100 cells were obtained from NCCS,
Pune.

Preparation of k-AuNPs and r-AuNPs and loading of
Dox to AuNPs

The preparation and characterization of the AuNPs using
kaempferol and resveratrol have been performed according to
the protocol described previously [17]. Briefly, kaempferol(or
resveratrol as the case may be) solutions at pH 9 were added
to HAuCl4 solution in an individual reaction vessel at a molar
ratio of 2:1(Au: reductant) and kept at constant shaking at room
temperature (RT) for the formation of AuNPs. The absorbance of
the k-AuNPs and r-AuNPs was recorded using spectrophotometer
(Tecan Infinite M200).
Dox loaded AuNPs were prepared according to the method
of Mirza et al. [18]. Briefly, Dox (80 µg) was added to 15 mL of
k-AuNPs and r-AuNPs in milli Q water and stirred continuously
at RT for 24 h. The solution was protected from light to avoid
photodecomposition. After incubation, the sample was
centrifuged at 13,000 x g for 30 min and washed with water
until the supernatant turned colorless. The supernatants were
collected and absorbance was read at 490 nm. The amount of Dox
bound was calculated using the formula;
% loading =

( Drug loaded initially − free drug in supernatant )
X 100
Drug loaded initially

Characterization of k-AuNPs-Dox and r-AuNPs-Dox
conjugates
Various physico-chemical techniques were used for
characterizing the prepared k-AuNPs-Dox and r-AuNPs-Dox
conjugates. The hydrodynamic size of the nano drug conjugates
was recorded using dynamic light scattering method (DLS)
and the surface charge was calculated using zeta potential
measurements (Malvern Zetasizer version 6.2). The lyophilized
powder was analyzed for the presence of functional groups
using Fourier Transform Infrared Spectroscopy (FT-IR) (Nicolet
impact spectrophotometer) operating at a resolution of 4 cm-1
in transmission mode from 500-3500 cm-1.The concentration of
the gold ions in the conjugates was determined using inductively
coupled plasma optical emission spectrometer (ICP-OES).

In Vitro Release Studies

The release of Dox from k-AuNPs-Dox and r-AuNPs-Dox
conjugates was performed according to the method of Aryal etal
2007 [3].The k-AuNPs-Dox and r-AuNPs-Dox conjugates were
loaded inside dialysis tubings (6-8 kDa) and suspended in PBS
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(pH of 7.4and later at pH 5.8) in a beaker which was placed on
a magnetic stirrer with continuous stirring (100 rpm) for 8 h at
37 °C. In order to measure the drug release, PBS was removed
at regular intervals and the absorbance at 490nm was measured
using a spectrophotometer. Equal volume of PBS was replaced in
the beaker. Aliquots were drawn till no further release was noted.
The experiment was repeated three times and expressed as mean
± SD.

In Vivo Biocompatibility study using Zebra fish embryo

The fertilized eggs of zebra fish (Danio rerio) were collected
and segregated using a stereomicroscope before performing the
experiments. All the embryos used for the study were derived
from the same spawn of eggs for comparison and statistical
analysis. The embryos (6 per well) were placed in a 24 well plate
and each treatment group was present in duplicate wells. Each
experiment was repeated two times. The developing larvae were
maintained in 30 % Danicau’s solution containing 58 mM NaCl,
0.7 mM KCl, 0.4 mM MgSO4, 5mM, HEPES (pH 7.4) at30 °C. The
fertilized embryos were treated with different concentrations
of k-AuNPs-Dox, r-AuNPs-Dox conjugate or free Dox and the
embryos were continuously monitored from 4 – 96 hours post
fertilization (hpf) for the presence of morphological changes or
deformities, hatching and survival rates. According to the new EU
Directive 2010/63/EU, earlier stages of developing embryos (up
to 120 hpf) do not fall into regulatory framework [19].

Culture of MCF-7 cells.

Breast cancer cell line (MCF-7)was maintained in DMEM
medium supplemented with 10 % FBS and 1 % antibiotics in a
humidified incubator at 37 °C with 5 % CO2 (Binder , Germany).
The cells were passaged every 3-4 days. The cells on reaching
confluence were treated with different concentrations (10,
20, 40 and 60 µg /mL of Au) of k-AuNPs-Dox and r-AuNPs-Dox
conjugate. Free Dox (5 and 10 µg /mL) corresponding to that
present in the 20 and 40 µg /mL of the conjugates was also
included for investigations.

