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Background:Gliomas havebeen termed recurrent cancers due to their highly aggressive nature. Their tendency to
infiltrate and metastasize has posed significant roadblocks to in attaining fool proof treatment solutions. An
initiative to curb such a scenario was successfully demonstrated in vitro, utilizing a multi-conceptual gold
nanoparticle based photo-thermal and drug combination therapy.
Methods: Gold nanoparticles (Au NPs) were synthesized with a highly environmentally benign process. The Au
NPs were PEGylated and conjugated with folate and transferrin antibody to achieve a dual targeted nano-
formulation directed towards gliomas. Curcin, a type 1 ribosome inactivating protein, was attached to the Au
NPs as the drug candidate, and its multifarious toxic aspects analyzed in vitro. NIR photo-thermal properties of
the Au nano-conjugates were studied to selectively ablate the glioma cancer colonies.
Results: Highly cyto-compatible, 10–15 nm Au NP conjugates were synthesized with pronounced specificity
towards gliomas. Curcin was successfully conjugated to the Au NPs with pH responsive drug release. Prominent

toxic aspects of curcin, such as ROS generation, mitochondrial and cytoskeletal destabilization were witnessed.
Excellent photo-thermal ablation properties of gold nanoparticles were utilized to completely disrupt the cancer
colonies with significant precision.
Conclusion: The multifunctional nanoconjugate projects its competence in imparting complete arrest of the
future proliferation or migration of the cancer mass.
General significance: With multifunctionality the essence of nanomedicine in recent years, the present
nanoconjugate highlights itself as a viable option for a multimodal treatment option for brain cancers and the
like.
© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Treatments of cancers related to the brain have posed extreme com-
plications due to their location and the complexity in reaching them.
The most common and chronic type of brain cancers are the gliomas
[1–3]. These originate from glial cells and are highly vascularized. They
possess the tendency to aggressively infiltrate and are associated with
cases of extensive necrosis and hypoxia in addition to severe disruption
of the blood brain barrier (BBB), thereby compromising the integrity of
the brain. Gliomas are commonly referred to as recurrent cancers, as
they intrusively grow back, even after comprehensive surgical excisions
[4,5]. Also, the surgical procedures often add to the risk of metastasis,
increasing the chances of possible future malignancies at multiple loca-
tions. Chemotherapeutics rarely reach these tumors, mainly due to the
selective trafficking monitored by the BBB, and are also accompanied
by the non-specific targeting and accumulation risk to normal cells
[6]. Other options such as radiotherapy, accompany imminent short
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and long-term side effects as normal cells and organs are unintentionally
exposed to the radiation [7]. Cumulatively, gliomas have been consid-
ered as rarely curable and the demand for alternative promising solu-
tions has taken the forefront.

The nanomedicine platform offers exciting options for treatment
of numerous life consuming ailments [8–11]. The focal core of this tech-
nology employing diverse nano-vehicles, lies in the claim to achieve
maximum specificity with minimal side effects by the incorporation
of single or multiple targeting ligands [12,13]. The meager quantity
of drug requirements compared to conventional chemotherapy
approaches, with the possibility ofmonitoring their fate by the conjuga-
tion of various imaging agents, proves a highly supportive factor. The
majority of tumors express fenestrated neo-vasculature along with
inferior lymphatic drainage, which presents the nano-drug delivery
systems (NDDS) to preferentially accumulate at the tumor site over
time [14]. Owing to their intriguing features as size, shape, high biocom-
patibility, etc., gold nanoparticles (Au NPs) have been receiving
increased attention in the area of NDDS, as a variety of drugs, proteins,
antibodies, peptides, etc., can be conjugated with them [15–17]. Apart
from their ease of synthesis, control over shape/size and the relative
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facile modes of surface modifications, Au NPs have been widely
acclaimed for their thermal characteristics, which could be efficiently
harnessed for photo-thermal ablation applications [18–22].

In this study, we present a multifunctional, PEGylated, biogenic
Au NP based nanocarrier, capable of delivering a potent ribosome
inactivating protein (RIP), curcin, which has been previously attributed
with protein synthesis inhibition [23,24], cellular organelle disruption,
cytoskeletal damage, etc., (unpublished) specifically targeting glioma
cells. A dual targeted approach was successfully attempted employing
folate and anti-transferrin antibody, to achieve maximum specificity
towards glioma. Curcin was conjugated with the Au NPs via pH-
Fig. 1. (a) Preparation scheme of Au-PEG FOL-Tfr-CUR conjugate. (b) HRTEM image of bio-func
and after bio-functionalization. (d) UV–vis spectra of Au-PEG FOL-Tfr-CUR conjugate exhibiting
at 490 nm, broad SPR of Au NPs centered at 520 nm and NIR absorption of Au NPs around 800
Lane 2: Au-PEG FOL-CUR-Tfr, Lane 3: filtrate post 50 KDa ultra-centrifugal filtration, Lane 4: an
curcin to the Au NPs is confirmed by the presence of corresponding bands. The arrow indicate
sensitive bonds to effectuate pH-controlled release in the acidic envi-
ronments of tumor cells, thereby rendering it benign to normal cells.
Curcin exhibited superior therapeutic efficacy by curbing themigratory
and proliferative properties of glioma cells inmono-layered aswell as in
3D glioma spheroids. The 3D spheroids mimic, to an extent, the in vivo
scenario, where the cancer cells proliferate as a solidmass, therefore the
effects of curcin on such an in vitro mass may, in principle, be advanta-
geous to suppress the propagation of in vivo tumor masses as well. The
Au NPs, apart from their role as efficient drug carriers, were tested for
their excellent thermal properties under NIR influence, to ablate the
cancer cells and 3D cancer colonies in a controlled fashion. It is proposed
tionalized Au NPs (inset: SAED pattern). (c) FT-IR spectrum of Au NPs synthesized as such
the absorption of curcin at 220 and 272 nm (inset), the absorption of transferrin centered
nm. (e) CBB stained SDS PAGE of Au-PEG FOL-CUR-Tfr conjugate. Lane 1: protein marker,
ti-transferrin antibody and Lane 5: curcin (28.2 KDa). The conjugation of Tfr antibody and
s the Au NPs which failed to electrophorese and settled in the loading wells itself.



