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Fluorescent semiconductor nanocrystals called quantumdots (QDs) have been proposed as a prominent bio-

imaging tool due to their exceptional optical properties. Typically the core size is not greater than 10 nm, thus

QDs don't obey models successfully developed and proved on practice for large particles (40–200 nm). This

makes it difficult to predict the behaviour of such small yet reactive species in physiologicalmedia. Despite the

benefits provided by QDs, the challenge of quantifying altered intracellular components remains

complicated, and is not clearly investigated, due to interaction of nanoparticles with different cellular

compartments. The goal of this work is to investigate uptake kinetics of small green-emitting TGA-capped

CdTe QDs with diameter as small as 2.1 nm and to quantify their accumulation inside the cells over the

time by flow cytometry. The effect on RAW264.7 monocyte–macrophage cell function and viability also

was studied, as monocytes play an important role in innate immunity. The optimal parameters (QD

concentration, exposure time, cell activation status) were found; the tested nanoparticles are proven to be

applied in short-term assays due to their quick ingestion and accumulation.
1. Introduction

Nano-sized particles of well-known bulk materials (such as silica,
carbon, titanium dioxide, etc.) have enabled many unique possi-
bilities in different technologies and disrupted existing technolo-
gies. Engineered nanoparticles are poised to make key impacts in
many biological and medical applications, like controllable drug
delivery and release systems,1–4 gene diagnostics, and bio-
imaging.5 The question of how these developments can be applied
safely in humans remains open. Fluorescent nanocrystals made of
semiconductor compounds are called QuantumDots (QDs). These
nanomaterials were rst synthesized and named by M. Reed in
1985.6 Since that time various uses of QDs have been developed
including their applications in photonics, energy harvesting and
bio-imaging. Unlike organic uorochromes, the optical properties
of QDs include large Stokes shi, broad absorption and narrow
emission, bright uorescence and high resistance to photo-
bleaching. The set of unique size-tuneable optical characteristics,
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ease ofmanufacturing, surfacemodication and bioconjugation
made them eligible alternates for organic dyes as uorescent
agents.7 However, the discovery of new molecular uorescent
tags and their alternates is under extensive research. For
example, steady uorescent response with good Stokes shi and
target mRNA binding has been achieved bio-constructs with
perylene-20-amino-LNA as uorescence reporter.8 The vast
absorption prole of QDs allows use of a non-specic light
source. As shown in Fig. 1, green QDs can be excited by either a
violet or a blue laser. In contrast, molecular uorophores for a
maximum efficiency require excitation at a specic wavelength,
which is oen difficult to achieve because a cytometer is usually
tted with only 2 or 3 lasers. The spectral overlap, which typical
Fig. 1 Possible range of available lasers (vertical lines) and UV-vis
absorption of green-emitting QDs used in the study. Due to broad
absorption profile QDs don't require excitation on specific wavelength.

This journal is © The Royal Society of Chemistry 2015
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for organic dyes limits the number of colours that can be used in
single assay; QDs are not limited by this effect.

Fluorescent proteins (FPs) are great genetic labels which
have an option to be in-built into target. Being assembled
within a cell, they don't require further xing/permeabilising or
any other cell intervention by exogenous agents. This class of
uorescent tools has been widely explored in live in vivo and in
vitro imaging, and fundamental researches including protein
ageing, localisation, morphology etc. The history and applica-
tion of FPs is excellently described in review by Chudakov9 and
papers by Kremers10 and Chen.11 Unless exceptional set of
properties provided, FPs have few weak points: (1) large size
(25 kDa, whereas molecular uorophores are just 1 kDa in
average) (2) extreme susceptibility to media conditions; even
minor pH uctuations are able to impair FP stability and hence
optical properties.

Quantum Dots are shown as prospective uorescent tags in a
range of bio-conjugates, including anti-cancer antibodies,
drugs and receptors.12–15 More details about in vitro and in vivo
targeting, delivery and imaging can be found in reviews.16–18

Molecular Beacons (MBs) technology is a powerful tool in live
bio-imaging,19 disease diagnostics and molecular recogni-
tion.20,21 Based on the biochemical principle of selective
complementary nucleobases binding, MBs enable single-base
DNA mismatch detection. It plays a key role in mutations and
other pathological alterations detection. Upon binding of
complementary sequence, MB opens and thus release a uo-
rophore. Subsequently, basic hairpin approach has been enor-
mously improved and tted to different ways of application and
recently, such kind of technique is widely implemented in real-
time PCR monitoring,22 developing DNA sensors,23 investiga-
tions of gene activity,24,25 bio-imaging and cancer targeting,26

DNA–protein interactions.27 However, the highest FRET
response level and signal-to-noise ratio were achieved using
semiconductor QDs as uorescent moiety.20,21 In our group we
have carried out the graing of molecular beacons to QDs.
Obtained hybridized nanoprobes have demonstrated improved
optical characteristics, absence of background noise and high
affinity to chosen target (data not published).