Cellular uptake of r-AuNPs-Dox and k-AuNPs-Dox
conjugates

In order to confirm the cellular uptake of the conjugate,
fluorescence microscopy and flow cytometry experiments were
performed. For confocal laser scanning microscopy (CLSM), cells
(MCF-7) were seeded on coverslips, treated with 20 µg / mL of
k-AuNPs-Dox and r-AuNPs-Dox and 5 µg / mL of free Dox (dox
concentration equivalent to that present in 20 µg / mL of AuNPs
conjugate) for 2 and 6 h. Later the coverslips were placed on a
glass slide and observed for uptake of Dox using CLSM (Nikon,
Japan). For flow cytometry, 1 x 105 cells were seeded in a 12 well
plate and allowed to grow overnight. The cells were treated with
20 µg / mL of k and r-AuNPs alone, k-AuNPs-Dox, r-AuNPs-Dox
and free Dox (5 µg / mL) for 2 h and 6 h. The cells were then
trypsinized, washed and the uptake of Dox was analyzed using
FACS Calibur (BD Biosciences, USA).
For TEM analysis, the cells after treatment were fixed with
glutaraldehyde followed by osmium tetroxide in cacodylate
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buffer (pH7.4) for 1h and 30 min respectively. Later, dehydration
was carried out using series of acetone water mixtures (25, 50,
75 and 100%). This was followed by resin infiltration (Epon
resin) with series of resin in acetone (25, 50 and 75 %) mixtures
and finally samples were placed in ‘easy molds’with 100 % resin
and incubated at 60°C overnight. Ultrathin sections of the sample
in the resin block was cut (60-80 nm), placed on grid and stained
with uranyl acetate and lead citrate solutions. Finally, the sections
were viewed under Jeol JEM 1400 TEM at 80 kV and micrographs
were captured using Olympus Keen view CCD camera.

Cytotoxic effect of k-AuNPs-Dox and r-AuNPs-Dox
conjugate on MCF-7 and HBL-100 cells

To determine the viability of MCF-7 and HBL-100 cells,
resazurin assay has been performed [20].Briefly, cells were
washed with PBS and then cells were incubated in fresh medium
containing various concentrations of k-AuNPs-Dox, r-AuNPs-Dox
(10 µg / mL to 60 µg / mL) and free Dox. Resazurin (10 µg) was
added and the fluorescence (Ex: 530-590 nm) of the supernatants
was measured after 6 h. From the viability assay, the IC50 values
have been calculated. Viability values were calculated from three
independent experiments and expressed as mean ± SD.

Morphological assessment of MCF-7 cells

DAPI Staining: Treated cells were washed and fixed in 4%
paraformaldehyde for 30 min. The fixed cells were stained with
DAPI (1 µg / mL) (Ex: 350 and Em: 470 nm) for 20 min in the dark
and observed for nuclear changes using fluorescence microscopy
(Euromax, Holland).
Scanning Electron Microscopy (SEM): Cells seeded on
sterile Thermanox® coverslips were treated with 20µg / mL of
k-AuNPs-Dox and r-AuNPs-Dox for 24 h. The cells were then fixed
with 2 % glutaraldehyde and subsequently with 1 % osmium
tetroxide. They were then dehydrated in a series of acetonewater mixtures (25, 50, 75 and 100 %) for 30 min each, followed
by dehydration with a series of hexamethyldisilazane (HMS)acetone mixtures (25, 50, 75 and 100 %) for 1 h each. Finally,
cells were lyophilized, placed on stubs with carbon adhesive
tapes, sputter coated with gold and observed for morphological
changes using SEM (FEI Quanta 200) operating at 30KV.

Cell Cycle Analysis

MCF-7 cells were treated with 10 and 20 µg / mL of k-AuNPDox and r-AuNP-Dox and 5 µg / mL of free Dox for 24 h. Later the
cells were washed with ice cold PBS, fixed with 70 % ethanol and
stored at – 20 °C until analysis. To the fixed cells, ribonuclease A
and PI were added, and incubated at 37 °C for 30 min in the dark
and subsequently analyzed using FACS Calibur flow cytometer
(BD Biosciences, USA). The percentage of cells in various phases
was analyzed using Cell Quest Pro software. The experiments
were repeated three times and expressed as mean ± SD.

