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 Generation of a Library of Non-Toxic Quantum Dots for 
Cellular Imaging and siRNA Delivery  
 Dissecting the spatio-temporal interaction of biomolecules 
inside cells at the subcellular level is an important facet of 
molecular cell biology and chemical biology. Over the last few 
decades, a variety of fl uorescent molecular probes have been 
developed to investigate these complex bio-interactions for both 
in  vitro and in vivo cellular imaging and subcellular detec-
tion. In particular, semiconductor nanoparticles like quantum 
dots (QDs) have shown great potential as nanoparticle-based 
fl uorescent probes due to their excellent physiochemical prop-
erties, which allow them to overcome the limitations of conven-
tional fl uorescent probes such as organic dyes and fl uorescent 
proteins. [  1  ]  These unique attributes of QDs have proven to be 
crucial in elucidating the intricate interactions through which 
small molecules and biomolecules (e.g., proteins, peptides and 
nucleic acids) bind to their targets in specifi c signaling cas-
cades. [  2  ]  While QDs are excellent molecular probes, they also 
can be used as effective delivery vehicles for several therapeutic 
biomolecules. For example, the use of QDs for the simulta-
neous imaging and delivery of small interfering RNA (siRNA) 
for selectively knocking-down target oncogenes in tumor cells 
has been successfully demonstrated. [  2c  ,  3  ]  

 However, the major limiting factor in harnessing the max-
imum potential of QDs as multifunctional imaging probes and 
delivery systems is their inherent cytotoxicity; most of the well-
established QDs are composed of highly toxic elements, such 
as cadmium (Cd), selenium (Se) or tellurium (Te). [  2b  ,  4  ]  Owing 
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to this obstacle, the wide applications of QDs are currently 
delayed and the main focus of QD imaging has been limited 
to the cell and small animal studies. In response to the above 
issues, the recent development of I-III-VI 2  type QDs [  5  ]  like 
AgInS 2 , [  5c  ]  CuInS 2  [  5b  ,  5d  ]  and ZnS-AgInS 2  [  5e  ]  offers better control 
of band-gap energies and demonstrates the great potential of 
these QDs as non-toxic molecular probes. For instance, several 
research groups have successfully synthesized ZnS-AgInS 2  
(ZAIS) QDs through the decomposition of single source pre-
cursors using thermal, [  5e  ]  hydrothermal, [  6  ]  photothermal [  7  ]  and 
microwave-assisted methods. [  8  ]  Yet, these conventional synthetic 
methodologies for preparing these I-III-VI 2  type QDs have sev-
eral shortcomings such as high reaction temperatures, poor 
control of growth rates, long reaction times, diffi culty of high 
throughput synthesis, and the need for complicated synthetic 
procedures to prepare QDs with different emissions profi les, 
all of which would be critical in investigating the diversity and 
dynamic processes of multiple biomarkers in cancer and stem 
cells. Thus, in order to harness the full potential of QDs as bio-
logical imaging probes as well as drug delivery platforms for 
clinical and translational research, there is an urgent need to 
develop a simple and straightforward methodology that affords 
both the synthesis of non-toxic QDs and the versatility of gener-
ating a library of QDs with tunable properties favoring their use 
as imaging agents in biology. 

