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Abstract

Background: The inherent toxicity of unmodified Quantum Dots (QDs) is a major hindrance to their use in
biological applications. To make them more potent as neuroprosthetic and neurotherapeutic agents, thioglycolic
acid (TGA) capped CdTe QDs, were coated with a gelatine layer and investigated in this study with differentiated
pheochromocytoma 12 (PC12) cells. The QD - cell interactions were investigated after incubation periods of up to
17 days by MTT and APOTOX-Glo Triplex assays along with using confocal microscopy.

Results: Long term exposure (up to 17 days) to gelatinated TGA-capped CdTe QDs of PC12 cells in the course of
differentiation and after neurites were grown resulted in dramatically reduced cytotoxicity compared to non-
gelatinated TGA-capped CdTe QDs.

Conclusion: The toxicity mechanism of QDs was identified as caspase-mediated apoptosis as a result of cadmium
leaking from the core of QDs. It was therefore concluded that the gelatine capping on the surface of QDs acts as a
barrier towards the leaking of toxic ions from the core QDs in the long term (up to 17 days).
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Background
Quantum Dots (QDs) represent an attractive diagnostic
and therapeutic tool, however they possess the major
disadvantage of being inherently cytotoxic, due to their
cadmium components [1,2]. Cellular interaction with
QDs is dependent on a variety of physicochemical para-
meters, including size, chemical composition, surface
structure, solubility, shape and aggregation; all of which
can influence or modify cellular uptake [3]. There is an
inverse relationship between the size of QDs and their
number of surface atoms or molecules that determines
the material reactivity, which is the key to defining the
chemical and biological properties of QDs [3,4]. The
small size of QDs also gives them the ability to traverse
cell membranes and possibly the blood-brain barrier,
which cannot be achieved using conventional dyes,

making their use as therapeutic tools an intriguing pos-
sibility. The size of QDs is fundamental to their cellular
interaction and has to be considered while studying
their toxicity and distribution in various cell compart-
ments [5]. When coated with certain biocompatible
polymers, QDs have been shown to be far less toxic to
cells and living organisms in the short term [6]. A fun-
damental problem of QDs is that of aggregation and
accumulation, which are particularly prevalent upon
entrapment in organelles such as vesicles, endosomes
and lysosomes inside living cells [7-9]. However, little
information is known about the interactions of QDs
with intracellular proteins and transportation methods
of QDs inside living cells [10]. Even cell-penetrating
peptides such as poly-arginine and TAT, when conju-
gated with QDs, still become trapped within vesicles
and endosomes, therefore inhibiting their use as mole-
cular diagnostic and therapeutic targeting tools [11,12].
Notably, accumulation of QDs over longer exposure
periods of 8-24 hours results in a degradation of their
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coatings, leading to a leakage of their toxic core particles
or ions [8,13]. This core leakage has been shown to
initiate the formation of reactive oxygen species (ROS),
which are the key mediators in cell organelle damage
and destruction. The high surface area to volume ratio
of the QDs also lends itself to enhanced numbers of
ROS sites [3]. Overload of Cd2+ and ROS in the mito-
chondria leads to permeability of the inner mitochon-
drial membrane. Cytochrome c is then released from
mitochondrial intermembrane space which then acti-
vates the downstream caspases 9 and 3, finally causing
cell death by apoptosis [2,14-17].
There has been significant advancement and progress

in biological imaging, especially using fluorescent semi-
conductor nano-crystals due to their resistance to
photo-bleaching [18-20]. This has paved the way for the
development of medical diagnostics and drug delivery
tools utilising QDs. One of the most important criteria
for the future development of QDs as efficient cellular
delivery, labelling and targeting agents is that their intra-
cellular uptake depends on the selective detection of one
molecule, or a small number of molecules. The QD
probes must be able to selectively access various sub-
cellular compartments which need to be targeted in
order to understand the dynamics of cellular organisa-
tion without causing a cytotoxic effect during the time
period required [21].
Currently, methods to access single molecule proper-

ties in living cells are limited due to the size of the
probe or photo-bleaching of fluorescent biomarkers.
QDs have great potential as fluorescent probes thanks
to their sizes, which can range from approximately 2 to
5 nm and their enhanced photo-stability, whereby signal
detection is not diminished even after exposure to the
acidic cell environment [22].
Previously, we have investigated the cytotoxicity of

QDs by analyzing the outcome of co-incubating a range
of concentrations of various types of QDs with non-dif-
ferentiated PC12 cells [23]. In this paper, we have stu-
died the long-term cytotoxicity and localisation of
gelatinated (gel) and non-gelatinated (non-gel) QDs of
various sizes in differentiated PC12 cells. When treated
with nerve growth factor (NGF), PC12 cells become dif-
ferentiated and have functional properties enabling them
to behave in a manner similar to neuronal cells [24].
Their phenotype may not be similar to primary nerve
cells as their origin is from tumour cells, however, in
the presence of NGF, they have the ability to produce
neurites, synthesize neurotransmitters and receptors and
exhibit the electrical activity, which are characteristic of
neurons [25]. Although some cytotoxicity studies of
QDs have been carried out with PC12 cells [26,27], in
this study we clearly analyze the viability, cytotoxicity
and apoptosis at different time periods and discuss the

effect of exposure of QDs on PC12 cells before and
after the neurites were grown. The apoptotic process
involved in the cell death, as well as the intrinsic beha-
viour of QDs upon uptake by the cells is also analyzed.