DNA fragmentation

DNA fragmentation analysis was carried out using 1 %
agarose gel electrophoresis. MCF-7 cells were seeded (1 x 106)
on 6 well tissue culture plates and exposed to free Dox, Dox
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conjugated AuNPs for 24 h and k or r-AuNPs alone for 48 h. DNA
was isolated according to the protocol of Hermann et al [21]. Cells
were pelleted, mixed with DNA lysis buffer (50 mM Tris HCl (pH
7.4), 20 mM EDTA and 1% NP-40) and kept for 30 min on ice.
The lysates were incubated with RNase (5 mg/ mL) and 1% SDS
at 56 °C for 2 h. This was followed by incubation at 37 °C for 2
h with proteinase K (2.5 mg / mL). DNA was precipitated with
ammonium acetate (0.5 volumes) and 70% of ice cold ethanol
(2.5 volumes) at -80 °C overnight. The samples were centrifuged
at 13,000 x g for 20 min and DNA was dissolved in Tris-EDTA
buffer. The samples were electrophoresed with 1% agarose gel
and the image was documented using gel documentation system
(Bio-Rad, USA). DNA fragmentation analysis of HBL-100 cells
upon treatment with free Dox and Dox conjugated AuNPs for 24
h were also performed.

ROS Production

Cells were seeded (1 x 105) on sterile coverslips and treated
with 20 µg / mL of the drug conjugates and after the treatment
period, 10 µM DCFH-DA probe was added, incubated for 37 °C
and observed for green fluorescence (488 nm) using fluorescence
microscopy. The cells were also analysed for ROS production
using FACS Calibur flow cytometer (BD Biosciences, USA).

Statistical Analysis

All experiments were performed in triplicate and repeated
three times. Data were analyzed using two-way analysis of
variance followed by Bonferroni post-test (Graph Pad Prism
Software Inc., USA version 5.0). The data were considered to be
statistically significant at p-value < 0.05.

Results and Discussion

Characterization of r-AuNPs-Dox and k-AuNPs-Dox
conjugates
A pure solution of Dox has a characteristic UV-Visible
absorption at 490 nm [22].After adding Dox to k-AuNPs, a shift
in the SPR of AuNPs from 535 nm to 508 nm and broadening
of the peak are observed. Similar changes are observed after
addition of Dox tor-AuNPs. This is indicative of binding of Dox
on to the AuNPs (Figure.1a and b).This can also be inferred from
fluorescence measurements. The fluorescence of Dox (Em: 600
nm) is also found to decrease when k-AuNPs or r-AuNPs are added
to a solution of Dox (Figure. 1c).Though the relative fluorescence
intensity decreases, the wavelength at which emission occurs
remains unaltered. This indicates that the structure of Dox
remains the same even after getting adsorbed on the surface of
AuNPs. Similar quenching of fluorescence intensity of Dox by
citrate stabilized AuNPs has been attributed to the transfer of
energy from Dox to the AuNPs [23, 24].
In order to eliminate the unbound Dox from the surface
of k and r-AuNPs, successive washing with milli Q water
and centrifugation have been carried out. From the formula
mentioned in section 2.2, the Dox loading percentage has been
calculated and is observed to be 58 and 60% for k-AuNP-Dox
and r-AuNP-Dox respectively. When the pellet is re-suspended
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in milli Q water, the SPR is observed to be sharp with peak at
540 nm as indicated by the UV-Visible spectra (Figure. 1a and
b). The size of k-AuNP-Dox and r-AuNP-Dox as measured using
DLS is observed to be 75 nm and 44 nm respectively and found
to be similar to the unconjugated AuNPs (Table 1). Decrease
in the zeta potential values from -24 mV to -22 mV and -33 mV
to -27mV when the conjugated and the unconjugated k-AuNPs
and r-AuNPs are compared, indicates the presence of positively
charged amine groups of Dox on the surface of r-AuNPs and
k-AuNPs. Zeta potential measured after 5 months for all the
samples did not decrease considerably indicating stable AuNPs
and AuNP-Dox conjugates (Table 1). A similar decrease in the
zeta potential values of citrate capped AuNPs when bound to
Dox (-27 mV to -21 mV)has been observed and attributed to
the inherent positive charge of the Dox [18].In order to find out
if physical adsorption of the Dox on to the surface of AuNPs is
via electrostatic interaction, NaCl (an electrolyte solution) of
different concentrations were added to k-AuNP-Dox and r-AuNPDox solutions, incubated for 30 min, centrifuged and the Dox
fluorescence in the supernatant was recorded(Figure.1d). On
increasing the concentration of NaCl from 0.1 M to 1M, a gradual
increase in the fluorescence intensity of the supernatant has been
observed which indicates the release of Dox from the AuNPsDox conjugates. Fluorescence of the suspension of the pellets
in water shows that removal of Dox from the AuNPs is partial.
Similar observations have been made with repeated NaCl (0.11M) washings. On further increasing the concentration of NaCl to
2M, the fluorescence intensity of the supernatant is found to be
high indicating that at this concentration of NaCl, Dox is released
efficiently from the AuNPs. Subsequently, after two washes with
2M NaCl, the pellet when suspended in water does not exhibit
any fluorescence indicating that Dox has been released from the
AuNPs completely (Figure. 1e). The above observations point to
the occurrence of electrostatic interaction of amine groups of Dox
with the k-AuNPs and r-AuNPs.

