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T
he accurate determination of dose
when studying nanoparticle�cell in-
teractions is essential for quantitative

particle toxicology and pharmacology.1,2

With nanoscale particulates, this is far from
straightforward as the complex and varied
mechanisms of interaction with cells mean
that the exposure dose does not directly
correlate to quantity of particles actually
internalized.3 A layer of complexity comes
from the multivariate nature of these inter-
actions, with nanoparticle diameter, mor-
phology, surface area, surface charge, and
surface chemistry/coating all influencing
the dispersion of the nanoparticles and sub-
sequent cellular uptake and response.4�6

The standard dose concentration formula-
tion of weight per unit volume of cell deliv-
ery solution does not account for any of
these parameters as it quantifies only the
totality of material rather than the discrete
structural units of which the dose is com-
posed. The fundamental dose measure

must therefore always be the particle num-
ber internalized per cell or even the number
internalized to a specific organelle per cell.
This raises serious challenges to metro-
logy as nanoscale measurement is required,
under experimental conditions, that is, of
nanoparticle concentration and dispersion
within cell culturemedium for in vitro assays
(exposure dose) and of nanoparticle con-
centration within cellular tissue (i.e., dose
delivered). Thecellular internalizationof nano-
particles has been extensively studied,7�12

but while quantification of total exposure
dose is routinely reported, there are fewer
studies on intracellular quantification and
distribution at the single particle level.
There are reports on cytoplasmic versus

vesicle-bound particles,13 plentiful instances
of descriptive EM, and a few comprehen-
sive, statistically robust studies of particle
count.14,15 Here, we demonstrate that cali-
bration of cytometry techniques by electron
microscopy-based nanoparticle (NP) counts
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ABSTRACT Assessing dose in nanoparticle�cell interactions is

inherently difficult due to a complex multiplicity of possible

mechanisms and metrics controlling particle uptake. The funda-

mental unit of nanoparticle dose is the number of particles

internalized per cell; we show that this can be obtained for large

cell populations that internalize fluorescent nanoparticles by

endocytosis, through calibration of cytometry measurements to

transmission electron microscopy data. Low-throughput, high-reso-

lution electron imaging of quantum dots in U-2 OS cells is quantified and correlated with high-throughput, low-resolution optical imaging of the

nanoparticle-loaded cells. From the correlated data, we obtain probability distribution functions of vesicles per cell and nanoparticles per vesicle. Sampling

of these distributions and comparison to fluorescence intensity histograms from flow cytometry provide the calibration factor required to transform the

cytometry metric to total particle dose per cell, the mean value of which is 2.4 million. Use of the probability distribution functions to analyze particle

partitioning during cell division indicates that, while vesicle inheritance is near symmetric, highly variable vesicle loading leads to a highly asymmetric

particle dose within the daughter cells.
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in cell sections enables quantification of NPs interna-
lized by endocytosis in tens of thousands of cells at
a time.
Progressing further, even when a reliable and accu-

rate measure of nanoparticle dose has been estab-
lished, the prediction of dose�response characteristics
still requires knowledge of the biological processes
which determine the pharmacokinetics of nanotoxins
and nanopharmaceuticals. More specifically, when
endocytosis and exocytosis control particle uptake
and expulsion,8,9,16,17 particles are commonly encap-
sulated within intracellular vesicles which can only
be viewed as the effective unit of dose18 if the vesicles
are not expelled or fused over the time scale of the
measurement19 or that biological degradation within
such vesicles has not had time to alter the physio-
chemical properties of the particles.20�22 Regardless of
the temporal stability of vesicles, in proliferating cells,
the dose will exhibit abrupt and significant dilution
due to cell division.23 It is this process of nanoparticle
inheritance which we report on here. The evolu-
tion of particle dose across cell generations must be
appreciated if accurate toxicological models are to be
developed.24 In nanomedicine, dose dilution upon
mitosis is a crucial determinant of therapeutic efficacy,
especially as much of the effort in this area is focused
on cancer medicine where rapid cell proliferation is a
hallmark of the disease.25 Consideration of nanoparti-
cle inheritance leads to an important question;what
is the unit of inheritance? While it is particle dose that
we wish to quantify, for endocytically active cells, it is
actually NP-loaded vesicles that are directly inherited.
These nanoparticles are secondary, indirectly passing
to daughter cells as vesicular cargo. Our previous
studies of nanoparticle inheritance, using fluorescent
nanoparticles (quantum dots) to quantify dose, indi-
cated a marked asymmetry in the partitioning of
fluorescence between daughter cells.26 This asymme-
try has also been reported in other studies.27 Our
measurements of vesicle partitioning, however, pre-
sent a more ambiguous picture in which the inherited
vesicle asymmetry is not as marked.18 In this paper, we
show that this important discrepancy can be resolved
by proper consideration of the appropriate metric for
dose;the nanoparticle. That knowledge of particle
number, plus the form of its vesicular packaging within
the cell, is required for accurate prediction of dose
kinetics.
Arguably, themost ideal technique to address nano-