Results
Our aim was to analyze the effect of CdTe QDs on cell
behaviour and morphology and to investigate any altera-
tions of cell proliferation, cytotoxicity, viability and
apoptosis using pre-determined assays. PC12 cells were
exposed to QDs over extended co-incubation periods
before and after the formation of neurites. Stock solu-
tions of gel and non-gel QDs (10-4 M) [28] were diluted
to 10-9 M and incubated with the cells as described in
the experimental section.

1. Characterisation of CdTe QDs
All types of QDs used in this study were fully charac-
terised prior to their biological testing. UV-Visible
absorption spectroscopy and photoluminescence emis-
sion spectroscopy provided information on their exciton
band, core diameter, emission wavelength and quantum
efficiency. These properties are summarized in Table 1
for all four types of QDs. Due to the presence of car-
boxylic groups on the surface of the particles, they were
negatively charged and stable in basic pH solutions.

2. Uptake of QDs and their effect on cell morphology of
differentiated PC12 cells
Confocal images were taken to visually inspect QD
uptake, localisation and cell morphology following expo-
sure to QDs before and after the differentiation of PC12
cells (Figures 1, 2 and 3).
As seen in Figure 1, the QDs were found to be located

within the cytoplasm of differentiated PC12 cells in all
the images. The cells exposed to gel QDs (red and
orange) (panels A and C respectively) exhibited a similar
morphology and neurite growth to the control (no treat-
ment of QDs) in panel E. The cells exposed to non-gel
QDs (panels B and D respectively) appeared rounded
with partial inhibition of neurite growth (red non-gel)
or no neurite growth (orange non-gel). Cell morphology
changes are attributed to the absence of the protective
gelatinated shell. These cellular morphologies indicated
that the presence of gelatine provides a protective sur-
face coating for the QDs and prevents the initiation of
deleterious effects on the morphology and cellular activ-
ity of differentiated PC12 cells.
In Figure 2, the nucleus was stained with DAPI (blue)

and the cytoplasm was actin stained (green). The gel
QDs (red luminescence) in panel A are visible predomi-
nantly in the cytoplasm and their presence, even after
17 days of co-incubation, did not seem to significantly
perturb the cells. The QDs were also parsimoniously
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distributed in the neurites. The cell morphology did not
change compared to the controls in panel B.
Figure 3 shows the overlaid differential interference

contrast (DIC) images with corresponding fluorescent
images of the differentiated PC12 cells treated with
NGF for 6 days prior to exposure to 10-9 M concentra-
tions of the QDs. Red gel QDs are shown in panel A,
red non-gel QDs in panel B, orange gel QDs in panel C
and orange non-gel QDs in panel D following 7 days of
co-incubation. The QDs were found to be located within
the cytoplasm of differentiated PC12 cells in all the
images. The cells exposed to red and orange gel QDs
(panels A and C respectively) showed similar morphol-
ogy and neurite growth compared to the control (no
treatment of QDs) in panel E. There was evidence of
slight neurite degeneration in the cells exposed to
orange gel QDs more so than in the cells exposed to
red gel QDs, illustrating that the red gel QDs are more
cyto-protective than the orange gel QDs. The cells
exposed to red non-gel and orange non-gel QDs (panels
B and D respectively) appeared rounded with partial
degeneration and full degeneration (fragmentation) of
neurites respectively, which suggests that orange non-gel
QDs are more cytotoxic than red non-gel QDs which is
expected due to the enhanced cytotoxicity of the smaller
orange QDs relative to their larger red counterparts.
These initial observations using confocal microscopy

illustrate the effect of exposure of QDs before and after
the differentiation of PC12 cells on cell survival and
morphology. In order to further investigate the cell
behaviour, several assays were used to study the effect
on cell proliferation, cytotoxicity, viability and apoptosis.

3. Effect of QDs on cellular activity of differentiated PC12
cells
Results were analysed using a one-way ANOVA analysis
by Tukey’s mean comparison, where results with a p-
value of less than 0.05 were reported as statistically sig-
nificant and their occurrence can be deemed to be due
to interactions in the system under investigation and
chance variation can be eliminated. MTT (cell prolifera-
tion) and APOTOX Triplex (cytotoxicity, viability and
apoptosis) assays were run to analyze the effect of