The FT-IR spectrum of free Dox shows peaks at 3420, 1640,
1381 cm-1. The peak at 3420 cm-1 corresponds to the hydroxyl
group and peaks at 1640 and 1381 cm-1 corresponds to the N-H
stretching of amine group of Dox. In the case of k-AuNP-Dox
conjugate, shift in peaks to 3435, 1616 and 1389 cm-1 has been
observed which is indicative of interaction of the protonated
amine group of Dox on the surface of k-AuNPs. The FTIR spectra of
r-AuNP-Dox indicate shifts at 3451, 1647 cm-1with the intensity of
the peak at 1396 cm-1 being less indicating the involvement of N-H
groups and electrostatic binding (Figure. 1f). The involvement of
the amine group of Dox in binding to negatively charged citrate
or chitosan capped AuNPs has been previously reported [18, 25].

In vitro drug release

The drug release profile of Dox loaded k-AuNPs and r-AuNPs
have been studied at pH 5.8 and 7.4(Figure.2a &b). We observed
that within 1 h, 34.8 and 12.6 % of Doxis released from r-AuNP-Dox
conjugate at pH 5.8 and 7.4 respectively. Around 50 % of the drug
at pH 5.8is released by 6 h and this remains constant thereafter up
to 8 h. On the other hand, at pH 7.4 only 23 % of drug is released
after 6 h and no further release is observed after 8 h. Similarly, in
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Figure 1: Spectroscopic measurements of AuNP-Dox conjugates. UVVisible spectra of (a) k-AuNP-Dox, (b) r-AuNP-Dox. (c)fluorescence
spectra of AuNP alone, AuNP-Dox conjugates and free AuNPs, (d) histogram depicting the fluorescence of Dox in the supernatants obtained
after washing the Dox conjugates with different concentrations of NaCl
solutions, (e) fluorescence spectra of Dox present inthe pellets of AuNPDox conjugates obtained after washing with different concentrations of
NaCl. (1) NaCl alone, (2) 0.1 M, (3) 0.5 M, (4) 2M after first wash, (5) 2M
after second wash and (f) FT-IR spectra of (i) k-AuNP-Dox, (ii) r-AuNPDox and (iii) free Dox

Figure 2: Dox release from (a) k-AuNP-Dox and (b) r-AuNP-Dox at pH
5.8 and 7.4

the case of k-AuNP-Dox, 28.6 and 4.7 % of Dox is released within
the first hour at pH 5.8 and 7.4 respectively which reached 54
and 13 % after 6 h. This indicates that the Dox release from the
AuNPs is triggered by an acidic environment. It is evident from
a previous report that the cytoplasm and endosomes of MCF-7
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cells are acidic and hence can trigger the release of Dox from the
AuNPs substrate. This acidity is mainly due to the conversion of
glucose into lactic acid by cancer cells [26]. Around 70% of Dox
release has been reported at pH 5.3 while only 10 % is released
at pH 7.4 in the case of Dox bound to borohydride reduced AuNPs
[3].The possibility that electrostatic interactions between AuNPs
and Dox are weakened at an acidic pH which leads to release of
Dox has also been suggested. The extracellular tissues of tumors,
lysosomes and endosomes are also highly acidic and hence can
favor the active release of Dox [27]. The pH dependent release of
Dox from k and r-AuNPs conjugates may indicate the occurrence
of electrostatic interactions and the possibility that it will be
released in tumor tissues is high.