Fig. 2. (a) pH dependent curcin release from Au-PEG FOL-Tfr-CUR conjugate. The release
of curcin at pH 4 was found to be gradual and nearly 100% release was observed by
2 days. The drug release at physiological pH 7 was found to be slow and controlled till
the observed period of 5 days with a maximum release recorded to be around 20% by
day 5. (b) Cytotoxicity analysis of the Au NP conjugates. The Au-PEG FOL-Tfr-CUR
conjugates at the concentration of 100 μg/ml rendered selective toxicity to glioma cells,
killing 97% of them by day 2 whereas the normal neuronal cells remained 90% viable.
The slight compromise in the viability of HCN-1A might be due to the detachment of
minute quantities of poorly adhered curcin onto the Au NPs. The observations confirm
the high specificity of dual targeted NPs and also the tuned lethal effect of curcin towards
cancer cells alone.

1659M.S. Mohamed et al. / Biochimica et Biophysica Acta 1840 (2014) 1657–1669
that the tumor-targeted chemotherapy, combined with the exceptional
photo-thermal ablation ability of Au NPs can significantly enhance the
therapeutic options against human gliomas.

2. Materials

Dulbecco's modified eagle's medium (DMEM), 0.25% Trypsin, phos-
phate buffered saline (PBS) (pH 7.2), Fetal bovine serum (FBS), anti-
biotics (Penicillin, Streptomycin), chloroauric acid (HAuCl4.3H2O),
Reactive oxygen species (ROS) variety pack, actin phalloidin rhodamine,
Calcein/Propidium iodide (PPI) stain, and monoclonal anti-vinculin
antibody were purchased from Sigma-Aldrich. Alamar Blue, Image-iT™
LIVE Mitochondrial Transition Pore Assay Kit, mouse monoclonal anti-
transferrin antibody were from Invitrogen. Geltrex was acquired from
Gibco. Secondary antibodies to transferrin (Tfr) and Anti-Histone H2A.X
antibody were procured from abcam. DSPE-PEG-COOH {1,2-distearoyl-
sn-glycero-3-phosphoethanolamine-N-[carboxy(polyethylene glycol)-
2000] (ammonium salt)}, DSPE-PEG-FOL {1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[folate(polyethylene glycol)-2000] (ammonium
salt)} and PEG2000 PE CF {1,2-distearoyl-sn-glycero-3-phosphoethanol-
amine-N-[poly(ethylene glycol)2000-N′-carboxyfluorescein] (ammonium
salt)} were purchased from Avanti polar lipids. All other chemicals and
reagents were of analytical grade acquired from either Sigma-Aldrich or
Wako chemicals.

2.1. Preparation and biofunctionalization of Au NPs

Water-dispersible Au NPs were prepared according to our previous
report [25] with minor modifications. Briefly, a solution of 1 mmolL−1

HAuCl4.3H2O was prepared in Milli Q water. 5 ml of this solution was
mixed with an equal volume of aqueous extract of Jatropha curcas
seed shells and incubated overnight in a heated shaking water bath
(90 ºC). The nanoparticles thus obtained were centrifuged and thor-
oughly washed with Milli Q water and stored at room temperature
until further use. A solution of 1 mg/ml of the Au NPs in chloroform
was prepared. To this suspension, 200 μl of DSPE-PEG-COOH (0.2 M),
DSPE-PEG-FOL (0.02 M) and PEG2000 PE CF (0.02 M) were added and
the solution was gently evaporated to obtain a thin film of Au NPs and
PEG-lipid. This thin film was then hydrated with 70 ºC PBS buffer and
the suspensionwas stirred vigorously under heat to obtain a clear aque-
ous suspension of Au NPs functionalized with PEG moieties (Au-PEG
COOH-FOL). The Au-PEG COOH-FOL NPs (without PEG2000 PE CF)
were conjugated to transferrin antibodies by EDC-NHS activation, utiliz-
ing the free COOH units on Au NPs surface to synthesize dual targeted
nano-conjugates (Au-PEG FOL-Tfr), devoid of drug. This reaction
produces a stable amide bond between primary amines on the antibody
and carboxyl groups on the PEG chain that is exposed. Meanwhile,
another set of the EDC-NHS activated PEG functionalized Au NPs were
allowed to react with anti-Tfr antibody and hydrazine monohydrate
pre-treated curcin solution (100 μg/ml) overnight at 4 ºC to obtain
dual targeted, drug loaded version. After the incubation, the solution
was centrifuged using 50 KDa (Amicon Ultra, Millipore) centrifugal
filter units to obtain the retentate, consisting of the drug conjugated,
PEG functionalized Au NPs (Au-PEG FOL-Tfr-CUR). The synthesis proce-
dure has been represented in Fig. 1a.