different QD types and size following exposure of QDs
before and after the differentiation of PC12 cells.
MTT Assay
The graph in Figure 4 depicts the results of an MTT
assay for PC12 cells treated with NGF and exposed to
QDs after periods of 10 and 16 days. After 10 and 16
days, the proliferation of cells exposed to red gel QDs
was the same as the positive controls whereas the prolif-
eration of cells exposed to smaller (orange) gel QDs was
significantly reduced. This clearly showed that smaller
orange gel QDs are significantly more toxic than larger
red gel QDs towards differentiated PC12 cells. Similarly,
smaller orange non-gel QDs appeared to be significantly
more cytotoxic than larger red non-gel QDs as co-incu-
bation periods were prolonged. Overall, gel QDs were
found to be less cytotoxic than their non-gel counter-
parts. The absorption of MTT, and therefore cell prolif-
eration, further decreased when the co-incubation time
was extended up to 16 days. Even after prolonged expo-
sure time, smaller QDs had a higher adverse effect on
cell proliferation compared to their larger counterparts.
As observed from the results displayed above, the gela-
tine layer on the surface of the gel QDs regardless of
size proved to effectively reduce their cytotoxicity. This
suggests that cell toxicity of QDs is due to the leakage
of cadmium ions or from reactive oxygen species as we
discussed in our previous paper with non-differentiated
PC12 cells [23].
ApoTox-Glo™Triplex Assay
The graph in Figure 5 depicts the results of an APO-
TOX- Glo Triplex assay showing the cytotoxicity of
PC12 cells treated with NGF and exposed to red and
orange QDs of gel and non-gel types along with con-
trols. The cells were also similarly treated after the neur-
ites were grown for 10 days. After periods of 7, 12 and
17 days, the cytotoxicity of red gel QDs was comparable
to the untreated cell controls but in the case of smaller
gel QDs the cytotoxicity increased significantly. This
clearly showed that smaller orange gel QDs are signifi-
cantly more toxic than the larger red gel QDs. The
smaller orange non-gel QDs also exhibited significantly
higher cytotoxicity than the larger red non-gel QDs as
co-incubation periods were prolonged, and non-gel QDs

Table 1 Characteristics of QDs

QD type Surface Absorbance peak
(nm)

PL emission peak
(nm)

Quantum
Yield

Size(nm) (+/-
0.1)

Hydrodynamic diameter
(nm)

Zeta potential
(mV)

Red non-gel TGA 586 608 30% 4.7 11.7 -30

Orange non-
gel

TGA 515 546 23% 2.4 3.6 -27

Red gel TGA-
gelatine

579 610 34% 4.5 14.3 -29

Orange gel TGA-
gelatine

522 550 29% 2.6 5.3 -42
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were more cytotoxic than gel ones. Cytotoxicity levels
increased as the co-incubation periods were prolonged
up to 17 days. Gel and non-gel QDs exhibited the same
trend with regards to the impact of particle size on cyto-
toxicity, with the smaller ones being the more toxic.

Furthermore, the cells exposed to non-gel QDs were
found to be more affected than those exposed to gel
QDs. We found the same trend of cytotoxicity after
neurites were grown for 10 days prior to QD exposure.
This shows that there is absolutely no inhibition of

Figure 1 Live confocal images. Differential interference contrast (DIC) images of differentiated PC12 cells with overlaid corresponding
fluorescent confocal images exposed to 10-9 M concentrations of QDs showing red gel QDs in (A), red non-gel QDs in (B), orange gel QDs in
(C), orange non-gel QDs in (D) and the control in (E) without exposure to QDs following 14 days of co-incubation [scale bar = 100 μm].
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cellular interactions with QDs after the cells were grown
with neurites.
The graph in Figure 6 depicts the results of an APO-

TOX Triplex assay showing the viability of PC12 cells
treated with NGF and exposed to red and orange QDs
of gel and non-gel types along with controls and the via-
bility of cells treated with red and orange QDs of gel
and non-gel types after neurites had been grown for 10
days. After periods of 7, 12 and 17 days, the viability of
cells exposed to red gel QDs was the same as that of
untreated control cells, however the viability of cells
exposed to the smaller orange gel QDs decreased signifi-
cantly. Similar to previous assays, cells exposed to the
smaller orange QDs were significantly less viable than
cells exposed to the larger red QDs (both gel and non-
gel) as co-incubation periods were prolonged. Viability
levels decreased as the co-incubation periods were pro-
longed up to 17 days, and retained the same trend with
regards to gel/non-gel and size influence. The cells
exposed to gel QDs were found to be more viable than
the ones exposed to non-gel QDs and were equally
viable as untreated controls (negative controls). We
found the same trend of cellular viability after neurites
were grown for 10 days and cells were subsequently
treated with QDs. This also shows that there is abso-
lutely no inhibition of cellular interactions with gel QDs
after the cells were grown with neurites.
The graph in Figure 7 depicts the results of an APO-

TOX Triplex assay showing the apoptosis of PC12 cells
treated with NGF and exposed to red and orange QDs
of gel and non-gel types along with controls and also
the apoptosis of cells which were treated with red and
orange gel and non-gel QD types after neurites had
been grown for 10 days. After periods of 7, 12 and 17

days, the apoptotic activity of cells exposed to red gel
QDs was the same as that of untreated control cells,
whereas the apoptotic activity of cells exposed to smaller
orange gel QDs had significantly increased. This illu-
strated that smaller orange QDs were significantly more
cytotoxic than the larger red QDs for both gel and non-
gel QDs as co-incubation periods were prolonged. Over-
all, non-gel QDs induced more apoptosis than gel QDs.
Apoptotic activity levels increased with both gel and
non-gel QDs as the co-incubation periods were pro-
longed up to 17 days and retained the same trend with
regards to gel/non-gel and size influence. The cells
exposed to non-gel QDs were found to undergo more
cell death than the cells exposed to gel QDs. We found
the same trend of cell death after neurites were grown
for 10 days and subsequent treatment of the cells with
QDs. This shows that there is absolutely no inhibition
of cellular interactions with gel QDs after the cells were
grown with neurites.