Effect of AuNP-Dox conjugates in Zebrafish embryos

A facile model system for assessing the toxicity and
compatibility of nanoparticles is the zebrafish. Since the earlier
stages of development (4-96 hpf) are highly sensitive to external
agents than the fully developed fish, survival, hatching rate
and malformations of the hatched embryos are measured. On
continuously monitoring the larvae for a period of 96 hpf, no
malformation or deformities have been observed after treatment
with k-AuNP-Dox and r-AuNP-Dox and they compare well with
the untreated group (Figure.3a, b and c). On the other hand,
embryos treated with 5 µg / mL of free Dox for a period of 96
hpf showed deformities like bent tail and yolk sac edema (Figure.
3d).

After treatment with different concentrations of k-AuNP-Dox
and r-AuNP-Dox, no significant decrease in survival and hatching
rate of zebra fish embryos occurred when compared with
untreated controls. The survival rates of embryos treated with
60 µg / mL r-AuNPs and their Dox conjugates (40 µg / mL) after
96 hpf are 83 and 70 % respectively and the results are similar
in the presence of the same concentrations k-AuNPs and its Dox
conjugate. However in the presence of 5 µg / mL of free Dox, the
survival rate of the embryos reduced drastically and reached 38
% after 96 hpf (Figure. 3e). The hatching rate of embryos after
treatment with r-AuNPs-Dox and k-AuNPs-Dox (40 µg / mL) are
found to be 70 and 75 % after 96 hpf, whereas delay in hatching
process and also comparatively lower hatching rate (58 %) over
the same time period has been observed in the group treated
with free Dox (Figure. 3f). Using this model, it was previously
established that silica nanoparticles are not biocompatible at
higher concentrations (100 µg / mL), but at a concentration of
about 25 µg / mL the hatching and survival rates were observed
to be normal [28].
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the nucleus are stained red within 2h (Figure. 4a & b) indicating
the slower rate of localization of the AuNP-Dox conjugates when
compared to the free Dox. The internalization has also been
investigated using flow cytometry (FACS) (Figure. 4g & h).The
FACS histograms show that the cells treated with k-AuNPs and
r-AuNPs alone do not exhibit fluorescence. The cell associated
maximum fluorescence of Dox is observed within 2 h of treatment
when treated with free Dox. However, when cells are treated
with equal concentrations of both the AuNPs-Dox conjugates for
the same period of time only a low fluorescence signal is noticed.
After a treatment period of 6h, the fluorescence intensity reaches
similar values as that of free Dox (Figure. 4h). This indicates the
time dependent uptake of the AuNP-Dox conjugates into MCF-7
cells. Our result corroborates well with a previous study in which

Figure 3: Effect of AuNPs-Dox conjugates on Zebra Fish embryos. Morphological assessment of the larvae (96 hpf) of (a) untreated and treated with (b) k-AuNP- Dox conjugates (c) r-AuNP-Dox (d) free Dox. The
arrow indicates
bent tail (BT) and
yolk sac edema
(YSE). Three different experiments were performed and the representative images are presented. (e) Survival rates and (f) hatching rates of
embryos exposed to AuNPs

Uptake of AuNPs-Dox conjugates

To investigate the cellular internalization of Dox loaded
AuNPs conjugates, the treated cells were visualized using CLSM at
regular intervals (Figure. 4). The inherent fluorescence property
of Dox has been exploited in this study. The red fluorescence of
k-AuNP-Dox or r-AuNP-Dox is seen in the cytoplasm of the cells
during the first 2 h (Figure. 4c&e). After 6 h of treatment, the
nucleus is also found to be stained red (Figure. 4d & f). On the
other hand, when treated with free Dox, both the cytoplasm and

Figure 4: Uptake of Dox loaded AuNPs in MCF-7 cells. [A] Confocal laser
scanning micrographs of MCF-7 cells treated with free Dox, k-AuNP-Dox
and r-AuNP-Dox conjugates for (a, c & e) 2 h and (b, d & f) 6 h. Scale bar
represents 100 µm. [B] Flow cytometry analysis of MCF-7 cells treated
with k-AuNP-Dox and r-AuNP-Dox conjugates after 2 h (g) and 6 h (h)
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a similar time dependent uptake of Dox loaded AuNPs micelles
into4T1 cancer cells has been noticed. Free Dox is found to be
localized in the nuclear region within 2 h whereas, the Dox loaded
AuNPs are localized in the cytoplasm [29].It is also suggested in
another study that free Dox immediately gets transported into
the cells via passive diffusion mechanism whereas, Dox loaded
polymeric micelles were effectively taken up via endocytosis [30].