2.2. Cell culture maintenance

Glioma (human brain glioblastoma) and HCN-1A (human cortical
neurons) cell lines were acquired from Riken Bioresources, Japan and
ATCC respectively, and maintained in T25 flasks using DMEM medium
supplemented with 10% FBS and antibiotics in an incubator at 37 °C
with 5% CO2. The cells were sub-cultured every 2 days. Cells were
cultured on glass base dishes for confocal microscopy studies and in 96
well plates for cytotoxicity studies. For 3D cancer assay, approximately
25,000 glioma cells were seeded onto 100 μl Geltrex coated wells and
were cultured for 4 days to allow the formation of 3D spheroids.

2.3. Particle characterization studies

The morphology of as prepared Au-PEG FOL-Tfr-CUR was analyzed
with the help of field emission transmission electron microscope
(TEM), (JEOL JEM-2200-FS) and average size determined by Nano-ZS
Zetasizer (Malvern Instruments Ltd). Fourier transform infrared spec-
troscopy (Spectrum 100 FT-IR Spectrometer, Perkin Elmer) analysis
was performed to investigate the surface chemical bonding and charac-
teristics of bare Au NPs and Au-PEG FOL-Tfr-CUR NPs. UV–vis spectro-
photometry (Shimadzu UV-2100PC/3100PC UV visible spectrometer)
and SDS PAGE were carried out to analyze the drug/antibody attach-
ment onto Au NPs.

image of Fig.�2
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The amount of curcin conjugated onto the NPs was evaluated by
utilizing the following formula:

Curcin conjugation %ð Þ ¼ Absorbance of conjugated curcin
Absorbance of curcin used

� 100:
Fig. 3. Cellular uptake of single, Au-PEG FOL and dual targeted Au-PEG FOL-Tfr NPs. The Au-PE
normal HCN-1A (b and d). The corresponding bright field images of normal (a and c) and c
Au-PEG FOL-Tfr provide proof of the successful conjugation of dual targeting ligands to the Au
observed fluorescence. FESEM images (i–l) provide evidence of the adherence of nanoparticl
regions (arrows) facilitated by the formation of endocytic burrows (k and l).
The standard absorption of the drug, curcin at various concentra-
tions was plotted and the drug release profile at varied time intervals
was analyzed using the standard curve of the drug's absorbance. pH 7,
depicting the physiological pH and pH 4, depicting the acidic pH of
cancer cells were utilized for drug release studies. 1 ml of freshly
prepared Au-PEG FOL-Tfr-CUR NPs in respective pH solutions were
G FOL and Au-PEG FOL-Tfr NPs gained selective entry into glioma cells (f and h) sparing
ancer cells (e and g) are shown. The enhanced intensity from the gliomas treated with
NPs, in addition to the increased particle uptake which can be directly correlated to the

es throughout the cellular body gaining entry at multiple locations including the nuclear
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analyzed at different points of time using UV–vis absorption
spectroscopy.

2.4. Cell culture techniques

Cytotoxicity was assayed with the help of alamar blue. In principle,
only metabolically active cells can convert the non-fluorescent alamar
blue into a fluorescent moiety, whose absorbance could be read at
560 nm. Cells, glioma and HCN-1A were trypsinized and pelleted.
5000 cells were counted and added to wells of 96 well plates and
grown for 24 h prior to NP exposure. All experiments were conducted
in triplicates. Controls were maintained devoid of any treatment,
whereas test groups were treated with 100 μl (1 μg/ml, 10 μg/ml and
100 μg/ml) of drug loaded dual targeted Au NPs. The plates were incu-
bated for 48 h afterwhich the fluorescence intensity of thefinal product
was analyzed with a microplate spectroflurimeter (Multidetection
microplate scanner, Dainippon Sumitomo Pharma). The viable percent-
age of cells were calculated for each group and plotted against concen-
tration of NPs. For analysis of targeting ability and induction of ROS,
approximately 25,000 cells were plated onto 35 mm glass base dishes
for 24 h. 100 μl of 100 μg/ml NPs were added to the plates, as this con-
centration was found to be the most lethal dose for gliomas, and incu-
bated for 2 h at culture conditions. After the incubation period, cells
were washed, fixed using acetone and treated with secondary
antibody specific to anti-Tfr antibody. After 1 h, the cells were washed
thoroughly and analyzed under an excitation wavelength of 561 nm
under a high-speed confocal laser-scanning microscope (CLSM,
Olympus IX 81 under DU897 mode) to visualize particle uptake. For
scanning electron microscopy (JEOL, JSM-7400F, field emission SEM),
cells were grown on cover slips for 24 h prior to nanoparticle exposure
Fig. 4. Analysis of ROS generation in response to Au-PEG FOL-Tfr and Au-PEG FOL-Tfr-CUR. The
(d and j). On the contrary, the drug loaded NP conjugate generated significant ROS in cancer c
for 2 h, after which, the cells were washed and fixed using 4% glutaral-
dehyde. Fixed coverslipswere sequentially dehydrated using increasing
ethanol concentration and critical point dried before mounting onto
SEM grid and analyzed. For ROS estimation, cells were treated with
Au-PEG FOL-Tfr and Au-PEG FOL-Tfr-CUR NPs for 24 h, after which the
cells were treated with ROS tracer dye. After 30 min of incubation, the
cells were washed and viewed at 488 nm excitation under a CLSM.
For mitochondrial pore transition assay, approximately 25,000 cells
were seeded onto 35 mm glass base dishes. A test group of cells was
treated with 100 μg/ml of Au-PEG FOL-Tfr-CUR NPs. After 48 h, the
plates were stained for pore transition as per the manufacturer's
instructions and analyzed under a CLSM. DNA fragmentation analysis
was performed by treating the cells with 100 μg/ml of Au-PEG FOL-
Tfr-CUR NPs for 48 h and fixing them prior to addition of anti-histone
H2A.X antibody. Cells were washed in PBS and exposed to red fluores-
cent secondary antibodies to H2A.X for 1 h after which the cells were
counterstained with Hoechst and observed for DNA fragmentation
under 405 and 561 nm filters using CLSM. For vinculin analysis, cells
were treated with 100 μg/ml concentration of Au-PEG FOL-Tfr-CUR
NPs for 24 h. After the incubation period, cells were washed and fixed
using formaldehyde and acetone and treated with antibodies to vincu-
lin. After 1 h, the FITC conjugated secondary fluorescent antibodies
(anti-antibody of primary antibody) were added and the plates were
incubated for 1 h. Plates were then washed and observed under CLSM.
Actin cytoskeletol staining was performed with phalloidin rhodamine
post 24 h of Au-PEG FOL-Tfr-CUR NP treatment. Cells were visualized
at an excitation wavelength 561 nm.