The inherent function of macrophages is to engulf species
recognized as “non-self”, such as dead cell debris and bacteria.
Macrophage cell response is the rst line in adaptive immunity,
their surface has a number of markers susceptible to both toll-
like receptors (TLR) and mannose receptors. Another category
of surface proteins is responsible for triggering inammation
cascades by expressing inammatory interleukins (IL), chemo-
kines, cytokines, reactive oxygen species (ROS), nitrite oxide
(NO) and cyclooxygenases (COX). Macrophage cells are a
convenient in vitro model for investigations on QD endocytosis
and their further tracking due to quick ingestion within the
time scale of live bio-imaging (within a few hours). It can help
evaluate all the reactions correctly for objective results to be
realised regarding particle efficacy and toxicity.

The main purpose of this work is to describe the uptake
kinetics of small nanoparticles (2.1 nm) over the time; also we
aimed to develop a simple method for quantum dot intracel-
lular quantication and to investigate QD behaviour at different
This journal is © The Royal Society of Chemistry 2015
levels of interaction in physiological media conditions. Particles
toxicity, intracellular uorescence, inammatory markers
expression and cell death mechanism were investigated at 12
and 24 hours time points. Flow cytometry was used to measure
cellular responses and quantify nanoparticle ingestion at a
specic population level.

2. Materials and methods
2.1 QDs synthesis

CdTe QDs were synthesised according to a previously published
procedure.28 Briey, Al2Te3 reacted with sulphuric acid to
produce H2Te gas which was bubbled through an aqueous
solution of CdCl2, thioglycolic acid (TGA) and 0.3 g of gelatin,
with pH buffered at 11. The molar ratio of Cd : Te : TGA was
1 : 0.25 : 1.4. The reaction mixture was then heated under reux
for 2 to 48 hours depending of the desired nanoparticle size.
Narrow size distribution fractions were collected via size-
selective precipitation using isopropanol.

2.2 UV-vis and PL spectra

Absorbance was examined on a Shimadzu UV-1601 spectro-
photometer; distilled water was taken as a baseline. PL spectra
were recorded on a Cary Eclipse spectrometer. All measure-
ments were performed to characterize the optical properties of
the nanoparticles obtained. More detailed description of as-
prepared QDs can be found in the papers previously pub-
lished by our group.29,30

2.3 Cell culture

RAW264.7 murine macrophages cell line was used in this study.
Cells were cultured in Dulbecco's Modied Eagle Media
(DMEM; Sigma), supplemented with 10% Foetal Bovine Serum
(FBS; Sigma), 100 mg mL�1 of penicillin and 100 mg mL�1 of
streptomycin. Macrophages were maintained in a humidied
atmosphere with 5% CO2 at 37 �C.

2.4 Fluorescent microscopy

Cell morphology was tested at each time point. Actin was
stained with phalloidin eFluor 760 (eBiosciences) according to
recommended procedure. Cells were seeded in density 50 000
per well in 4-well chamber slide and let grow overnight. Next day
QDs solution was added to the slides and incubated for further
12 or 24 hours. Untreated monocytes were used as control.
Aerwards cells were removed from incubator, washed with PBS
and xed with 4% PFA for 15 minutes. Fixed cells were per-
meabilised with 0.2% TritonX solution for 5 min, washed with
PBS and stained with phalloidin for 1 hour. DAPI solution was
added to stain nuclei; the slides were viewed immediately under
inverted uorescent microscope.