Discussion
The present study is aimed at defining the effect of gela-
tinated CdTe QDs on differentiated PC12 cells. The cel-
lular uptake of QDs is mediated by proteins such as
clathrins, which are coated to membrane vesicles on the
cell surface at the entry [29-31]. Non-specific binding
occurred less frequently for PC12 cells [32] when com-
pared to other cells like neuroblastoma cells as studied
by Gomez et al. [33].
Confocal microscopy has been used to identify the

localisation of the particles after cellular uptake, as
shown in Figure 1 and 2. Similarly to previously
reported non-differentiated PC12 cells [23], gel QDs
were mostly found in the cytoplasm, which became

Figure 2 Stained confocal images. Overlaid fluorescent confocal images illustrating the morphology of the actin stained differentiated PC12
cells exposed to the red gel QDs (A) and differentiated PC12 cells without exposure to QDs as a control (B) following 17 days of co-incubation
[Scale bar = 10 μm].
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largely illuminated. This may be easily explained by the
nature of the nanoparticles. The TGA-capped CdTe
QDs used in this study were negatively charged thanks
to the de-protonated carboxylic groups of the TGA

molecules and they exhibit an average zeta potential of
-40 mV. It has been shown in previous studies that
negatively charged QDs have a strong tropism to core
histones and histone-rich cell organelles [10]. This

Figure 3 Live confocal images. Differential interference contrast (DIC) images of differentiated PC12 cells with overlaid corresponding
fluorescent confocal images treated with NGF for 6 days prior to exposure to 10-9 M concentrations of QDs showing red gel QDs in (A), red
non-gel QDs in (B), orange gel QDs in (C), orange non-gel QDs in (D) and control in (E) without exposure to QDs following 7 days of co-
incubation [scale bar = 100 μm].
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research suggested that the surface charge of these
nanoparticles may ultimately determine their cellular
uptake and therefore their location within the cell. It
has been suggested that the negatively charged QDs are
drawn towards the nucleus due to molecular interac-
tions with positively charged histones. This may explain

why the majority of TGA-capped CdTe QDs reside in
the cytoplasm [5], surrounding the nucleus as opposed
to the neurites.
Macromolecules, such as proteins and RNA, responsi-

ble for genome structure and function must be trans-
ported by selective, energy-dependent mechanisms from

Figure 4 Proliferation assay. Graph of MTT assay after 10 and 16 days showing the rate of proliferation of differentiated PC12 cells after
exposure to concentrations [10-9 M] of the gel and non-gel QDs. Positive control shows differentiated PC12 cells without exposure to QDs; the
graph also shows differentiated PC12 cells which were exposed with red and orange QDs of gel and non-gel types after neurites were grown
for 10 days. Symbols * and ¤ denote examples of statistical significance in comparison with positive controls using a one-way ANOVA (P < 0.05)
by Tukey’s mean comparison.

Figure 5 Cytotoxicity assay. Graph of APOTOX GLO Triplex assay showing the cytotoxicity of differentiated PC12 cells after 7, 12 and 17 days
treated with red and orange QDs of gel and non-gel types along with controls. The cells were also treated with red and orange QDs of gel and
non-gel types and neurites were subsequently grown for 10 days. Symbols *, § and ¤ denote examples of statistical significance in comparison
with untreated cell controls using a one-way ANOVA (P < 0.05) by Tukey’s mean comparison.
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the cytoplasm to the nucleus. The karyopherin family of
proteins maintain this process of selective import and
export into the nucleus and cytoplasm. The nuclear
localisation signals, nuclear transport receptors and the
proteins in the nuclear pore complex ensure that no
unwanted molecules are transported into the nucleus
[34]. This selective transport system could be the reason

why QDs are not localised within the nucleus. A second
reason why QDs seem to localise only in the cytoplasm
could be due to entrapment within cell organelles such
as endosomes, lysosomes and vesicles. However, exami-
nation of images of differentiated PC12 cells (Figures 1
and 2), shows some localisation of QDs within the neur-
ites. This would mean that not all the QDs are

Figure 6 Viability assay. Graph of APOTOX GLO Triplex assay showing the viability of differentiated PC12 cells after 7, 12 and 17 days treated
with red and orange QDs of gel and non-gel types along with controls. The cells were also treated with red and orange QDs of gel and non-
gel types and neurites were subsequently grown for 10 days. Symbols *, § and ¤ denote examples of statistical significance in comparison with
untreated cell controls using a one-way ANOVA (P < 0.05) by Tukey’s mean comparison.