For photothermal ablation studies, approximately 25,000 cells were
grown in glass base dishes. A highlymonochromatic, collimated beamof
NIR range (800 nm) [Chameleon Ultra diode-Pumped Mode Locked-
nanoformulation devoid of curcin failed to generate ROS in both normal and glioma cells
ells (l) whereas normal cells showed any ROS fluorescence (f).

image of Fig.�4
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Sub 200 Femtosecond Laser (Coherent 80 MHz repetition rate)] with
power 1.726 W/cm2 (Laser power meter: VEGA, OPHIR, Japan) was
utilized. The temperature variations were measured with an infra-red
(IR) thermometer [Thermal imager test 881-2 (Testo AG, Germany)].
The cells were treated with Au-PEG FOL-Tfr and Au-PEG FOL-Tfr-CUR
NPs and subjected to NIR laser exposure for 5 s, after which they were
stained using Calcein/PPI. Similarly, the test 3D spheroidswere incubated
with 100 μl of 100 μg/ml Au-PEG FOL-Tfr-CUR NPs for 48 h to study the
effect of curcin and 2 h prior to photothermal ablation. After both the
experiments, cells were stained with Calcein/PPI to analyze the live/
dead populations. All the experiments were conducted in triplicates
and the cells were thoroughly washed to remove unbound NPs and
stains prior to analysis.

3. Results and discussion

To prepare the relatively monodisperse and highly cyto-compatible
Au NPs, an environmentally conservative approach was adopted
employing J. curcas seed shell extracts [25]. The synthesis process differs
significantly from the conventional modes of bio-mediated NP synthe-
sis, where the reducing sources (plant, micro-organisms) are used up
Fig. 5. Mitochondrial membrane potential destabilization. Discrete calcein signaling, indicati
controls (b, h) and Au-PEG FOL-Tfr-CUR treated HCN-1A (e). The complete lack of any such flu
of any functional mitochondria. Also, the bleached mitotracker staining (l) was indicative of fo
due to the effects of curcin augmented generation of ROS leading to loss of membrane potenti
and discarded, whereas in the present case the seed shells retain their
inherent characteristics (minimal loss of ash content) which is their
ability to serve as high value thermal energy sources. Therefore such
an environmentally conservative approach could not only yield a variety
of desired nanomaterials but also preserve the native properties of
the reducing agents, contributing to the sustained utilization of
bioresources. The Au NPs were in the size range of 5–10 nm (TEM
observation) with an average size of 17.54 nm (PDI 0.164) according
to zeta sizer. The bio-functionalization of bare Au NPs did not have
any significant effects on their morphology as majority of the particles
were in the range of 10–15 nm (Fig. 1b) according to TEM with a zeta
sizer average of 22.66 nm (PDI 0.278) and were perfectly crystalline
(Fig. 1b inset). The FT-IR spectrum of unmodified Au NPs and Au-PEG
FOL-Tfr-CUR NPs is presented in Fig. 1c. The C–O–C ether stretch
bands around 1175 cm−1 and 1099 cm−1 appear in the case of bio-
functionalized Au NPs, which is absent in the bare NPs. Similarly, the
band at 2918 cm−1 corresponds to CH2 stretching vibrations. The
characteristic IR absorption peak of folate at 1629 cm−1 was observed
in the spectrum of bio-functionalized Au NPs. These signature peaks
confirmed the successful functionalization of Au NPs with lipid-PEG
conjugates [26,27]. The attachment of anti-Tfr and curcin onto PEG
ve of properly functioning mitochondrial apparatus was clearly visualized in the case of
orescence signals from the Au-PEG FOL-Tfr-CUR treated glioma (k) suggested the absence
rmation of pores compromising mitochondrial membrane integrity which may have been
al.
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functionalized Au NPs was confirmed by the presence of N–H vibration
at 3400–3200 cm−1, C_O stretching at 1667 cm−1 and hydrazone
C_N, N\N bands at 1470 cm−1 and 840 cm−1 respectively. Addition-
ally, the conjugation of antibody to the Au NPs was affirmed by UV–vis
spectroscopy (Fig. 1d). The absorbance peak at 490 nm relates to the
presence of Tfr antibody [28]. SDS PAGE gel electrophoresis (Fig. 1e)
was performed to re-affirm the presence of antibody in the nano-
conjugate. The coomassie stained gel revealed the presence of anti-Tfr
antibody (Fig. 1e, Lane 2) with signature bands corresponding to the
standard (Lane 4). The Au NPs failed to electrophorese in the gel and
remained stacked in the loading wells (Lane 2, arrow).