Live/Dead Assay (Life Technologies) was used to visualize
viable and necrotic cells. Cells were treated with QDs as
described above. Aer co-incubation, samples were washed
with PBS and stained with calcein and ethidium bromide from
the kit as recommended by manufacturer. Slides were pro-
ceeded within an hour for uorescent microscopy.
RSC Adv., 2015, 5, 42250–42258 | 42251
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2.5 Double stranded-DNA (ds-DNA) quantication

Quant-iT PicoGreen ds-DNA Assay Kit was used for a precise
counting cell number in the probe. The cells were seeded in a
24-well plate to a density of 1 � 105 cells per well, 24 hours prior
to experiment. Different types of QDs (either TGA or TGA-
gelatin-covered) within a range of concentrations (1–100 nM
nal concentration) were added to macrophages. Aer 24 hours
of co-incubation, the cells were progressed to PicoGreen assay
according to protocol.
2.6 Annexin V apoptosis assay

In this assay cells were seeded to a density of 2.5 � 105 cells per
well in 6 well-plates. Aer 24 hours of culture, appropriate
amounts of QDs were added to each well. Control samples
remained untreated. Cells were co-incubated with or without
nanoparticles for 12 or 24 hours. Samples were harvested on the
day of analysis. Briey, the reduced media was removed and the
cells were washed twice with phosphate buffered saline (PBS).
Macrophages were harvested by pipetting in fresh media and
then were placed in Eppendorf tubes. Cells were washed twice
with PBS immediately aer harvesting, re-suspended in 500 mL
buffer and stained with viability dye according to protocol.
Aerwards cells were washed with serum-containing buffer.
Finally, cells were prepared and stained with Annexin V
Apoptosis Assay Kit (eBioscience) and directly proceeded to ow
cytometry. All measurements were performed on BD FACS
Canto A tted with 2 lasers (blue, 488 nm; red, 633 nm) and 6
available colours. Unstained cells, single-stained samples, and
cells treated with QDs only (without further staining) were used
as quality controls.
2.7 QDs uptake and CD80/86 surface markers expression

Flow cytometry was used to detect the amount of internalized
nanoparticles and to measure the expression of pro-
inammatory receptors caused by exposure to QDs. All
measurements were performed on BD FACS Canto A. In this
experiment cells were seeded into 6-well plates to a density of
2.5� 105 cells per well and le 24 hours to adhere. The next day,
macrophages were loaded with QDs within a range of concen-
trations (1–100 nM nal concentration). Aer 12 hours of
treatment (for the CD86 study) and 24 hours (for the CD80
study), the probes were proceeded to the assay according to a
standard protocol. Armenian hamster IgG and Rat IgG2a K were
used as isotype controls for CD80 and CD86, respectively. All
antibodies and isotype controls were purchased from BioL-
egend. The standard staining protocol recommended by
manufacturer was employed. APC (Allophycocyanin) and FITC
(Fluorescein Isothiocyanate) channels were used as references
for signal detection. FlowJo soware was used for interpretation
of results.
Fig. 2 ds-DNA content in cells introduced to green TGA QDs for 24
hours at various concentrations. The low dosage (1 and 10 nM) did not
cause any effect in cells. Exposure to high concentration is resulted in
significant cell death.
2.8 PMA activation and CD86 expression study

Phorbol 12-myristate 13-acetate (PMA) was used to activate
monocytes as described elsewhere.31,32 Cell cultures were
prepared as described above. Cell culture media was
42252 | RSC Adv., 2015, 5, 42250–42258
supplemented with 100 ng mL�1 of PMA and monocytes were
conditioned for 6 hours. Aerwards PMA containing media was
replaced by QD solution in normal media. The cells were co-
incubated with nanoparticles for 12 hours and proceeded
CD86 assay as in previous section. Unprimed monocytes, cells
treated only with PMA or QDs and isotype stain were used as
controls.
2.9 Quantication of QDs

The amount of ingested nano-crystals was dened by FlowJo
soware. At least 10 000 events were recorded per tube.
Consistent macrophage population was selected from light
scatter graph, the level of uorescence in FITC channel was
evaluated from a histogram plot; the geometric mean value was
used quantitatively as a statistical parameter. The percentage of
population of interest was found from the overlay of two
histograms of cells treated with QDs and untreated controls in
the reference channel.
3. Results
3.1 PicoGreen assay

Fig. 2 presents the results of ds-DNA quantication taken at 24
hours co-culture. Only 100 nM concentration signicantly
reduces the number of viable cells (either due to necrosis or
apoptosis). The inert reaction on 1 and 10 nM can be explained
by the threshold effect: a certain critical concentration of
particles in system should be achieved to trigger ingestion. To
prove it, independent ow cytometry measurements were taken
to evaluate intracellular amount of QDs.
3.2 Cell morphology and Live/Dead assay