The uptake of k-AuNPs and r-AuNPs alone and their
corresponding Dox conjugates into MCF-7 cells has also been
observed through transmission electron microscopy (TEM)
(Figure. 5). The entry of AuNPs and the sub-cellular localization
of the AuNPs and AuNP-Dox conjugates in mitochondria is
indicated. The mitochondria also show tubular cristae indicating
high activity. The mechanism of uptake is by endocytosis and
individual nanoparticles are seen without any aggregation. The
uptake of AuNPs capped with glucose by MCF-7 cells was also
previously reported to be via endocytosis [31].

Cellular viability assay

After confirming the entry of the drug loaded AuNPs into
the cells, cytotoxicity to MCF-7 cells has been evaluated using
resazurin cell viability assay. The percent viability of MCF-7
cells has been found to decrease in a concentration and time
dependent manner on treatment with both the AuNPs-Dox
conjugates. Viability values are found to be 66.5 ± 5.9, 43.2 ± 4.2,
39.5 ± 2.7 and 28.6 ± 4.0 % when treated with 10, 20, 40 and
60 µg / mL of r-AuNPs-Dox after 24 h. The viability values are
similar with k-AuNP-Dox and are 69.4 ± 5.4, 53.7 ± 2.1, 40.8 ±
5.6 and 29.6 ± 1.4in the presence of 10, 20, 40 and 60 µg / mL
respectively (Figure. 6). Comparison of the IC50 values of k-AuNPDox (24 µg / mL) and r-AuNP-Dox (15 µg / mL) after 24 h with
that of k-AuNPs (98 µg / mL ) and r-AuNPs (71 µg / mL) indicates
that both k-AuNP-Dox and r-AuNP-Dox conjugates exert higher
toxicity to MCF-7 cells when compared to k-AuNPs and r-AuNPs
(Figure.S1) [17]. We observe that the k-AuNP-Dox and r-AuNPDox conjugates are 4 and 4.7 times more efficient than the
unconjugated k-AuNPs and r-AuNPs respectively in effecting
cytotoxicity to MCF-7 cells. The viability values of MCF-7 cells on
treatment with 5 and 10 µg / mL of free Dox (corresponding to 20
and 40 µg / mL of the AuNPs concentration) for 24 h is 70.2 ± 5.0
and 57.5 ± 3.5 % respectively. From this it is also observed that
the AuNPs-Dox conjugates are able to reduce the viability of MCF7 cells better than free Dox of the same concentration. Lowering
of viability by the AuNP-Dox conjugates can be attributed to the
synergistic action of the Dox along with the individual flavonoid.
Similar enhanced toxicity of AuNPs-Dox conjugates prepared
using aqueous extract of Eclipta alba compared to the AuNPs
alone has been reported [32].Our result agrees with the enhanced
cytotoxicity exerted by Dox loaded Xanthan gum reduced AuNPs
(XGNP) compared to free Dox in A549 cells. The viability after 48
h is observed to be 50 % when treated with XGNP-Dox conjugate
at a corresponding Dox concentration of 1 µg / mL [33]. We also
observed a similar percentage of viability when treated with the
same concentration and for same period of time in MCF-7 cells.
This clearly indicates the effectiveness of Dox conjugated AuNPs
in exerting anti-cancer effects.
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The viability of HBL-100 cells on treatment with (60 µg / mL)
k-AuNP-Dox and r-AuNP-Dox for 24 h has been observed to be
around 72 % while the free Dox treatment drastically reduced
the viability of cells to 52.5 % (Figure. 6). This higher reduction in
viability of HBL-100 cells by free Dox indicates their toxicity even
to normal cells when compared to k-AuNP-Dox and r-AuNP-Dox
conjugates. Dox when delivered through AuNPs are observed to
exert lower or reduced toxicity to HBL-100 cells while higher
cytotoxic effects are noted in MCF-7 cells.