The drug loading and release from NPs were analyzed using UV–vis
spectroscopy. The drug, curcin shows strong absorbance centered at
220 and 272 nm. The Au-PEG FOL-Tfr-CUR NPs exhibited a strong
narrow peak in these signature absorbance regions, corresponding to
curcin (Fig. 1d inset), along with the surface plasmon peak of Au at
521 nm [29]. The amount of conjugated drug was calculated by using
this (curcin) absorption value and was determined to be 92%. Highly
insignificant quantity of drug release from the particles suspended in
pH 7, over a period of 5 days was recorded (Fig. 2a). An initial release
of 10% of curcin occurred within 6 h after which an equal amount of
release was witnessed over a period of 120 h. The initial 10% release
Fig. 6.Histone phosphorylation at DNA double-strand breaks. Nuclear toxicity to gliomawas evi
red fluorescence)whichwas absent in the case of test (g) and control groups (c, k). Such nuclea
apoptotic inducers leading to shutting down of the nuclear components and subsequent cell d
could be attributed to the loosely adhered drugs onto the Au NPs.
Whereas in the case of Au NPs suspended in pH 4 buffer, a gradual
release of curcinwaswitnessed. Nearly 34% releasewithin 6 h, followed
by a slow and steady releasewas observed. 67% of the drugwas released
by 36 h, whereas 96% release occurred by 48 h which plateaued there-
after. These observations evidence the highly efficient pH dependent
drug release achieved as a result of the hydrazine bonding [30,31]. Min-
imal drug release at pH 7 over 5 days confirmed that this formulation is
safe and dependable against premature leakage of drugs at normal
physiological pH. The extremely high levels of drug conjugation, aptly
complemented by the pH controlled drug release, makes this nano-
scheme a promising option for future NDDSs.

3.1. Cytotoxicity analysis

The cyto-compatibility of the bare Au NPs as such has been analyzed
and reported previously [25]. The PEG functionalization of these NPs
furthers their cyto-amiability. The Au-PEG FOL-Tfr-CUR NPs, at
the highest concentration, 100 μg/ml, proved extremely detrimental
to glioma cells with approximately 97% of the cells dead by 48 h
(Fig. 2b). The results also depicted a dose dependent toxicity rendered
by the drug with the cellular viability increasing with decrease in NP
dent from the presence of double strandDNA breaks confined to nuclear region (o, discrete
r toxicity due to an exogenous toxin as curcin, could lead to detrimental effects and recruit
eath.
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concentration. Normal HCN-1A cells, at highest concentration of
Au-PEG FOL-Tfr-CUR NPs showed slightly reduced viability (90%). The
viability improved with decrease in NP concentration. The results
were emulative of the drug release and NP cellular entry observations.
The slight compromise in viability of the HCN-1A could be due to the
early release of poorly adhered drugmolecules from the AuNPs. Further
increase in viability of HCN-1A, supports the successful attainment of
high specificity and pH oriented release of drug. The feeble viability of
gliomas is a concrete proof of the above claim. Thus, the observation
with the toxicity data reasserts the theory ofmulti-target and controlled
drug release achieved herein.

3.2. Cellular entry of NPs

The cellular uptake of Au-PEG FOL and Au-PEG FOL-Tfr NPs was
adjudged by the fluorescence of FITC and the secondary antibodies,
respectively, and visualized under CLSM (Fig. 3b, f & d, h). No visible
signals were recorded from the normal, HCN-1A cells with both the
single (Fig. 3b) and dual targeted (Fig. 3d) NPs. In the case of gliomas,
the fluorescence with Au-PEG FOL (Fig. 3f) was comparatively reduced
to the Au-PEG FOL-Tfr NPs (Fig. 3h). The presence of dual targeting
moieties, both of which are overexpressed in gliomas, facilitated such
a difference in the fluorescent intensities of single and dual targeted
Fig. 7. Effect on vital cytoskeletal components. The complex organizational network of actinfibe
to be highly reduced and confined to circumferential regions in the Au-PEG-FOL-Tfr-CUR treate
was significantly suppressed and feebly noticeable (s). The distortion and destabilization of the
the proficiency of the nanoformulation in disabling the skeletal as well as cell–cell and cell–ma
versions. Therefore it is safe to surmise that the overexpressed receptors
for folate and transferrin on the glioma cells presented an enticing
invitation to the nano-conjugates which was not the case with
HCN-1A cells that lack these receptors in highly significant quantities,
thereby arresting the NPs' entry into the normal and enhancing
their entry into the cancer cells. The particle entry was also visualized
with SEM (Fig. 3i–l) which revealed that a high concentration of nano-
particles was attached onto the cells with many in the process of endo-
cytosis at multifarious locations spanning the entire spectrum of the
cellular body. The multi-target approach is fast gaining pace in the
nanomedicine arena, as it provides improved and efficient targeting of
desired cells, especially cancer cells, to deliver the payloads of drugs or
the like [32]. The results garnered in the present report not only supple-
ment, but also encourage the utilization of multiple targeting schemes
to achieve eminent specificity.