Monocytes demonstrate healthy round morphology, actin is
uniformly spread compactly around cells without any disrup-
tion in samples with QDs concentration less than 100 nM at
both time points. Exposure to high concentration of nano-
particles leads to signicant reduction cell number. Aer
24 hours of treatment morphology changes were detected; Fig. 1
in ESI† shows partial nuclei swallowing and necrosis charac-
terised by fracture. Live/Dead assay showed similar results; was
conrmed drop in cell number at 100 nM concentration, as well
This journal is © The Royal Society of Chemistry 2015
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increase in viable/necrotic cell ratio towards necrotic cells (see
Fig. 2 in ESI†).
3.3 QDs quantication

The FlowJo soware was employed to convert uorescent
emission from cells to relative amount of ingested nano-
particles. Gated consistent cell population with narrow distri-
bution prole was plotted in FITC (green) uorescence channel.
In all samples histograms represented normal distribution.

Signal from cells in the control group (which did not receive
any nanoparticles) was taken as baseline. To estimate the
percentage of population which ingested quantum dots, histo-
grams of control and treated samples were overlaid. The overlap
area was excluded from analysis. Bright sub-population inges-
ted QDs is shied to the right. By integrating the shied area
can be found the percentage of cells which took up quantum
dots.

The intensity of uptake in the reference channel with respect
to untreated cells can be semi-quantitatively described. The
geometric mean was taken as the signal value; however, other
statistic options (median or mean values) are also applicable,
due to the fact that the system behaves as a normal distribution.
3.4 QDs internalizing

Flow cytometry allows accurate collection of uorescent signal
which are quantized for each cell. Cells were grown in presence
of QDs for 12 and 24 hours, respectively. Control cultures didn't
Fig. 3 (A and B) Green TGA QDs uptake after 12 or 24 hours of co-cultur
PicoGreen, low concentration (1–10 nM) did not affect the cells. 2.5-fold
at 24 hours (B) there's very little difference from control. It can be explaine
cell culture media. (C and D) Uptake histograms obtained from apopto
logarithm of fluorescent intensity in reference green (FITC) channel. Y-
treated with nanoparticles), blue line is 100 nM treated cells. The overlap a
along x-axis are considered in further analysis as containing QDs.

This journal is © The Royal Society of Chemistry 2015
contain any particles. Comparing ow cytometry data to the
results of the PicoGreen study, where no alterations in ds-DNA
content in samples treated with the same amount of nano-
particles were observed, it can be concluded that there is no
detectable uptake in the case of treatment with concentrations
1–10 nM. Drastic changes were observed for samples exposed to
100 nM. At the 12 hour time point, the tested QDs demonstrated
higher uorescence amplication ratio – compared to untreated
cells. However, 12 hours later there was not much difference
among all probes (Fig. 3).

3.5 Apoptosis or necrosis?

To answer this question monocytes were cultured for 12 or
24 hours with QDs and subsequently submitted to an Annexin V
assay. The Annexin V kit was used to distinguish apoptotic
versus necrotic cells stained with xable viability dye according
to protocol. Notable alterations were found in probes treated
with 100 nM of QDs. Lower concentrations did not induce any
differences compared to control. FITC positive subsets were
chosen from histogram overlay of untreated control and 100 nM
exposed cells (Fig. 4C and D). The selected sub-population was
divided into 4 quadrants in Annexin V vs. Viability dye channels.
Contribution of viable, necrotic, early and late apoptotic cells to
uptake was calculated from the mean value of QD uorescence
spectra (FITC). Total uptake was performed as integrated value
(number of events in each subset multiplied by mean uores-
cence). Fig. 4 represents the resulting signal distribution
acquired on 12 and 24 hours respectively.
e with RAW264.7 cells. The concentration range is 1–100 nM. Similar to
s fluorescence increase is detected at 12 hours acquisition (A), whereas
d by massive cell death in between 12 and 24 hours and QDs release in
sis/necrosis assay at 12 (C) and 24 (D) hours tests. X-axis is common
axis is frequency of data distribution. Red line is control (cells did not
rea is excluded from uptake count; only cells in area shifted to the right