Figure 7 Apoptosis assay. Graph of APOTOX GLO Triplex assay showing the apoptosis of differentiated PC12 cells after 7, 12 and 17 days
treated with red and orange QDs of gel and non-gel types along with controls. The cells were also treated with red and orange QDs of gel and
non-gel types and neurites were subsequently grown for 10 days. Symbols *, § and ¤ denote examples of statistical significance in comparison
with untreated cell controls using a one-way ANOVA (P < 0.05) by Tukey’s mean comparison.
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accumulated within these cell organelles, but still are
not observed within the nucleus [12,31].
Figure 3 displays a comparison of the morphological

changes induced by exposure of cells to QDs of different
sizes and structure. The degeneration of neurites obser-
vable mostly in the case of non-gel QDs was attributed
to neuronal cell death and direct axonal toxicity, as evi-
denced by the study of Sanjeev Kumar Mahto et al.,
with differentiated PC12 cells inside microfluidic devices
[26]. Another study also showed that the degeneration
of neurites was due to autophagosomes or lysosomes
produced in the cell cytoplasm and in the neurites,
which traverse in both anterograde and retrograde
directions to destroy the already impaired mitochondria
due to the toxicity of QDs [35].
Although observation of the cell morphology gave a

rather clear idea of the trend in cytotoxicity among the
different types of QDs, quantitative assays of the meta-
bolic activity could provide a better understanding of
the mechanisms involved. The MTT proliferation assay
was designed to probe the activity of reductase enzymes
as a measure of cell viability and proliferation. The
results shown in Figure 4 indicated that gel QDs (both
red and orange) did not significantly affect cell prolifera-
tion as compared to untreated control cell cultures.
Non-gel QDs, however, caused a reduction of about
50% in cell proliferation. Interestingly, whether the cell
differentiation occurred simultaneously or prior to QD
treatment did not change the outcome of the assay. The
MTT assay correlated well with the viability part of the
APOTOX GLO Triplex assay (Figure 6), although the
latter gave more subtle results, showing a discrepancy
between red and orange QDs. This assay essentially
assessed the cell membrane integrity and is therefore
more sensitive than MTT which measures the enzyme
level. Orange QDs are smaller in size and appeared to
be slightly more cytotoxic then their larger red counter-
parts. It was previously reported by Lovric et al. [5] that
QD cytotoxicity was inversely related to their size due
to the fact that smaller particles may enter cells more
readily thus interfering to a higher degree with the cell
machinery. As expected, the cytotoxicity part of the
APOTOX GLO Triplex assay produced similar results
(Figure 5); gel QDs appeared to be much less cytotoxic
than non-gel QDs, and orange (smaller) ones were more
cytotoxic than red (larger) ones.
A recent study on the toxicity of QDs with PC12 cells

has shown involvement of reactive oxygen species (ROS)
[5] and the most common pathways involved in relation
to toxicity of QDs with ROS has been discussed pre-
viously [23]. In the cell, mitochondria are cellular fac-
tories for the production of Adenosine Triphosphate
(ATP) and are also a prime source of ROS production.
In addition, they help to regulate the cytoplasmic

calcium levels, pH and apoptosis. Abnormally increased
levels of ROS (oxidative stress) during ischemia make it
difficult for the neuronal cells to survive due to over-
whelming multiple buffering mechanisms of ROS [15].
Oxidative stress is a state in which glutathione (GSH) is
depleted with accumulation of oxidized glutathione
(GSSG) [3,36]. Lower levels of ROS are easily neutra-
lized by generation of GSH and antioxidant enzymes.
Protective or injury responses in the cells are character-
ized by the drop in GSH/GSSG ratio [3,36-39]. At lower
oxidative stress, cellular redox hemostasis occurs, inter-
mediate oxidative stress leads to inflammation and
higher oxidative stress leads to cytotoxicity which finally
leads to apoptosis [3,36].
Apoptosis is one form of cell death which involves the

cell death machinery, Caspase-9, Apaf-1 and Cyto-
chrome c. Chromatin margination along the nuclear
membrane, nuclear condensation, budding and fragmen-
tation are some of the features of apoptosis which can
be seen in the cell morphology. DNA fragmentation,
which is one of the hallmarks of apoptosis is thought to
be induced by cadmium. Cadmium toxicity is thought
to affect the cells by the production of ROS and can
induce apoptosis through a mitochondrial caspase
dependent pathway [40]. Caspases, a family of cysteine
proteases, carry out these complex biochemical events
which cause cell morphology changes. Caspases are
made up of initiator caspases such as caspases-8, -9 and
-12, whose function is to activate downstream caspases,
and executor caspases, such as caspases-3, -6 and -7,
their function being to degrade cellular protein [1,41].
In previous research on human neuroblastoma cells,