 To address the aforementioned issues, we developed a novel 
sonochemical approach for the high throughput synthesis of 
a library of biocompatible Zn x S-Ag y In 1-y S 2  (ZAIS) quantum 
dots with tunable physical (photoluminescence, PL) properties, 
thereby allowing them to be used as multifunctional nanopar-
ticles for the simultaneous imaging and effective delivery of 
siRNA to brain tumor cells with negligible cytotoxicity. These 
ZAIS QDs also proved to be useful for imaging stem cells, 
which are otherwise quite sensitive towards nanomaterial-based 
molecular imaging probes ( Figure    1  ). A sonochemical synthetic 
method uses ultrasound irradiation to drive the main synthetic 
reaction process. With the rapid growth of its use for applica-
tions in material science, the sonochemical synthetic approach 
is particularly attractive for the preparation of novel nanomate-
rials. Its advantages include a fast reaction rate (for e.g., its pos-
sible to generate a whole library of nanoparticles of several com-
positions in a span of few hours), controllable reaction condi-
tions and the ability to form nanoparticles with uniform shapes, 
narrow size-distributions and high purity in relatively less time 
and at ambient conditions. Specifi cally, the synthetic method-
ology used for the preparation of our ZAIS QDs involved the 
sonochemical decomposition of the organometallic precursor 
(Ag y In 1-y )Zn x (S 2 CN(C 2 H 5 ) 2 ) 4  at ambient conditions. Compared 
bH & Co. KGaA, Weinheim Adv. Mater. 2012, 24, 4014–4019
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     Figure  1 .     Synthesis of a library of ZnS-AgInS 2  QDs for simultaneous imaging and delivery of siRNA. A) Synthetic procedure to obtain a library of 
dodecylamine-capped hydrophobic ZAIS QDs. B) Conversion of the the hydrophobic ZAIS QDs into water-soluble ones via ligand exchange with 
3-mercaptopropionic acid (MPA) followed by attachment of siRNA using a layer-by-layer approach. C) Delivery of the siRNA against EGFP using ZAIS 
QD-siRNA conjugates into brain cancer cells overexpressing EGFP.  
to the traditional synthetic methods for preparing QDs, this 
approach does not require high-temperature and high-pressure 
conditions (See Experimental Section for the detailed synthetic 
information). The resulting ZAIS QDs exhibited intense emis-
sion at room temperature, regardless of the size of the particles 
( Figure    2  ). More interestingly, the energy gap of the ZAIS QDs 
and their emission wavelength can be controlled by varying 
the concentration of each precursor element. For instance, the 
emission of the ZAIS QDs could be tuned from 480 nm (Blue 
© 2012 WILEY-VCH Verlag Gm

     Figure  2 .     Photoluminescent properties of the ZAIS QD library. A) Represen
image of the entire library of ZAIS QDs with varying compositions (Zn x S-Ag y I
via the sonochemical approach. B) Heat map depicting the PL intensity (
Ag/In concentrations ( x  and  y  axis) for select compositions of the ZAIS n
Column color indicates the maximum emission wavelength.  

Adv. Mater. 2012, 24, 4014–4019
QD) to 700 nm (Red QD) by just varying the mole ratios of 
zinc (Zn), silver (Ag), and indium (In) in the precursor solu-
tions (Figure  2 A). It is worthwhile to note that as compared to 
conventional CdSe or CdTe QDs, which show size-dependent 
fl uorescence properties, our composition-dependent tunable 
fl uorescence of the ZAIS QDs presents a unique advantage 
for obtaining QDs with emission in the near-UV range (blue 
or blue-green emission). This observation can be explained 
by the fact that a blue-colored CdSe QD needs to be less than 
bH & Co. KGaA, Weinh

tative fl uorescent 
n 1-y S 2 ) synthesized 
 z  axis) vs. Zn and 
anoparticle library. 
2.0 nm in size, which is practically impos-
sible to obtain using traditional thermal 
decomposition techniques. After assessing 
the optimum conditions for obtaining the 
desired emission profi les, we observed that 
for a given concentration of precursor ions, 
ultrasonication for 5 minutes at 20 kHz and 
200W output power, gave the highest emis-
sion intensity (data not shown). Figure  2 B 
depicts a 3D heat map which summarizes 
the physical and chemical properties of the 
partial ZAIS QD library. For the different 
combinations of the precursor elements (i.e. 
Zn, Ag, and In), the 3D heat map shows the 
emission wavelength and the corresponding 
photoluminescence (PL) peak intensities of 
selected ZAIS QDs under UV irradiation 
( λ  ex   =  365 nm). This data analysis not only 
4015wileyonlinelibrary.comeim
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positions, but it can also facilitate the selection of ZAIS QDs 
with appropriate physicochemical properties for further studies 
and applications. For example, examining the 3D heat map, it 
is evident that ZAIS QDs without zinc (i.e. Ag y In 1-y S 2 ) had the 
longest emission wavelengths (Figure  2 B). We also observed 
that the PL peak wavelength was blue-shifted on increasing the 
Zn concentration. Furthermore, QDs obtained with 0.5 mol Ag 
and 0.5 mol In, had the longest emission wavelength ( λ  em   =  
697nm), with an observed blue-shift on increasing or decreasing 
the Ag concentration. In conclusion, the emission profi les of 
the ZAIS QDs could be easily tuned by varying the Zn or Ag 
(In  =  1-Ag) concentrations and hence the reported method used 
to synthesize our QD library can allow scientists to investigate 
the composition-dependent physicochemical properties of QDs 
of interest. (See Supporting Information, Figure S1 for the 
detailed information about absorption and PL spectra).   