RSC Adv., 2015, 5, 42250–42258 | 42253
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Fig. 4 The contribution of each subset in total observed fluorescence
from FITC-positive sub-population after 12 or 24 hours of co-incu-
bation RAW264.7 monocytes with 100 nM green TGA QDs. Legend:
necrotic– dead cells followed necrosis pathway, early A – cells in early
apoptosis, late A – cells in late apoptosis, viable – live undamaged
cells. At 12 hours time point the strongest signal is produced by the
cells in late apoptotic stage. At 24 hours signal level is dropped down
due to dead cells cleavage and QDs release in the media.
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The general tendency is a small number of early apoptotic
cells and a low level of uorescence from necrotic cells
regardless time of exposure. Due to small size and a lack of
protective coating, green TGA nanoparticles were quickly
ingested by the cells with signicant accumulation (85% posi-
tive events) resulted in strong signal. It caused a signicant shi
to late apoptosis stage (86% of FITC positive sub-population)
observed aer 12 hours of co-incubation. Late apoptotic
subset appears as the main contributor to detected uorescent
signal.

The effects observed aer longer time of cell-culture in
presence of QDs are determined by intracellular processes
triggered by trapping foreign species. Introduction to high
concentration of small QDs inevitably led to the degradation of
Fig. 5 (A and B) CD80/86 expression of unconditionedmonocytes at 12 a
markers is observed for cells treated with 100 nM QDs. It's related to hig
their failure to proper expression of the surface molecules. (C) CD86 exp
Cells were exposed to green TGA QDs for 12 hours after priming. The a
unconditioned cells. The same behaviour is observed in non-primed mo
(D) Uptake pattern for the cells activated by PMA for 6 hours and treated

42254 | RSC Adv., 2015, 5, 42250–42258
the stabilizing shell and further particle aggregation. Rapidly
ingested green TGA-capped QDs caused massive apoptosis and,
consequently, cell cleavage. A small percentage of surviving cells
showed the less uptake and harvested signal from all QD-
treated cells studied here. These observations were conrmed
by transmission electron microscopy (TEM) microscopy –

signicant morphological changes (cytoplasm granulation,
chromatin condensation, mitochondria blebbing, presence of
QDs in nucleus) were spotted for 100 nM treated probes (see
Fig. 3 ESI†); Live/Dead assay demonstrated sudden drop in cell
number.
3.6 CD80/86 pro-inammatory markers expression

Foreign bodies ingested by macrophages can cause inamma-
tory response as defence reaction. CD80/86 are early pro-
inammatory receptors expressed on RAW264.7 cell surface.
These two markers were chosen as convenient indicators to
monitor the inammation process triggered by the QDs. CD80/
86 expression was measured simultaneously with particle
uptake using ow cytometry. Fig. 5 demonstrates the results of
the assays. CD86 expression was acquired aer 12 hours of cell
treatment with nanoparticles, as this marker is activated earlier
than CD80 which was measured at the 24 hour time point. Cells
co-incubated with low concentrations of QDs (1–10 nM)
demonstrated increased levels of both receptors. It was expec-
ted that at 100 nM QD concentration, the level of inammatory
markers would be signicantly higher due to intensive inter-
nalizing and consequent activation of defence mechanism
cascades. However the analysed markers were inhibited in this
experiment. Fig. 5 depicts observed macrophage behaviour. To
investigate on such unexpected effect, cells were activated by
PMA followed by QD exposure, the same pattern was detected –
nd 24 hours time-points, respectively. Drastic down-regulation of both
h number of non-functional (necrotic, late apoptotic) cells and hence
ression after preliminary activation of monocytes with PMA for 6 hours.
ctivation is confirmed by elevated production of CD86 comparing to
nocytes, where the CD86 expression is knocked down in 100 nM case.
with green TGA QDs for 12 hours.

This journal is © The Royal Society of Chemistry 2015
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CD86 was suppressed aer 12 hours of treatment with
nanoparticles.

4. Discussion

Exposure to low doses of QDs (1 and 10 nM) doesn't affect cell
function and viability at any time point. Nanoparticles uptake is
not linear process, the saturation level has to be achieved to
trigger effective ingestion.33 Highest tested concentration
100 nM had resulted in massive uptake by the cell and number
of consequent effects. Fig. 4 shows total intensity of recorded
uorescence and contribution of each cellular subset. It
suggests that green TGA QDs due their small size quickly
penetrate cells and cause cell damage and death, what we
observe aer 12 hours of co-incubation. Aerwards, found
impaired cells with high amount of QDs are destroyed physi-
cally and release nanoparticles back to the media.