3.3. Multi-organelle therapeutic effects of Au-PEG FOL-Tfr-CUR NPs

Curcin is known to induce ROS, which affects mitochondrial
permeability and leads to programmed cell death (unpublished).
Glioma cells showed discrete signals of ROS in the cytoplasm (Fig. 4l),
which was absent with HCN-1A (Fig. 4f) on treatment with Au-PEG
FOL-Tfr-CUR NPs. Also, the absence of any signals from the Au-PEG
rs (c, h andm), representative of a rigid and sturdy cytoskeletal architecture, was observed
d gliomas (r). A similar observation was recorded in the case of vinculin expression, which
se two essential structural proteins by the curcin conjugated Au NPs clearly demonstrates
trix assembly interaction .
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Fig. 8. Effect of curcin on 3D cancer colony. The control 3D colonies were 100% viable and positive to calcein (b). Prominent secondary colonies established around the parent mass were
noted (a). The test colony (Au-PEG FOL-Tfr-CUR treated) appeared 100% positive to PPI (f) without the presence of any secondary colonies depicting the inability of cancer cells to
proliferate, spread and metastasize under the influence of curcin. Also, the absence of any viable cells provides evidence for the deep penetration of the NPs to the interiors of the cancer
mass, thereby effectuating greater levels of toxicity to the highly active and protected core.

Fig. 9.NIR laser irradiation responsive temperature spikes in the Au nanoparticles were observed. The bare Au NPs, devoid of any surface functionalization exhibited a temperature rise of
up to 86 °C (b). The functionalization of theNPsdid not present any drastic effects on the thermal properties of theAu-PEG FOL-Tfr (d) or Au-PEG FOL-Tfr-CUR (f)with the former reaching
a temperature high of 80 °C and the latter 75 °C.
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FOL-Tfr treated HCN-1A and glioma (Fig. 4d, j) reinforces the superior
cyto-compatibility of the nanoformulation. The ROS generation in the
Au-PEG FOL-Tfr-CUR NP treated glioma cells, therefore, is the result of
curcinwhichwould have disrupted themitochondrial potential, forcing
the cells to trigger an ROS induced apoptotic pathway leading to their
death, as observed in the cytotoxicity assay. To evaluate whether the
elevated ROS levels have any secondary effects on cell physiology,
mitochondrial membrane potential and DNA damage were evaluated.

Calcein basedmitochondrial pore transition assay was carried out to
analyze the effect of Au-PEG FOL-Tfr-CUR NPs on mitochondrial pore
induction. It could be clearly observed that the control group (Fig. 5b,
h) and Au-PEG FOL-Tfr-CUR NP treated HCN-1A cells (Fig. 5e) main-
tained discrete mitochondrial calcein staining. The co-localized green
and red fluorescence confirmed the stability and rigidity of mitochon-
drial membrane with any pores. By contrast, Au-PEG FOL-Tfr-CUR NP
treated glioma cells showed diminished if any calcein fluorescence
(Fig. 5k),which depicted the leaching out of dye from themitochondrial
pores. In addition, loss of prominentfluorescence and patched signals in
the cytosol evidenced the damage tomitochondrial membrane (Fig. 5l),
induced as a result of direct effect of toxin exposure. On the basis of ROS
production by cells when treated with curcin, it would be apt to relate
the stress induced by the ROS to the loss of mitochondrial potential
and subsequent disintegration. The uptake of mitotracker is dependent
on the mitochondrion's activity, which is highly compromised during
apoptosis. Mitochondrial dysfunction and loss of its membrane poten-
tial is known to trigger apoptotic signaling, leading to suicide of cells
Fig. 10.NIR induced photothermal ablation of cancer cells utilizing Au-PEG FOL-Tfr and Au-PEG
did not show rise in temperature above 36 °C (e) and 38 °C (j) respectively, and remained nearl
rapid rise in temperature reaching 63 °C (j) within 5 s. Approximately 90% of gliomas exhibited
cell death. Gliomas treatedwith Au-PEG FOL-Tfr-CUR, presented similar rise in temperature (t) a
irradiation in the case of Au-PEG FOL-Tfr-CUR is attributed to the curcin effect (r) symbolizing
[33], which is the observed phenomenon in the Au-PEG FOL-Tfr-CUR
NP treated glioma cells.

In terms of possible DNA damage, the occurrence of double-strand
breaks was assessed by staining for γ-H2Ax foci, which are formed by
the rapid phosphorylation of histone H2Ax at sites of DNA double-
strand breaks [34]. The presence of double strand breaks, witnessed
by the red dots in the nucleus, appeared in glioma cells (Fig. 6o) treated
with Au-PEG FOL-Tfr-CUR NPs, whereas the control groups (Fig. 6c, k)
and HCN-1A (Fig. 6g) showed any such incidence. Such a nuclear
toxicity could be attributed to the direct entry of curcin into the nuclear
region by disrupting the nuclear envelope leading to the DNA damage,
as previous reports have suggested such a scenario with different RIPs
[35,36] or due to the effects of forced entry of increased ROS in the
nucleus.