Chan et al. described the apoptotic chain of events
induced by CdSe QDs through the mitochondrial release
of cytochrome c and activation of caspase-9 and cas-
pase-3 [14]. The trigger is the intracellular degradation
of QDs, which leads to the release of free cadmium ions
(Cd+2) inside the cytoplasm. These free cadmium ions
inside the cells are responsible for the formation of
ROS, leading to oxidation of the phospholipid Cardioli-
pin, which helps in associating the cytochrome c with
inner mitochondrial membrane [42]. Due to oxidation
of cardiolipin, cytochrome c is released, an important
event in apoptotic signaling [43]. Release of cytochrome
c is also due to ROS-induced changes in the conforma-
tion of the adenine nucleotide translocase, a protein
which is involved in the formation of the mitochondrial
permeability transition pore [44], and the voltage-depen-
dent anion channel-selective permeabilization of the
mitochondrial outer membrane [45]. It is thought that
this release of Cytochrome c into the cytosol leads to
Caspase-9 activation by Cytochrome c/Apaf-1 complex.
Caspase-9 is the upstream caspase in the mitochondria-
dependent apoptosis pathway and activates Caspase-3.
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In our study, the apoptosis assay, while confirming the
general trend among the various types of QDs, provided
valuable information about the mechanisms involved in
cell death upon QD treatment (Figure 7). The assay
itself is based on the measurement of the activity of cas-
pase 3/7 as an indicator of apoptosis. Therefore it can
be concluded that QDs, in particular non-gel types,
cause cell death via cadmium-induced mitochondrial
release of cytochrome c and activation of caspase-3
leading to apoptosis [41].
Long term exposure (up to 17 days) of PC12 cells to

QDs both before and after undergoing differentiation
displayed dramatic differences between non-gel and gel
QDs. While the former exhibited a dramatic increase in
cytototoxicity as measured by MTT and APOTOX GLO
Triplex assays (Figures 4 to 7), the latter remained at a
comparable level of toxicity as after 7 and 12 days of
incubation. It was therefore concluded that the gelatine
coating durably stabilized the QDs and created virtually
no interference with cell functions over significant peri-
ods of time.
The results presented here are consistent with our

previously published findings on non-differentiated
PC12 cells [23]. Differentiated PC12 cells mimic neuro-
nal cells behaviour, thus providing a model for QD
interaction with neurons. The accumulation of nanopar-
ticles in neurites was minor compared to the rest of the
cytoplasm and did not appear to disturb the cell func-
tions any further, even over extended periods of time
(up to 17 days). In addition, we found that QDs did not
affect differentiation itself, as proved by the growth of
neurites in their presence.

Conclusion
There is clear evidence from MTT and APOTOX-Glo
Triplex assay (Cytotoxicity, Viability and Apoptosis) and
also from microscopic images that the gelatine-coating
helps to reduce the toxicity of CdTe QDs and assists in
protecting the cells themselves. This was observed indis-
criminately when neurites were grown prior to or after
exposure to QDs. The difference in toxicity and result-
ing cell death between the orange and red gel QDs is
due to the smaller size of the orange QDs. By prevent-
ing leakage of cadmium ions from the QD core and pro-
viding a biocompatible interface, the gelatine coating
helps to delay caspase activation events that eventually
lead to apoptosis. Gel QDs were shown neither to inhi-
bit cell differentiation nor to be any more cytotoxic
towards neuron-like differentiated cells than non-differ-
entiated ones. This provided a good indication that
these particles can remain in healthy and sensitive tissue
for several days (up to 17 days) without damaging it,
which opens applications in diagnostics and targeted
drug delivery. This is an important starting point that

can be used for development of other non-toxic nano-
particle-gelatine composites, which might have a range
of potential biomedical applications such as controlled
drug delivery, in vivo and in vitro diagnostics and antic-
ancer therapy.

Materials and methods
Chemicals and Reagents
PC12 cells (cell line derived from a pheochromocytoma
of the rat adrenal medulla) were used for this study.
Dulbecco’s Modification of Eagle Medium (DMEM)
(Sigma-Aldrich) supplemented with 10% heat inactivated
horse serum, 5% fetal bovine serum, 1% penicillin-strep-
tomycin and Trypsin-EDTA solution and all chemicals
for QD synthesis were purchased from Sigma-Aldrich.
Al2Te3 was purchased from Cerac Inc. Mouse Nerve
Growth Factor (mNGF 2.5S Grade 2) was purchased
from Alomone labs. MTT assay to measure cell prolif-
eration, MTT Reagent and stop solution was kindly
received from Dr. Afshin Samali Group of NCBES, NUI
Galway. APOTOX-Glo™ Triplex assay kit to measure
cytotoxicity, viability and apoptosis was purchased from
Promega Corporation. Permonax four-well chamber
slide (Lab-Tek, Nalgene Nunc International), Phalloidin-
FITC (Sigma-Aldrich), DAPI (Vector Laboratories), 96-
well flat tissue culture plates were purchased from
Sarstedt.