 Comprehensive characterization of the resulting ZAIS QDs 
was performed using several different methods. The elemental 
composition of one representative ZAIS QD (Zn 0 S-Ag 0.2 In 0.8 S 2 ) 
was analyzed using X-Ray fl uorescence spectroscopy (XRF). 
It was observed that the relative atomic ratios of the constit-
uent elements was consistent with the calculated mole ratios 
(  Figure 3    A ), thus confi rming the effi ciency of the sonochemical 
synthetic methodology in obtaining QDs with desired chemical 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag Gm

     Figure  3 .     Physical characterization of the Zn x S-Ag y In (1-y) S 2  QDs. A) X-ray Fluo
of one of the ZAIS QD (x  =  0, y  =  0.2) showing the elemental composition a
mole ratios of the constituent elements. The composition agrees to that ca
cally. B) X-ray diffraction patterns of the ZAIS QDs prepared using sonochemi
x and y are indicated in the fi gure. Reference patterns of bulk ZnS and AgInS
Broad peak width is attributed to the amorphous nature of the ZAIS QDs. (C
one of the ZAIS QDs (x  =  0, y  =  0.2) clearly shows the monodispersity and n
bution (n  =  100). Inset shows the high resolution image of a single nanopa
10 nm). (D) Photoluminescence spectra of select water-soluble ZAIS QDs (a
b: x  =  0.3, y  =  0.4; c: x  =  0, y  =  0.2; d: x  =  0, y  =  0.5)  
compositions. We also analyzed the crystal structures of several 
compositions of the ZAIS QDs using powder X-ray diffraction 
(XRD). The particles prepared with varying mole ratios of Zn, 
Ag and In exhibited three broad peaks which lie in between 
the diffraction patterns of the tetragonal AgInS 2  and bulk cubic 
ZnS crystals (Figure  3 B). Furthermore, there was a clear peak 
shift towards a higher angle with an increase in the amount 
of Zn 2 +  , thus indicating that the QDs obtained were a not a 
just mixture of bulk ZnS and AgInS 2  but a ZnS-AgInS 2  solid 
solution. [  5e  ]  Transmission electron microscopy (TEM) analysis 
clearly revealed the spherical shape and monodispersity of our 
ZAIS QDs (Figure  3 C). The average size of the QDs as deter-
mined by TEM was found to be 12  ±  1.3 nm. This was further 
confi rmed by measuring the hydrodynamic size and the poly-
dispersity index (PDI) of the ZAIS QDs using dynamic light 
scattering (Figure S3). Additionally, the size of the QDs did 
not signifi cantly change when their composition was altered 
(data not shown). We also determined the PL quantum yields 
of the ZAIS QDs and compared them to the quantum yield 
of the CdSe/ZnS QDs ( ∼ 0.4). It was found that the relative 
quantum yields of the ZAIS QDs depended on their composi-
tion and were comparable or in some cases higher than that 
of the CdSe/ZnS QDs (Figure S4). Finally, in terms of stability, 
the physical properties of the ZAIS QDs such as absorption and 
photoluminescence remained unchanged for two months when 
bH & Co. KGaA, Wei
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rticle (Scale bar  =  
: x  =  0.6, y  =  0.5.; 
stored at ambient conditions (see Figure S2). 
Hence, these ZAIS QDs could be potentially 
used for long term cellular labeling without 
any loss of photoluminescence.  