Altogether, these observations focus on the severe secondary effects
of elevated ROS levels when cells are exposed to Au-PEG FOL-Tfr-CUR
NPs. As these results are in line with the onset of cytotoxic effects, the
link between ROS induction and decreased cell viability was evident.

Apart from the stress on the mitochondria and nuclear regions, the
effects of the same were assessed on the cytoskeletal framework
composed of actin fibers. Control groups presented well-organized
and elaborate actin network scaffolding throughout the cytoplasm
(Fig. 7c,m) whereas glioma cells treated with Au-PEG FOL-Tfr-CUR
NPs showed prominent actin filament degeneration and distortion
with the fine fibrous network of actin reduced to circumferential linings
and blurred hues (Fig. 7r). Generally, the cell begins to constrict as a
FOL-Tfr-CUR. Normal HCN-1A cells treatedwith Au-PEG FOL-Tfr and Au-PEG FOL-Tfr-CUR
y 100% viable post NIR exposure (b, g). Glioma cells treatedwith Au-PEG FOL-Tfr showed a
positive staining to PPI (m) within the zone of irradiation (dotted line) depicting necrotic
nd dead cell population as Au-PEG FOL-Tfr (r). The increased dead cells beyond the zone of
the synergistic action of photo-thermal and drug effects on cancer cells.

image of Fig.�10


1667M.S. Mohamed et al. / Biochimica et Biophysica Acta 1840 (2014) 1657–1669
result of lamin and actin disruption in the cytoskeleton. After 48 h of
Au-PEG FOL-Tfr-CUR NP treatment, cellular shrinkage leading to
reduced total cellular volume was witnessed (Figs. 5j, 6m, 7p). In addi-
tion, highly reduced numbers of actin fibers with condensed staining
patterns and the absence of tubular integritywere observed. Correlation
to these irregularities in actin could be attributed to ROS signalingwhich
was found to modify the integrity of actin and consequently the cell
shape [37]. Also, extensive deformation of the actin fibers might have
secondary effects on actin-mediated signaling pathways [38]. To
investigate this possibility, the effect of the Au-PEG FOL-Tfr-CUR NPs
on focal adhesion complexes (FACs) was assessed. FACs are composed
of elaborate actin and vinculin networks, which create and maintain
the structural integrity of the cell. Vinculin proteins are essential for
cell–cell and cell–extra cellular matrix interactions. The proper expres-
sion of vinculin is vital for maintaining micro-environmental signal
transductions. Curcin, the toxin used in the present study possesses
ability to downregulate vinculin expression and architecture. The pro-
tein synthesis inhibitory activity of curcin [23,24] could be held respon-
sible for such an effect. Emulating the same, Au-PEG FOL-Tfr-CUR
NP treated glioma cells exhibited extremely diminished vinculin
expression (Fig. 7s) which in conjunction with the loss of actin, reveals
the high level of competence of such a nanoformulation in comprehen-
sively disrupting the cytoskeletal organization of the target cells.

The culmination of various detrimental effects of the nanoformula-
tion, encompassing mitochondrial, nuclear and structural dysfunction,
strongly emphasize the exceptional proficiency of Au-PEG FOL-Tfr-
CUR NPs against gliomas.

3.4. Drug effect of Au-PEG FOL-Tfr-CUR NPs on cancer 3D colonies

A profound reduction in the size of cancermass, which led to shrink-
age of 3D colony by 1/3 of its volume, was witnessed on treatment with
the drug conjugated Au NPs. The live/dead analysis revealed a nearly
100% dead cell population (Fig. 8f). The control 3D mass, devoid of NP
treatment, presented the formation of independent and interconnected
small, secondary colonies with cellular protrusions indicative of
migration and proliferation of the mass (Fig. 8a). These features were
correlative of the aggressive infiltrative nature of gliomas under
Fig. 11.NIR induced photothermal ablationwith Au-PEG FOL-Tfr-CUR in co-culture. The normal
glioma (unstained). A rapid rise of temperature from 24 °C to 44 °C (e and f) was recorded
co-localization of Hoechst and PPI staining in composite image was too few (d). Most of the PP
95% of gliomas were dead whereas only less than around 10% of HCN-1A were positive to PPI.
in vivo conditions. Such observations were completely absent in the
Au-PEG FOL-Tfr-CUR NP treated group. There were no secondary colo-
nies or the presence of any signs of migratory or proliferative attempts
by the cancer mass, depicting the total arrest of cellular metabolism
by curcin. A 3D in vitro colonymimics to an extent the nature of tumors
in the in vivo system as the multi layers of cells portray the role of a
barrier to curb the effects of drugs, NPs and related therapeutics by
limiting them to the periphery of the tumors [39,40]. It is very rare
that all the cells receive the intended dose of therapeutics as the cells
shielded in the interior of the tumor mass are well protected from the
desired toxic effects. The inability of major therapeutics to reach the
core of tumors allows the recurrence of tumors over a period of time.
The nano-formulation presented in this report successfully achieved
complete dominance over the cancer mass, thereby nullifying the
chances of further proliferation of the cancer cells.