Quantum Dot Synthesis
Note: all values denoted are initial concentrations and
synthesis follows previously published procedures
[46,47]. Millipore water (150 ml) was degassed by bub-
bling argon through it for approximately 1 hour. Cd
(ClO4)2•6H2O and 1.3 molar equivalents of thio-glycolic
acid (TGA) stabilizer were added to the water and the
pH was adjusted to 11.2-11.3 by the addition of a 2 M
NaOH solution. For samples containing gelatine, 0.3 g
was added to the reaction mixture. H2Te gas was gener-
ated from Al2Te3 (0.25 molar equivalents as compared
to cadmium per-chlorate) via drop-wise addition of a
0.5 M H2SO4 solution and was bubbled through the
cadmium/thiol solution under a slow argon flow for
approximately 10 minutes. Note: 100% reaction and car-
ryover is assumed and cadmium is always in excess for
this experiment. The resultant, non-luminescent solu-
tion was then heated to reflux (at 130°C). Following the
reflux process, fractions were precipitated via the addi-
tion of isopropanol and were stored at 4°C. The stock
solutions were further purified on a Sephadex G25 col-
umn. A Shimadzu UV-1601 UV - Visible Spectrophot-
ometer was used to measure QD absorption while a
Varian - Cary Eclipse Fluorescence Spectrophotometer
was used to determine the fluorescence emission/photo-
luminescence (PL) spectra of QDs. Throughout the text,
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gel and non-gel refer to the presence of gelatine during
the synthesis of the QDs. Smaller QDs (~2.5 nm) are
referred to as orange QDs and larger ones (~ 4.5 nm) as
red QDs. Hydrodynamic diameters and zeta potentials
were measured on a Malvern Zetasizer Nano Series
V5.10. The concentration of samples used for these
measurements was typically corresponding to an absor-
bance around 0.2 in the plasmon band. Three measure-
ments were usually taken for each sample, each made of
10 to 20 accumulations as optimised by the machine.

Cell Culture
PC12 cells, were cultured in medium (DMEM supple-
mented with 10% heat inactivated horse serum, 5% fetal
bovine serum, 1% penicillin-streptomycin) @ 37°C and a
5% CO2 atmosphere. All the tissue culture plates and
chamber slides were treated with 0.001% Poly-L-Lysine
(PLL) for 24 hours.

Cell Staining
Cells were seeded into four-well chambers at a density of
5000 cells/cm2. After 24 hours, QDs were added (10% of
amount of Medium) to make final concentrations of 10-9

M and the cells were incubated for 17 days. Cells were
grown on 4 well Permonax Chamber slides in the pre-
sence of QDs and were washed with 1% phosphate-buf-
fered saline (BSA/PBS). Cells were fixed with 4%
paraformaldehyde for 15 minutes and then washed 3
times with PBS. Then cells were permeabilized with per-
meabilizing solution (5 min, 0°C). Actin filaments of
cytoplasm were labelled with Phalloidin FITC (Sigma-
Aldrich), at 1:50 dilution with PBS for 20 minutes and
again washed 3 times with PBS. Nuclei were labelled with
Vectashield mounting medium with DAPI to preserve
fluorescence and counterstain DNA with DAPI 1 μg/ml.

Confocal Microscopy
An LSM 510 (Carl Zeiss, Jena, Germany) Confocal Laser
Scanning microscope was used to examine QDs inside
PC12 cells and their morphology.
Cell imaging was carried out using a LSM 510

Inverted Confocal Microscope which is equipped with
the following excitation lasers: (a) Argon Laser excita-
tion wavelengths (lEx) = 458 nm, 488 nm, 514 nm, (b)
HeNe1 - lEx = 543 nm and (c) Titanium Sapphire
Tuneable Two-photon Laser tuneable from 710 nm to
1000 nm with a resulting excitation range of 355 nm to
500 nm.
All Confocal laser scanning was carried out at laser

scan speed of 7 with the Photomultiplier Tube settings
adjusted to eliminate noise and saturation with the aid
of the range indicator setting in the LSM 510 software.
For image optimisation, scan averaging was carried out
on 8 scans per image.

Sequential acquisition was used to acquire the two-
colour images of the QDs in cells. For visualisation of
the QDs, the samples were excited with the Argon 514
nm Laser and the microscope configuration was set up
to capture the emitted fluorescence at 550 nm or 600
nm as desired. Differential Interference Contrast (DIC)
or Nomarski Microscopy was used to visualise the cell
morphology, and was carried out by using the HeNe1
488 nm laser with the Transmission Channel Detector
selected and the DIC polariser and Nomarski prisms
engaged. The two images were then overlaid using the
LSM 510 software.
Sequential acquisition was also used to acquire three-

colour images. Rhodamine phalloidin was excited using
the HeNe1 543 nm laser and the emitted fluorescence
was acquired at 575 nm. DAPI stain was excited with
laser light at 390 nm (from the Two Photon laser tuned
to 780 nm) and emitted fluorescence was acquired at
458 nm. The three separate images were overlaid using
the LSM510 software to make up the three-colour
images.