particle dose quantification, in terms of spatial resolu-
tion, is three-dimensional (3-D) imaging using electron
microscopy (EM) to provide a directmeasure of particle
size, localization, and count throughout the volume
of the cell. This is technically possible but is a highly
specialist technique requiring extensive expertise
and, even with careful sampling, is challenging and
time-consuming to implement for mass cell analysis or

under cell culture conditions.14,15 The practical techno-
logy, commonly applied for nanoparticle dose assess-
ment, is high-throughput optical cytometry (automated
microscopy or flow cytometry). This is widely available
and capable of rapid, mass measurement of cells28 but
cannot deliver individual nanoparticle counts owing to
the diffraction-limited resolution of optical/UV imaging
techniques. To bridge these approaches, there is a need
for calibration studies linking low-throughput, high
spatial resolution nanoscalemeasurements to surrogate
quantifiers of dose that have lower spatial resolution but
which are suitable for high-throughput measurement,
such as particle fluorescence29 or magnetic moment
quantification.30 In this paper, we present a series of
such calibration measurements, relating full 3-D EM
imaging of quantum dot nanocrystals within a U-2 OS,
osteosarcoma cell line, to fluorescence-based dose
quantification by flow cytometry. The approach is based
on statistical sampling of low-throughput nanoscale EM
measurement sets to construct probability distribution
functions (PDFs) of quantum dot (QD) particle dose.
These are then calibrated to optical measurement sets
and used to generate much larger computational data
sets from which simulated fluorescence distributions
can be validated by comparison to experiment.

RESULTS

Intercellular Dose Variation. Robust measurement of
nanoparticle dose within cells relies on large data sets
to obtain statistical accuracy and requires data on >103

cells; for this, we use rapid-throughput flow cytometry.
The starting point is measurement of particle dose per
cell, identified by the integrated fluorescence from the
quantum dots encapsulated within the cells, in this
case by endocytosis. A typical fluorescence intensity
histogram from 10 000 cells is shown in Figure 1A.
The cell culture had been exposed to a 10 nM concen-
tration of quantum dots for 1 h, following which the
excess nanoparticles were removed with a series of
washes; after a further 24 h incubation period, cells
were fixed and prepared for measurement (see Meth-
ods section). In previous studies using this quantum
dot system, the fluorescence intensity proved to be
stable over 70 h following encapsulation within cells.18

There is marked variation in the cellular fluorescence
with the distribution showing a standard deviation of
0.68 relative to the mean. To understand this hetero-
geneity, we need to consider the distribution of QD
particles taken up by cells, and as we have previously
shown, uptake here is driven by endocytosis so the
count metric is the number of nanoparticle-loaded
vesicles per cell (the term “vesicle” is used here as
a general term for a membrane-bound, intracellular
organelle; that is, no distinction is made between early
endosome, late endosome, or lysosome). To achieve
this, we use imaging cytometry to provide spatial
information on the localization of quantumdots within
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cell vesicles. A representative panel of cell images
(31 from5000) is shown in Figure 1B. Automated image
masking using the QD fluorescence signal and sub-
sequent automated counting of mask spots provides a
count of nanoparticle-loaded vesicles per cell image,
the histogram of which is shown in Figure 1C (red
circles). The probability distribution function has an
overdispersed form and is well-described by a Polya
distribution function (solid line) with mean μ = 7
vesicles per cell and overdispersion factor b = 0.25
(see Methods section for details on the mathematical
form of this particular PDF function). It is clear that the
dose heterogeneity seen at the whole cell level is in
part due to a marked variation in the number of
vesicles per cell which ranges from 0 to >30.