3.5. Photothermal ablation of cancer cells

The excellent thermal competences of nanoconjugates on NIR laser
irradiation (Fig. 9d, f) were efficiently utilized to impart selective
ablation of the cancer cells. The prominent specificity of the Au NP
conjugate has been reiterated in the observations so far. Within 5 s of
laser irradiation the temperature of the glioma sample (Au-PEG
FOL-Tfr) shot up to 60 ºC (Fig. 10o). A clear zone of irradiation demar-
cating the live (calcein stained) and dead (PPI stained) cells was
witnessed (Fig. 10n). In the case of HCN-1A, the rise in temperature
was significantly minimal with a final temperature of 35 ºC, which
plateaued thereafter till 1 min of exposure (Fig. 10e) with the absence
of any zones of irradiation. Similar results were recorded with the
Au-PEG FOL-Tfr-CURNP treatedHCN-1A (Fig. 10h–j)with no significant
rise in temperature. The glioma cells treated with Au-PEG FOL-Tfr-CUR
NPs, presented added lethality by the dual action of photo-thermal
and drug effects confirmed by the presence of increased numbers of
dead cells outside the zone of laser irradiation (Fig. 10r). This particular
observation could hold immense advantage in the case of in vivo solid
tumors, where it is speculated that the released curcin may in fact
enter the surrounding cancerous cells and invoke toxicity. This specula-
tive claim can be correlated to the 3D spheroid destruction in Figs. 8 and
HCN-1A cellswere stainedwith nuclearmarker Hoechst blue (b) to distinguish them from
within 5 s, during NIR exposure. Maximum of the normal cells remained viable as the
I positive cells showed any blue fluorescence confirming their identity as gliomas. Nearly
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Fig. 12. Photo-thermal ablation of 3D glioma colonies using Au-PEG FOL-Tfr-CUR. The control colony (a) showed any rise in temperature (d) and displayed esterase activity of viable cells
which were positive to calcein live cell marker (b) after NIR exposure. The Au-PEG FOL-Tfr-CUR treated colony was completely disrupted (e) by the sudden and detrimental rise in
temperature (h) during NIR exposure. The morphology of 3D colony got completely disrupted and nearly all cells were positive to PPI (g) indicating the death of the cancer mass.
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12, where the entire cancer mass was subject to extirpation. The
selective ablation potency of the nanoformulation was tested on a
glioma-HCN-1A co-culture (Fig. 11). HCN-1A cells were stained with
Hoechst DNA marker to distinguish them from the unstained gliomas
(Fig. 11b). The temperature sharply increased to 44 ºC within 5 s
(Fig. 11f). The difference in temperature rise between the individual
[60 ºC (Fig. 10t)] and co-cultures [44 ºC (Fig. 11f)] could be due to the
lower number of Au nano-conjugates as a result of lower numbers of
glioma cells in the co-culture experiments. Remarkably, the glioma
population on laser irradiation was subject to near complete annihila-
tion (stained with PPI) whereas the HCN-1A (blue) remained mostly
viable (Fig. 11d). The viability of HCN-1A cells, post laser exposure in
the co-culture experiments authenticates the supreme targeting
efficiency attained with the Au-PEG FOL-Tfr-CUR NPs, thus providing
another supportive stance for the utilization of such a nano-conjugate
in future multi-modal therapeutic strategies.

The potential effects of the nano-conjugate on a 3D cancer mass
were also tested. Upon NIR laser exposure, the temperature of the
colony rose rapidly to 64 ºC within 5 s (Fig. 12h). The control colony,
devoid of NPs, did not present any elevation in temperature for a period
of 2 min, thus negating the role of geltrex in the temperature rise
(Fig. 12d). Visual observation of ablated colonies under CLSM revealed
a completely disrupted morphology (Fig. 12e). The live/dead staining
presented a 100% dead cell population portraying the entire cancer
mass as non-viable (Fig. 12g). The results, favor the nano-formulation's
potential as a cogent candidate to effectively ablate solid tumors within
a short period of time, completely and comprehensively eliminating
them, leaving little scope for metastasis.

4. Conclusion

A multifunctional, folate and anti-transferrin antibody-conjugated,
Au NP-based nanocarrier capable of delivering a potent anticancer
drug, curcin specifically to brain cancer cells was developed for
combined chemo- and photo-thermal therapy to gliomas. The cyto-
compatibility of the Au-PEG FOL-Tfr conjugates puts them in positive
perspective in applications as drug delivery and the like. These Au NP-
based nanocarriers exhibited high drug load capacity complemented
with pH-sensitive drug release, which can minimize the nonspecific
systemic spread of toxic drugs during circulation, while maximizing
the efficiency of tumor-targeted anti-cancer drug delivery. The presence
of dual tumor targeting ligands substantially increased the cellular
uptake of the nano-conjugates by gliomas. Curcin as a model drug
exhibited superior anti-proliferative and anti-migratory effects on can-
cer spheroids in addition to curbing the formation of secondary colonies
with subsequent detrimental effects. In addition, the excellent photo-
thermal ablation property of Au NPs, augmented with the advantage
of cancer specific dual targeting were able to ablate cancer cells specifi-
cally in co-culture with normal cells as well as cancer spheroids effec-
tively. The dual mode of lethality achieved with the photo-thermal
ablation combined with effect of curcin proved extremely competent.
Cumulatively, this nano-conjugate system is proposed as a paragon for
future cancer treatment strategies to effectively and comprehensively
restrict and destroy the cancer mass, negating the possibilities of future
metastasis or recurrence.
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