 The solubility and stability of QDs in an 
aqueous solution is essential for their wide 
application as molecular probes in molecular 
cell biology. The ZAIS QDs reported here 
were functionalized with 3-mercaptopropi-
onic acid (MPA) to render them soluble in 
physiological conditions (See Experimental 
section for the details regarding the surface 
modifi cation). [  9  ]  These water-soluble ZAIS 
QDs were found to be extremely stable at 
physiological conditions without any signs 
of aggregation, even when stored for sev-
eral months (Figure S5). This was further 
confi rmed by monitoring the PL intensity 
of one of the ZAIS QDs (x  =  0, y  =  0.2) in 
phosphate-buffered saline (PBS, pH  =  7.4) at 
37 ºC over a period of 6 days. The ZAIS QDs 
were found to be quite stable without any sig-
nifi cant loss of photoluminescence over the 
test period (Figure S6). Another critical factor 
limiting the use of conventional QDs for var-
ious biological applications is their inherent 
cellular toxicity. [  10  ]  This could be partially 
attributed to the lack of suitable methods to 
generate QDs with different compositions in 
a high throughput manner for subsequent 
toxicological screening. Hence, the genera-
tion of a QD library and assaying their cyto-
toxicity in a simple and quick way can facili-
tate the selection of appropriate QDs eliciting 
nheim Adv. Mater. 2012, 24, 4014–4019
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     Figure  4 .     Biocompatibility and cellular imaging studies of ZAIS-QDs in mammalian cells. A) Comparison of the cellular cytotoxicity of the water soluble 
ZAIS QD (Zn 0 S-Ag 0.2 In 0.8 S 2 ) and CdSe/ZnS QDs at different concentrations in U87 cells (A1) and hMSCs (A2). The results are presented as means  ±  
SD from three independent experiments. Student’s unpaired t-test was used for evaluating the statistical signifi cance of the cytotoxicity of ZAIS QDs 
(  *    =  P  <  0.001,   *  *    =  P  <  0.01,   *  *  *    =  P  <  0.05) as compared to the CdSe/ZnS QDs. B) Transmission electron microscopy of the ZAIS QD in hMSCs. 
The image clearly shows the presence of the QDs (marked by blue arrows) in the cytoplasm and the nucleus (marked in red). The inset depicting the 
magnifi ed image of the QD cluster, confi rms the monodisperse nature of the QDs inside the cell. C,D) Fluorescence microscopy imaging demonstrating 
the uptake of the water soluble ZAIS-QD ( λ  em   =  606 nm) in U87 cells (C) and hMSCs (D).  
minimum toxic effects and thus enabling the long term cellular 
imaging of cancer and stem cells in vitro and in vivo. To test the 
biocompatibility of our ZAIS QDs for use as imaging probes 
in vitro, a cytotoxicity assay was carried out in both cancer and 
stem cells ( Figure    4  A). The concentration-dependent cytotox-
icity of the water-soluble ZAIS QDs was assessed in human 
bone marrow-derived mesenchymal stem cells (hMSCs) and 
human brain tumor cells (U87 glioblastoma cell line) for two 
days using a cell proliferation assay (MTS). The toxicity of the 
ZAIS QDs was also compared to the water-soluble CdSe/ZnS 
QDs (control sample). The ZAIS QDs showed signifi cantly 
improved biocompatibility (less cytotoxic, 95% cell viability) in 
both U87 cells and hMSCs even at high concentrations (upto 
100  μ g/mL) in comparison to the control sample (CdSe/ZnS 
QDs), which were found to noticeably cytotoxic at even low con-
centrations. The cytotoxicity of other compositions of the ZAIS 
QDs is presented in the supporting information (Figures S7 
and S8). In addition, we carried out the cytotoxicity assay of 
the ZAIS QDs in normal healthy cells (NIH-3T3 mouse fi brob-
lasts). The ZAIS QDs were found to be extremely biocompat-
ible as compared to the CdSe/ZnS QDs (Figure S9). The pro-
longed exposure of nanoparticles, especially QDs, to an oxida-
tive environment (aerial oxidation or UV-induced oxidation) has 
been known to catalyze their decomposition, thereby leading 
to the leaching of the metal ions, which is known to induce 
cytotoxic effects in cells. In order to test the cytotoxicity of our 
ZAIS QDs under an oxidative environment, we subjected the 
ZAIS QDs to high-intensity UV light to catalyze the oxidation 
© 2012 WILEY-VCH Verlag GAdv. Mater. 2012, 24, 4014–4019
process. The water-soluble ZAIS QD solutions were exposed to 
a UV-light source ( λ  em   =  365 nm, power density of 12 mW/cm 2 ) 
for 1–4 hours after which they were incubated with U87 cells. 
It was found that even after 4h of UV-induced photo-oxidation, 
the ZAIS QDs were not toxic to the cells ( > 85% viability, Figure 
S10) which is in stark contrast to the photo-toxicity of CdSe/ZnS 
QDs reported previously. For our cellular imaging experiment, 
Figure  4 B shows the internalization of the water-soluble ZAIS 
QDs (with 606 nm emission) in human MSCs. The QDs were 
primarily found to be present in the cytoplasm of the hMSCs 
with a few QDs being found in the nucleus of the cells. Further-
more, fl uorescent microscopy images of U87 cells (Figure  4 C) 
and hMSCs (Figure  4 D) incubated with the water soluble 
ZAIS-QDs proved that the QDs showed strong fl uorescence 
even when inside the cells. Collectively, our ZAIS-QDs showed 
excellent biocompatibility (non-toxic) and these results can be 
extended to their wide use in cellular imaging and delivery 
applications, especially for stem cells, which are known to be 
extremely sensitive towards nanomaterials.  