Intracellular Particle Dose and Packaging. To probe with-
in the cellular vesicles requires sub-micrometer resolu-
tion imaging, and so for this we use electron micro-
scopy. A set of transmission electronmicroscope (TEM)
images of vesicles within a cell section, typically
100 nm thick, are shown in Figure 2A. The high density
inorganic quantum dots contain atomically heavy
elements (Cd, Se, and Zn) and are crystalline, produ-
cing strong image contrast (both mass�thickness
and diffraction) such that the particles are easily

discriminated as dark ∼10�15 nm regions (black
spots) in the bright-field TEM image. Counts of parti-
cle number per vesicle section for 391 vesicles taken
from 102 cells are collated in the histogram in
Figure 2B.

The most striking aspect of the images is the 3
decade range in the encapsulated number of particles
per vesicle section; the frequency of which displays
a biexponential distribution (fitting parameter values
given in the Methods section). Analyses of the causa-
tive processes which underlie this number distribution
are beyond the scope of this paper; however, we
note that TEM studies of the quantum dot dispersion
in cell culture media indicate a similar form for the
size distribution of particle agglomerates.31 This sug-
gests a direct transfer of agglomerates into the cells
through an endocytic internalization processes that is
independent of (agglomerate) size. The biexponential,
probability distribution function in Figure 2B (solid line)
enables prediction of the particle dose across a set
of vesicles. A typical in vitro cytometry assay involves
measurement of 10 000 cells, each with many nano-
particle-loaded vesicles (typically 5�30 vesicles per
cell), and so knowledge of the probability distribution
function is essential for accurate prediction of dose.

Figure 1. (A) Histogram of quantum dot fluorescence intensity per cell, 24 h after endocytic uptake of the dots (10 nM
concentration, 1 h exposure), showing a marked variation in individual cellular dose. (B) Cell optical images (fluorescence
overlay on bright-field images) confirming the variation in dose and indicating the spatial location of particle-loaded vesicles.
(C) Measured probability distribution of vesicles per cell (red circles) can be fitted by an overdispersed Polya distribution
function (black line).

Figure 2. (A) TEM images from a single cell sections, 100 nm thick; top left image shows the complete cell section, while other
images show a selection of vesicles within the cell with a large range of quantum dot loading (10 nM dose, 1 h exposure
followed by 24 h incubation); the bottom right-hand section has been falsely colored to indicate the results of the QD
counting algorithm; blue spots correspond to isolated QDs, red spots refer to QDs in contact with other nanoparticles. (B)
Measured probability distribution of quantum dots per vesicle section (red circles; 102 cells and 391 vesicles) fitted with a
biexponential function (black line).
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In addition to vesicle counts, the optical microscopy
images provide a surrogate measure of particle num-
ber through the total fluorescence intensity per vesi-
cle section. Thus a comparison of the electron and
optical microscopy can be made using the QD particle
number histogram shown in Figure 2B and the dis-
tribution of fluorescence intensity per vesicle section.
This is presented as a cumulative frequency distribution
in Figure 3 for sample sets of 391 TEM images and 690
fluorescence images. The integrated fluorescence in-
tensity is calculated fromthe imageset shown inFigure1
using the masked areas to identify individual nanopar-
ticle-loaded vesicles. An absolute correlation of fluores-
cence intensity to QD particle number is not possible
due to the different transverse sampling of the electron
and opticalmicroscopy; themicrotome sections for TEM
are ∼100 nm thick while the imaging cytometer has a
depth of field of∼1 μm (objective lens NA = 0.75, λQD =
705 nm). However, the form of the two data sets can
be compared, and this shows a close correspondence,

indicating that the distribution in fluorescence intensity
per vesicle optical section does correlate to a variation in
individual nanoparticle number per vesicle EM section.