MTT Assay
The yellow tetrazolium MTT (3-(4, 5-dimethylthiazolyl-
2)-2, 5 diphenyltetrazolium bromide) is reduced by
metabolically active cells, in part by the action of dehy-
drogenase enzymes, to generate reducing equivalents
such as Nicotinamide adenine dinucleotide (NADH) and
nicotinamide adenine dinucleotide phosphate (NADPH).
The resulting intracellular purple formazan can be solu-
bilized and quantified by spectrophotometry. The MTT
Cell Proliferation Assay measures the cell proliferation
rate and conversely, when metabolic events lead to
apoptosis or necrosis, the reduction in cell viability.
PC12 cells of approximately 1000/well were seeded in a
flat 96-well micro-plate (Sarstedt) as triplicates. Three
different types of controls, namely: positive, negative
and background were used throughout the study. Posi-
tive control had cells with culture medium treated with
NGF but not exposed to QDs. Negative control had
QDs without cells. Background control had culture
medium without cells. After 24 h, QDs (10% of amount
of medium) of size ~ 4.5 nm (red gel, red non-gel) and
~2.5 nm (orange gel and orange non-gel) were added to
make final concentrations of QDs to 10-9 M. After 48
hours of seeding, the cells were treated with final con-
centration of 200 ng/ml of Nerve Growth Factor (NGF)
on every second day with 200 μl of fresh medium in
each well.
After 10 days of exposure to QDs, old medium was

removed from all the wells and 100 μl of fresh medium
was added. 10 μl of MTT reagent was then added to
each well and incubated for 3 hours. To stop the reac-
tion of the assay, 100 μl of stop solution was added to
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each well. The 96-well plate was left on a shaker over-
night at a speed of 300 rpm and was then analyzed
using a Perkin Elmer Victor3TMV Wallac plate reader at
absorbance of 570 nm. This was repeated again for
another 96 well plate with incubation period of 16 days
after adding QDs [27].

ApoTox-Glo™Triplex Assay
This combines three assay chemistries to assess viability,
cytotoxicity and caspase activation events within a single
assay well. In the first part of the assay, it measures two
protease activities simultaneously; one being a marker of
cell viability and the other being a marker of cytotoxi-
city. Peptide substrate (glycylphenylalanyl-aminofluoro-
coumarin; GF-AFC) enters intact cells where it is
cleaved by the live-cell protease activity to generate a
fluorescent signal proportional to the number of living
cells. This live-cell protease becomes inactive upon loss
of cell membrane integrity and leakage into the sur-
rounding culture medium. Peptide substrate (bis-alany-
lalanyl-phenylalanyl-rhodamine 110; bis-AAF-R110) is
used to measure dead-cell protease activity, which is
released from cells that have lost membrane integrity.
Bis-AAF-R110 is not cell-permeable, so no signal from
this substrate is generated by intact, viable cells. The
live- and dead-cell proteases produce different products,
AFC and R110, which have different excitation and
emission spectra, allowing them to be detected simulta-
neously. In the second part of the assay, the Caspase-
Glo® 3/7 Reagent, added in an “add-mix-measure” for-
mat, results in cell lysis, followed by caspase cleavage of
the substrate and generation of a “glow-type” lumines-
cent signal produced by luciferase.
PC12 cells of approximately 500/well were seeded in a

flat 96-well micro-plate (Sarstedt) as triplicates. Four dif-
ferent types of controls, namely: positive, untreated,
negative and background controls were used throughout
the study. Positive control had cells with culture med-
ium treated with NGF and exposed to Staurosporine of
500 nM final concentration for 16 hours to induce
apoptosis. Control cell cultures contained cells treated
with NGF, without QDs. Optional test compound con-
trol (negative control) consisted of QDs without cells.
No-cell control (background) contained only culture
medium without cells. After 24 h, QDs (10% of amount
of medium) of size ~ 4.5 nm (red gel, red non-gel) and
~2.5 nm (orange gel and orange non-gel) were added to
make final concentrations of QDs to 10-9 M. After 48
hours of seeding, the cells were treated with final con-
centration of 200 ng/ml of Nerve Growth Factor (NGF)
on every second day with 200 μl of fresh medium in
each well [27].
After 7 days of exposure to QDs, old medium was

removed from all the wells and 100 μl of fresh medium

was added. 20 μl of Viability/Cytotoxicity reagent con-
taining both GF-AFC and bis-AAF-R110 substrates was
added to each well, and briefly mixed by orbital shaking
at 300-500 rpm for 30 seconds and then incubated at
37°C for 30-180 minutes. Fluorescence was measured at
400Ex/505Em (Viability) and 485Ex/520Em (Cytotoxicity)
by using PerSeptive Biosystems CYTOFLUOR® multi-
well plate reader series 4000. After that 100 μl of Cas-
pase-Glo 3/7 reagent was added to each well, and briefly
mixed by orbital shaking at 300-500 rpm for 30 seconds
and then incubated at room temperature for 30-180
minutes. Luminescence was measured using a Perkin
Elmer Victor3TMV Wallac plate reader by Luminiscence
(1.0 s) protocol which is proportional to the amount of
caspase activity present. This was repeated again for
another 96 well plates with incubation period of 12 and
17 days after adding QDs.

Statistical Analysis
Results of MTT assay were analysed using one-way ana-
lysis of variance (ANOVA). A r value of less than 0.05
for the ANOVA was considered significant. Error was
expressed as standard deviation.
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