 Having demonstrated the potential of our ZAIS QDs as non-
toxic fl uorescent imaging probes, we evaluated their ability 
to be used as vehicles for the effi cient delivery and tracking 
of siRNA in vitro. In the past decade, there has been a con-
siderable interest in the development of nanomaterial-based 
siRNA and gene delivery methods for controlling cell fate and 
behavior. [  11  ]  RNA interference (RNAi) involves the use of small 
interfering RNAs (siRNAs) to selectively mediate the cleavage 
of complementary mRNA sequences and thus regulate target 
4017wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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     Figure  5 .     In vitro testing of the ZAIS-QD-siEGFP cell uptake and silencing effi ciency in stably transfected U87-EGFP glioblastoma cells. A) Control U87-
EGFP cells with PEI-coated ZAIS-QD; A1) represents the phase contrast image, and A2) is the corresponding fl uorescence image. B) EGFP knockdown 
using the ZAIS QD-siRNA constructs; B1) Phase contrast image showing the the viability of U87-EGFP cells has not changed appreciably after the 
transfection of the ZAIS QD-siRNA constructs as compared to the control cells in (A). B2) Fluorescence image clearly shows the knockdown of EGFP 
in cells which have internalized the siRNA-QDs (red) after 72 h. The red fl uorescence from the ZAIS QDs correlates well with the loss of the green 
fl uorescence in cells (indicated by yellow arrows). Scale bar is 50  μ m.  
gene expression. In combination with other modalities like 
small molecules and peptides, RNAi could prove to be a pow-
erful tool to manipulate the cellular microenvironments. [  11b  ]  In 
this context, the use of QDs as a multimodal delivery vehicle 
becomes a promising choice, thereby allowing for the effi cient 
delivery of siRNA and real-time tracking of the siRNA-mediated 
gene knockdown. [  2c  ]  As a proof-of-concept experiment, we used 
a brain tumor cell line (U87) which was genetically labeled 
to express the green fl uorescent protein (GFP). In order to 
deliver the siRNA to target brain tumor cells expressing EGFP 
(U87-EGFP), the MPA-coated ZAIS QDs were conjugated 
to the siRNA (against the EGFP gene) using polyethylene-
imine (PEI) as a cationic polymer via a layer-by-layer approach 
(Figure  1 B). [  12  ]  The effi ciency of the PEI coating and siRNA con-
jugation was monitored using zeta potential (Figure S11). The 
decrease in the green fl uorescence due to the siRNA-mediated 
knockdown of the EGFP gene using our ZAIS QD-siRNA con-
structs was then monitored ( Figure    5  ) in order to to assess the 
transfection effi ciency and RNA interference (RNAi) activity. It 
was found that the ZAIS QD-siRNA constructs were effi ciently 
taken up by cells as evident by the intracellular red fl uorescence 
of the QDs. In addition, the QD localization correlated well 
with the decrease of the green fl uorescence ( ∼ 80% after 3 days 
of transfection) resulting from the siRNA-mediated knockdown 
of the EGFP mRNA. These results show the ability of our ZAIS 
QDs to effi ciently translocate siRNA into the cells and achieve 
gene knockdown in vitro. With further surface modifi cations 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
using targeting ligands (RGD or TAT peptides and antibodies) 
and bifunctional linkers (cleavable linkers or covalent linkers), 
the ZAIS QDs could be used for the targeted delivery of siRNA 
to cancer/stem cells and for the real-time monitoring of its 
delivery in an effi cient manner. In addition, the presence of 
a library of multicolored QDs obtained via our sonochemical 
approach, would allow the for multiplexed imaging of trans-
planted cell populations in vivo (i.e., tracking different cell 
populations with different QDs using different emission wave-
lengths at the same time).  