Calibration of Cellular Dose. The results presented in
Figure 2 detail the nanoparticle number per vesicle in
∼100 nm thick cell sections; therefore, to obtain the
total particle dose per cell for a complete calibration of
the quantum dot fluorescence, the TEM data from 2-D
sections have to be related to thewhole cell volume. To
estimate the sampling fraction within the subvolume
of a cell, we use serial block face backscattered electron
imaging in a scanning electron microscope (SEM) con-
taining an in-chamber microtome that slices a resin-
mounted block of cells with accurate conformation of
successive 2-D images of the exposed cell surfaces. This
allows full 3-D image reconstructions from a group of
cell sections.32 Figure 4A shows a 2-D representation
of such a 3-D reconstruction in which agglomerations
of quantum dots can be seen, both on the outer cell
membrane and internally within membrane-bound
vesicles. The serial section thickness used to slice the
cells by the SEM microtome is the same as for the TEM
analysis (ca. 100 nm), and simulations of the electron
penetration (Casino Flight simulator v2.42; further de-
tails in the Supporting Information) predict an interac-
tion volumeof∼170nmandamaximumbackscattered
electron emission depth of∼70 nm (i.e., comparable to
or less than the section thickness). Area analysis of
the particle content in each of the 100�150 individual
sections across whole cells and within the total cell
volumes provides an estimate of the fractionof the total
quantum dot content to be found within a typical 2-D
section. The resolution of the backscattered electron
imaging (the pixel size was limited to be 17 � 17 nm
and the voxel size 17� 17� 100 nm) is not sufficient to
resolve single QD particles within dense agglomerates,
and sowe use the total area of QD clusters as themetric
for quantification. Figure 4B shows a histogram of the
percentage of QD area within a single section to that

Figure 3. Cumulative frequency distribution of QDparticles
per vesicle measured by TEM (red stars and lower x-axis;
taken from the data presented in Figure 2) and QD fluores-
cence intensity per vesicle measured by flow cytometry
(blue circles and top x-axis; taken from the data presented in
Figure 1).

Figure 4. (A) Two-dimensional representation of a 3-D reconstruction of a series of serial block face SEM images of a QD-loaded
cell; QDs on, and those encapsulatedwithin, the cell can be identified anddistinguished. (B) FrequencydistributionofQD area
fraction within a single 2-D image slice of a cell (the “loading” is expressed as a percentage of total cell area exposed in each
respective slice). The mean area loading is 0.67%.
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summed across all cell sections; the data are an amal-
gamation of 453 sections taken from three cells; the
mean value is 0.67% of the total cell area exposed in
a section, which implies a 2-D to 3-D multiplying factor
of 150. As the TEM images of the QD particle-loaded
vesicles are a randomly selected set, both in terms of
the transverse position of the cell section and the cell
identity, we can use this mean value multiplying factor
to scale the QD particle count PDFs and make an
approximate conversion of the section-based particle
counts to a whole cell particle number.

Given the variability in both QD particles per vesicle
section and vesicles per cell, it is essential that popula-
tion-wide, statistical measures are used to quantify the
dose, for probabilistic approaches are the only robust
option when the individual quantities are subject to
such large variation. We therefore use random sam-
pling of the PDFs shown in Figures 1 and 2 and the 2-D
to 3-D conversion factor above to obtain frequency
distributions of vesicles per cell and of particles per
vesicle and from these construct the predicted particle
dose across a large population of cells. The predicted
dose for a population of 10 000 cells, obtained from
sampling of the PDFs, is shown in Figure 5 (solid
black line).