Morphological Assessment

Morphological assessment has been carried out using the
DAPI staining and scanning electron microscopy (SEM). Crescent
shaped, brightly stained nucleus indicating condensed chromatin
has been observed on treatment with k-AuNP-Dox and r-AuNPDox conjugates (Figure. 7). This shows that k and r-AuNP-Dox
conjugates induce cell death and suggests that the mode of cell
death may be apoptosis. Presence of multiple membrane blebs
on treatment with a concentration of 40 µg / mLof k-AuNPs and
r-AuNPs for 48 h (Figure.8). When the MCF-7 cells were treated
with the Dox loaded AuNPs (20 µg / mL), presence of multiple
membrane blebs have been noticed within 24 h which clearly
indicates that the cell death may occur at an earlier time point.

Cell cycle analysis

Modulation of various phases of the cell cycle after treatment
with the k-AuNP-Dox and r-AuNP-Dox conjugates and free Dox
has been assessed. Concentration dependent increase in the
percentage of cells in G2/M phase is noticed. On treatment with
10 and 20 µg / mL of k-AuNP-Dox the percent of cells increase
from 24.2 to 38.6 %. Similar increase from 30.8 to 40.7 % has
been observed with 10 and 20 µg / mL of r-AuNP-Dox at 24 h.
Free Dox treated MCF-7 cells show 13.4 % of G2/M arrest with
12.2 % of cells in the sub-G1 phase of cell cycle which indicate cell
death by apoptosis (Figure.9). The increase in G2/M arrest in the
case of Dox conjugates when compared with free Dox indicates

Figure 5: TEM micrographs of MCF-7 cells indicating internalization of
AuNP-Dox conjugates after 24 h.(a) k-AuNPs, (b) r-AuNPs, (c) k-AuNPDox and (d) r-AuNP-Dox. Scale bar represents 100nm and the arrows
indicate the presence of AuNPs
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Figure 6: Viability of MCF-7 and HBL-100 cells after treatment with different concentrations of (a, d) k-AuNP-Dox, (b, e) r-AuNP-Dox conjugates
and (c, f) equivalent concentrations of free Dox for 24 and 48 h. The experiments are repeated three times and mean ± SD are represented. P ≤ 0.05
*, P ≤ v0.01 ** and P ≤ 0.001***

Figure S1: Viability assay of MCF-7 cells after treatment with r-AuNPs
alone for different time periods. The experiments are repeated three
times and mean ± SD are represented. P ≤ 0.05 *, P ≤ 0.01 ** and P ≤
0.001***

Figure 7: Viability of MCF-7 and HBL-100 cells after treatment with
different concentrations of (a, d) k-AuNP-Dox, (b, e) r-AuNP-Dox conjugates and (c, f) equivalent concentrations of free Dox for 24 and 48
h. The experiments are repeated three times and mean ± SD are represented. P ≤ 0.05 *, P ≤ v0.01 ** and P ≤ 0.001***

Figure 8: Scanning electron micrographs of MCF-7 cells. (a) untreated,
(b) 20 µg /mL of k-AuNP-Dox, (c) 20 µg /mL of r-AuNP-Dox treated
cells for 24 h, (d) 40 µg /mL of k-AuNPs and (e) 40 µg /mL of r-AuNPs
treated cells for 48 h. Arrows indicate
membrane blebs and
rounded cell

synergistic action of flavonoid, kaempferol or resveratrol along
with the Dox. Previously, Docetaxel (anthracycline) loaded lipid
nanocapsules have been shown to induce a higher percentage
of G2/M arrest in MCF-7 cells than free docetaxel [34].It is also
reported earlier that Dox alone or a flavonoid daidzein bring
about G2/M arrest in MCF-7 and MDA-MB- 453 cells respectively
and induce apoptosis [35, 36]. Though evidences on the induction
of apoptosis by free Dox and also of pure flavonoids have been
presented, there are no reports so far on cell cycle arrest by Dox
conjugated AuNPs.