The majority of cells take up QDs in rst 2 hours (according
to Chitrani and Chan's model),33 followed by their cycle shut
down and apoptosis trigger. Early apoptosis is observable aer
further 2–4 hours of co-culture; as it's quick stage, has not been
detected at nal 12 hours ow cytometry experiment. Next 4–
6 hours late apoptosis is developing, what was observed in
experiment. In summary, aer 12 hours we have 2 subsets: the
small one is without QDs, and the majority one where cells are
appeared to ingest nanoparticles, which caused disruption of
cell cycle and promoted apoptosis up to late stage. A small
amount of live and necrotic cells were also found (1–2%).

In next 12 hours late apoptotic cells are getting eliminating
from the system; those survived 1%might undergo 1 division; it
gives us a small increase in uorescent response. We presume
that nothing is happening in resistant subset, so it remains
neutral to QDs. As result we observe that only 19% of cells have
QDs; nearly 60% of this subset are viable and 40% are necrotic.
The increase in uptake signal is negligible comparing to
12 hours response.

It has been shown that nanoparticles uptake depends on
number of factors, such as particle size, coating, composition,
surface charge, shape, protein corona formation, cytotoxicity,
cell type.33–38 In several works was developed and proved model
which states that uptake is happening regardless phase of cell
cycle, saturation is achieved once cell underwent full cycle.39,40

This study was conducted for non-toxic polymer particles
(diameter is z40 nm). It can be extrapolated to our case, but
with certain limitations, as QDs are potent to arrest cell
cycle.41–43 Besides the doubling time, as well as cell type should
be take in consideration: macrophages are professional
phagocytes which supposed to ingest and destroy foreign body
once it's recognised as “non-self”. RAW264.7 macrophage-like
cell line has been shown as fastest ingesting cell type with
high uptake rate.44,45 Another feature of this cell line is short
doubling time – only 11 hours, comparing to HeLa, A549 or
U937 cell lines which have 24 hours cell cycle duration.

The prevalent mechanism of nanotoxicity is still under
debate. Oxidative stress occurs when cells are treated with
nanoparticles and changes mitochondria membrane potential
in response. In a classical apoptotic pathway, increased
This journal is © The Royal Society of Chemistry 2015
mitochondrial permeability results in cytochrome c release and
consequent caspase – 9, 3, 6 and 7 cascades activation. The rst
target is damaged mitochondria itself and ROS generation.
Wilhelmi had showed that this mechanism takes place in
RAW264.7 cells treated with ZnO nanoparticles.46 At the same
time the results of TEM analysis suggest the heterogeneity of
cell death: necrotic “ghost cells” were also been found as well as
apoptotic hallmarks. Moreover, caspase-independent apoptotic
route was shown in caspase-9 decient Jurkat T lymphocytes.
The observed cell death mechanisms “combo” has not been
related to any particular factors. Same effect – simultaneous
presence of apoptosis and necrosis – was studied by M. Liu47 in
A549 lung cancer cells exposed to 10 nm gold nanoparticles.
The presence of caspase-independent apoptosis has also been
proved by activity of AIF and EndoG proapoptotic factors –

triggers of chromatin condensation and DNA shredding.
Interestingly, the experiments had different time scale – 6 hours
for monocytes and 72 hours for cancer cells, but the same
outcome. That's in line with the intrinsic cell lines properties –
cancer cells are more inert to nanoparticles rather than actively
ingesting macrophages.44 Controversially, Pan et al.48 observing
same pattern in HeLa cells treated with 1.4 nm Au nano-
particles, had excluded apoptosis by the fact that zVAD-fmk
inhibitor did not prevent cell death hence only necrosis is
happening, regardless fact of massive oxidative stress and
mitochondria disruption. Caspase 3/7 activity was tested and
did not show signicant up-regulation in nanoparticle treated
cells, but this is the only apoptosis marker has been examined.
Basing on later observations of other groups mentioned
here46,47,49 we can speculate that caspase-independent mecha-
nism might have place. Surprisingly, larger (over 60 nm) “non-
toxic” silver nanoparticles had continued the trend in causing
cell death through both mechanisms.49 Foldbjerg et al. used
THP-1 human leukemic monocyte cell line exposed up to 24
hours to Ag nano-crystals and described “typical” picture – high
ROS production, fragmented DNA, large amounts of apoptotic
and necrotic cells (Annexiv/PI assay). It's hard to say whether co-
existence of apoptosis and necrosis has competitive49 or co-
dependent47 nature. Taken together, our results are in concor-
dance with described above cases, unless QDs are considered as
potentially highly toxic agents due to presence of Cd and Te and
their small size (2 nm), whereas other studies are dealing with
relatively “cell friendly” compounds (Ag, Au, ZnO) and species
of similar or greater dimensions. It has to be admitted, that
further tests are required to full the knowledge in molecular
mechanisms regulating and defying cell fate (apoptosis,
necrosis, surveillance) upon the exposure to any nanoparticles,
especially to those in a 1–10 nm size range.