The cytometry data provide a measure of the
“whole cell” fluorescence which is a good surrogate
of total particle number for QDs with stable emission.
A single scaling factor is introduced to transform the
arbitrary measurement base of fluorescence unit to a
count of particles per cell. The predicted dose distribu-
tion is in excellent agreement with the measured
data (Pearson coefficient, r = 0.96), thus confirming
the validity of the statistical sampling approach to
correlate individual particle counts to whole cell fluo-
rescence measurement. The calibrated distribution
has a mean dose of ∼2.4 million QD particles per cell.
Counts of nanoparticles (targeted for endocytic
uptake) per cell have been reported for a range of cell

types, using direct counting from EM images,14,15

measurement of cell magnetization in the case of
magnetic particles,13,33,34 and by atomic spectro-
scopy;35 values reported span the range of 103�107

per cell. Thus our results are within the bounds
previously reported and provide further evidence
that, on average, extremely high numbers of QD
particles targeted for endocytic uptake are internalized
per cell.

Dose Inheritance. Having confirmed the validity and
accuracy of dose prediction from knowledge of QD
particles per vesicle and vesicles per cell, the evolution
of this dose in a proliferating cell population can be
analyzed. Specifically, we model the dilution and par-
titioning of particle dose into daughter cells that occurs
within a further 24 h time period. This is compared
to measured dose distributions obtained from flow
cytometry measurements taken at 24 and 48 h after
exposure and constructed from the fluorescence in-
tensity histograms using the x-axis scaling factor al-
ready reported. The dose inheritance is modeled using
a binomial partitioning probability to decide which
daughter inherits each vesicle.18,36 This is done for all
vesicle-enclosed particle clusters used in the construc-
tion of the 24 h dose profile in Figure 5; that is, random
sampling of the predicted dose for a population of
10 000 cells using a binomial portioning probability
distribution generates the number of parent vesicles to
be inherited by each daughter:

B(d, n, p) ¼ n!

d!(n� d)!
pd(1� p)n� d (1)

d0 ¼ n� d (2)

where B is the probability of daughter 1 inheriting d

vesicles from a parent containing n vesicles when the
mean inheritance probability is p; d0 is the number of
vesicles inherited by daughter 2. Previous work on
this cell line indicates that the mean cell cycle time is
20.5 h,23 and so there will be a small percentage of the
population which progresses through two rounds of
divisionwithin the 24 h time period (individual cells are
assumed to be randomly distributed throughout the
cell cycle at the 24 h time point). To account for this
occurrence, a second round of binomial partitioning is
imposed on 17% of the daughter cells. Predicted and
measured distributions are shown in Figure 6A for a
p value of 0.55; that is, the best fit is obtained with only
a slight asymmetry in the mean probability of vesicle
inheritance; however, this results in amuch wider dose
distribution ofQDparticles per cell because of the large
variation in QD loading per vesicle. The importance
of random inheritance is shown by Figure 6B, which
depicts the expected dose in the case of strict 50:50
splitting of particle dose (i.e., p = 0.50). Systematic,
symmetric partitioning maintains the distribution
shape and moves it to half of the parent dose, it is

Figure 5. Predicted (black line) and measured (red line)
frequency distributions of QD particles per cell (measured
data are scaled by calibration factors obtained from the
optical vesicle count and TEM-based particle count data).
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clear that this is not in agreement with the present
experimental evidence.

The reduction in peak value and the increased
width of the dose distribution at 48 h is due to
dispersion (driven by unequal partitioning of nanopar-
ticles between daughter cells), stemming from two
sources: the randomness of vesicle inheritance (given
by the binomial partitioning above) and the variability
in particle load of each vesicle (Figure 2). The inheri-
tance variability is shown in Figure 7A, which plots the
distribution of the partitioning fractions used in mod-
eling the vesicle inheritance. Binomial partitioning of
low numbers of vesicles (typically <30) leads to a wide
range of inherited dose as the variance in binomial
trials is proportional to

√
n. The particle-loaded vesicle

inheritance variability is shown in Figure 7B, which is a
scatter plot of the particle inheritance as a function of
nanoparticle-loaded vesicle inheritance; that is, uni-
form loading of the vesicles would give equal fractions
and produce a straight line at 45� to the axes. The large
heterogeneity in the numbers of particles loaded into
each vesicle and the relatively low number of loaded
vesicles per cell can lead to a marked difference in the
fraction of QD-loaded vesicles and thus particles in-
herited. The Pearson correlation coefficient of the data

sets is 0.71, indicating a positive but imprecise relation
between the inheritance of particle-loaded vesicles
and of total particle number. The variance of particle
load per vesicle introduces an asymmetry as exces-
sively high (or low) loaded vesicles skew the fraction of
particles inherited, especially at low parent vesicle
number where the influence of outliers becomes
significant.