DNA Fragmentation

Citation: Bhuvanasree RS, Anantanarayanan R, Rajaram R (2016) Biocompatibility, uptake and anti-cancer activity of doxorubicin
(2) 1-10.
loaded gold nanoparticles in MCF-7 breast cancer cell line. Nanosci Technol 3(1):

Page 7 of 10

Biocompatibility, uptake and anti-cancer activity of doxorubicin loaded
gold nanoparticles in MCF-7 breast cancer cell line
To detect whether k-AuNPs or r-AuNPs and Dox loaded
k-AuNPs or r-AuNPs treatment in MCF-7 cells lead to cleavage of
nucleosomal DNA to oligonucleosomal units, DNA fragmentation
assay has been performed. The k-AuNPs and r-AuNPs treatments
for 48 h show a ladder like pattern of DNA indicating fragmentation
when compared with DNA extracted from untreated intact cells
(Figure. S2). In the case of Dox loaded AuNPs, both the conjugates
and the free Dox show smear DNA pattern at an earlier time
point of 24 h which is also indicative of cell death by apoptosis
(Figure. 10). In the case of HBL-100 cells, fragmented DNA is
observed only when treated with free Dox while after treatment
with k-AuNP-Dox and r-AuNP-Dox, no fragmentation is noticed
and DNA is intact (Figure. S2).Previous reports showed a weak
fragmentation and a smear pattern of DNA damage in HeLa
and A549 cells upon treatment with AuNPs prepared with leaf
extracts of Podophyllum hexandrum and Padina gymnospora leaf
broth and it was indicated as apoptotic mode of cell death [37,
38]. But to our knowledge there are no reports on fragmentation
of DNA exposed to AuNP-Dox conjugates.
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Figure 9: Cell cycle analysis of MCF-7 cells (a) Untreated, (b) 5 µg / mL
of free Dox, (c) 10 µg / mL of k-AuNP-Dox, (d) 20 µg / mL of k-AuNPDox, (e) 10 µg / mL of r-AuNP-Dox and (f) 20 µg / mL of r-AuNP-Dox
treated cells after 24h

Intracellular ROS generation

To find out if Dox loaded AuNPs lead to intracellular ROS
generation in MCF-7 cells, DCFH-DA has been used as a fluorescent
probe. From the fluorescence photomicrographs, bright green
fluorescence in MCF-7 cells is seen after treatment for 4 h with
either k-AuNP-Dox or r-AuNP-Dox conjugates when compared
to the faint fluorescence in the presence of k-AuNP and r-AuNP
alone. This indicates higher ROS production in the presence AuNPDox conjugates (Figure. 11A). This result is supported by FACS
analysis.MCF-7 cells on exposure to10 µg / mL of k and r-AuNPsDox conjugates exhibit DCF fluorescence of 10 and 20 % after 2 h
indicating ROS production which further increases to 33 and 27
% respectively after 4 h(Figure.11B).Higher concentration of 20
µg / mL induces 23 and 25 % of ROS within 2 h and eventually
reaches 41 and 38 % within 4h of treatment with k-AuNP-Dox
and r-AuNP-Dox conjugates respectively. After 4 h, both the k and
r-AuNPs (60 µg / mL), without the drug, exhibit low levels of DCF
fluorescence of 16 and 14 % respectively. This indicates that the
Dox loaded AuNPs conjugates are able to elicit ROS at an earlier
time point than the k-AuNPs and r-AuNPs alone. The mode of cell
death induced by the AuNPs-Dox conjugates is by apoptosis and
is found to be mediated via ROS generation.

Figure S2: DNA fragmentation analysis of (a) MCF-7 cells treated with
IC50 concentrations of k-AuNPs and r-AuNPs alone for 48 h and (b) HBL100 cells treated with Dox conjugated AuNPs and free Dox for 24 h

Summary

Surface functionalization of k and r-AuNPs with the anticancer drug Dox has been achieved. Using zebra fish larvae
model system, the Dox loaded AuNPs are found to be non-toxic
to the embryos. The release of Dox from AuNPs system is pH
dependent and localization of the drug in the cytoplasm followed
by entry into cellular nucleus has been observed. The uptake and
enhanced cytotoxicity in cancer cells (MCF-7) has been studied.
Both the conjugates induce apoptosis mediated by intracellular
ROS generation. The superiority of Dox loaded k and r-AuNPs
conjugates over k-AuNPs and r-AuNPs alone has been established.

Figure 10: Cell cycle analysis of MCF-7 cells (a) Untreated, (b) 5 µg / mL
of free Dox, (c) 10 µg / mL of k-AuNP-Dox, (d) 20 µg / mL of k-AuNPDox, (e) 10 µg / mL of r-AuNP-Dox and (f) 20 µg / mL of r-AuNP-Dox
treated cells after 24h
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