It was expected that activity of pro-inammatory markers
CD80/86 will be elevated within the introduced QD concentra-
tion. In fact, monocytes did not respond on 1 and 10 nM and got
signicantly down-regulated when treated with 100 nM. Similar
results were observed for other nanoparticles as well, but the
source of the phenomenon was not investigated.50–52 Tsai et al.,
2012 (ref. 53) attempted to explain inhibition of TLR9 signalling
by 4 nm gold NPs in either bone marrow derived primary
macrophages and RAW264.7 cell line. They attributed this
RSC Adv., 2015, 5, 42250–42258 | 42255
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down-regulation to particles with the largest surface-to-volume
ratio for NPs ranged up to 45 nm. Hoshino et al., 2009 (ref.
54) showed in in vivo and in vitro experiments that CdSe QDs
didn't cause an elevation of anti-bacterial defenders IL-6 and
TNF-alpha in peritoneal macrophages, but arrested prolifera-
tion of CD4+ T-lymphocytes. It could be related to molecules
irresponsiveness to such stimuli as QDs. Thus we carried out
another experiment where monocytes were pre-activated by
PMA for 6 hours and then treated with QDs for 12 hours.
Compared to unconditioned cells, PMA activation had nearly 3
times greater CD86 expression level. The response to low dosage
is negligible, whereas 100 nM again arrested CD86 production.
We can conclude that the observed disfunction in both cases is
consequence of cell damage caused by ingestion of the QDs at
100 nM concentration. Intriguingly uptake pattern for activated
monocytes incubated for 12 hours with QDs is the same as for
unprimed cells exposed to the same conditions for 24 hours.
This is the result that alerted by PMA monocytes are actively
ingesting QDs and accelerate cell damage processes. Thus
activated monocytes can be used as active cargo to deliver
nanoparticles to target cell or inamed sites.

5. Conclusion

Flow cytometry was explored for quantication of intracellular
QDs. Three different concentrations of QDs (1, 10 and 100 nM)
were introduced to cell cultures. Only the highest one – 100 nM
– was found effective with regards to uptake. We propose that
lower concentrations were unable to form vesicles suitable for
ingestion, as it was shown by Chithrani and Chan, 2007.33 Due
to complexity of interaction between QDs and cell culture
proteins, surface receptors and cellular organelles, the esti-
mated number of nanoparticles we added to cells is not the
same as that detected aer certain time of co-incubation. In
other words, the initial particles and QDs inside the cells are
different species. The advantage of ow cytometry is that it
offers a quick measurement of the uorescent signal from a
large number of cells which in turn provides a comprehensive
outlook on population level. It helps to evaluate amount of
particles taken up without bias. This is important as in nal
distribution one can nd some cells either with low and high
uorescence, whereas geometric mean value is a more accurate
representation of population.

The exposure to nanoparticles caused unexpected immune
responses: we believed that the expression of pro-inammatory
surface markers (CD80/86) would be upregulated in dose-
dependent manner. In fact neither 1 nor 10 nM QDs affected
the aforementioned parameters. In the case of 100 nM
concentration, both receptors were drastically reduced (less
than 50% of control). Given the Annexin V assay results this
change is not controversial as the majority of cells with high
amount of ingested QDs are apoptotic.

The obtained results address few questions to future inves-
tigation. First of all, to evaluate the accuracy of ow cytometry,
mass spectrometry should be carried out to make a clear
correlation between intracellular cadmium content and
observed uorescence. It will also help to understand how QD
42256 | RSC Adv., 2015, 5, 42250–42258
uorescent signal changes aer interaction with cellular
compartments. Further, it's always an open question howmuch
cell line results can be extrapolated on primary cells; next step
will be measurement same parameters in primary cultures,
particularly antigen presenting cells (e.g. monocytes/
macrophages, dendritic cells). It should include an investiga-
tion on mechanism behind cell activation and signalling
molecules expression upon QD uptake and exposure.
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