 In summary, we successfully demonstrated the preparation 
of Zn x S-Ag y In 1-y S 2  (ZAIS) QDs using a facile sonochemical syn-
thetic method. The physicochemical and bio-relevant properties 
of the resulting QDs can be easily tuned over the entire visible 
spectrum by varying the chemical composition of the precur-
sors. We also demonstrated that our ZAIS QDs can exhibit 
excellent biocompatibility for the effi cient delivery of siRNA and 
simultaneous imaging/tracking of the same in cancer cells (and 
stem cells) with negligible QD-induced cytotoxicity. While the 
ZAIS QDs show great potential for the imaging and delivery of 
siRNA in vitro, a more thorough investigation of their long-term 
cytotoxicity is needed before they can be used in vivo. Efforts in 
this direction are underway. Overall, the ease of the synthesis 
of the ZAIS QDs, their excellent cyto-compatibility, and their 
versatility as multiplexed imaging agents provides an attrac-
tive alternative over conventional QD-based molecular imaging 
probes and siRNA delivery vehicles. The above methodology 
mbH & Co. KGaA, Weinheim Adv. Mater. 2012, 24, 4014–4019
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could be potentially extended to synthesize libraries of various 
types of nanoparticles (magnetic nanoparticles and upcon-
verting near-IR fl uorescent nanoparticles), thereby allowing for 
rapid screening of the nanomaterials for biomedical applica-
tions such as drug delivery and cellular labeling.  

 Experimental Section 
  Synthesis of Precursor Complexes : An aqueous solution of sodium 

diethyldithiocarbamate (0.05  M , 5.0 mL) was mixed with an aqueous 
solution containing appropriate amounts of AgNO 3 , In(NO 3 ) 3  · xH 2 O 
and Zn(NO 3 ) 2  · 6H 2 O in order to get the required mole ratios (total 
concentration of the metal ions was 0.025  M ). The solution was allowed 
to stir for 5 minutes after which it was fi ltered using a buchhner funnel, 
washed several times with distilled water and MeOH and fi nally dried 
in a convection oven at 60 deg C overnight to obtain the precursor as 
a dried powder. Several precursor powders were synthesized by varying 
the mole ratios of the metal salts. 

  Sonochemical Synthesis of Dodecylamine-Capped ZnS-AgInS 2  Quantum 
Dots : The precursor complex (0.1 g) and dodecylamine (10.0 mL) 
were put into a 20 mL vial and sonicated using a tip probe-based high 
frequency sonicator (Branson) for 5 minutes in an air-atmosphere. 
The resulting suspension was allowed to sit at room temperature for 
two minutes after which 5.0 mL of chloroform (5.0 mL) and MeOH 
(5.0 mL) were added to it and centrifuged at 4000 rpm. The supernatant 
containing the ZAIS QDs was collected and equal amount of MeOH 
was added to it in order to isolate the nanoparticles. The obtained 
ZAIS QDs were then resuspended in chloroform for absorbance and 
photoluminescence measurements. 

  Surface Modifi cation of ZAIS-QDs with 3-Mercaptopropionic Acid 
(MPA) : The dodecylamine-capped ZAIS QDs were subjected to a ligand 
exchange reaction using 3-mercaptopropionic acid (MPA) according to 
a previously reported protocol. [  9  ]  Briefl y, a 3.0 mL ethanolic solution of 
MPA (0.2  M ) and KOH (0.3  M ) was added dropwise to an equal amount 
of the dodecylamine-capped ZAIS QD solution in chloroform. The turbid 
solution was stirred for 3h at room temperature followed by centrifugation 
at 4000 rpm. The wet precipitate of the MPA-coated ZAIS QDs was 
washed with EtOH and redissolved in phosphate-buffered saline (PBS). 
The water soluble MPA-coated ZAIS QDs were stable in buffer solution 
with no signifi cant change in absorption and photoluminescence for 
upto 2 months, when stored at ambient conditions. 

  Culture of Human U87 Glioblastoma Cells, NIH-3T3 Mouse Fibroblasts 
and Human Mesenchymal Stem Cells : The EGFRvIII overexpressed U87 
glioblastoma cells (U87) and human mesenchymal stem cells (hMSCs) 
were cultured using previously reported methods. For U87-EGFRvIII 
cells, DMEM with high glucose, 10% fetal bovine serum (FBS, Gemini 
Bioproducts), 1% Streptomycin-penicillin and 1% Glutamax (Invitrogen, 
Carlsbad, CA) were used as basic components of growth media including 
Hygromycin (30  μ g/mL, Invitrogen) as a selection marker. Human 
bone marrow-derived MSCs (Lonza, Walkerville) were cultured in the 
conditioned media (Lonza, Walkerville) according to manufacturer’s 
recommendations. For the NIH-3T3 mouse fi broblasts, DMEM (with 
high glucose) supplemented with 10% fetal calf serum (FCS, Gemini 
Bioproducts), 1% Streptomycin-penicillin and 1% Glutamax was used as 
the growth medium. All cells were maintained at 37  o C in humidifi ed 5% 
CO 2  atmosphere.   

 Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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