CONCLUSIONS

We have shown that through the use of limited cell
sampling using high-resolution EM a calibration can be
made, relating large population, cytometric measure-
ments of fluorescence to exact quantum dot particle
dose taken up by endocytosis. The statistical profile of
particle dose is captured in probability distribution
functions describing the variance of particle number
within intracellular vesicles and of loaded vesicle
number per cell. This probabilistic approach allows us
to quantify at the fundamental level of particles per

cell and maintain the capacity to analyze the 104 cells
or more required to fully account for the biological
heterogeneity displayed within a cell colony. The
calibration indicates that substantial numbers of nano-
particles per cell are internalized by endocytosis, and

Figure 6. (A)Measured (colored lines) andpredicted (p=0.55) (black lines) frequencydistributions ofQDparticle loadper cell,
24 h (red experiment curve) and 48 h (green line) post-loading (10 nM concentration, 1 h exposure). Notably, in the predicted
curve, the vesicles per cell were sampledwith only a slight asymmetry of inheritance, but because of the large variation in QD
loading per vesicle, this results in a much wider dose distribution of QD particles per cell. (B) Experimental data shown with
predictions assuming strict 50:50 partitioning of particles between daughter cells. Clearly, this does not fit the experimental
observations.

Figure 7. Statistics of predicted particle inheritance. (A) Probability distribution of vesicle partitioning fraction inherited by
daughter cells. There is only a slight asymmetry to this, suggesting that the vesicles are inherited in a near random manner
(i.e., a near 50:50 split on cell division). (B) Dot-plot of % of particles inherited versus % of nanoparticle-loaded vesicles
inherited. There is a nonlinear relationship because of the variation in particle load within measured vesicles (Figure 2). The
solid black line highlights the condition of equality in fraction of vesicles and of particles inherited (uniform loading of
vesicles).
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this has implications for the design of in vitro assays.
Typical pharmacology assays contain milliliter volumes
of particle dispersions, at nanomolar concentration and a
total particle number of∼1012; with mean particle loads
of 106 per cell in populations of ∼106 cells, this implies
severe depletion of the nanoparticle reservoir and a
highly nonlinear supply dynamic. The results also high-
light the large variability present in nanoparticle�cell
interactions, leading to a wide range of particle number
per vesicle and so per cell, and show that near random
partitioning of vesicles into daughter cells following cell
division dictates the dispersion of particle dose.
In our experiments, the internalization of the nano-

particles occurs through endocytosis, as is the case for
the majority of nanoparticle�cell studies. This loading
process leads to particle encapsulation within orga-
nelles (endosomes) and the need to distinguish be-
tween the number of nanoparticles and the way in
which they are packaged in the cell. While endosomes
are dynamic organelles that can be exocytosed, fused,
or matured into lysosomes, particle encapsulation is
nonetheless particularly relevant when studying the
impact of cell division upon dose; here the prediction
of inherited dose must take into account the vesicles
as well as the particles. Our analysis shows that a
highly asymmetric inheritance of particle numbers

by daughter cells can occur despite near symmetric
partitioning of vesicles, and that this asymmetry is
driven by the presence of extreme events in the
loading process which lead to marked variation in
the number of particles per vesicle. Regardless of the
reason for the variation in vesicle packing, anomalous
organelles then weigh the inherited particle fraction in
daughter cells. Thus the process of dose dilution looks
very different according to whether particle number or
vesicle number is tracked through mitosis.
These studies pave the way for predictive modeling

of nanopharmacology. The approach outlined allows
us to relate the absolute dose level of a nanotherapeu-
tic (particle number) and its formulation (intracellular
packaging) to biomarkers of cell status, measured on
the standardized, high-throughput platform of flow
cytometry. It can also take into account the influences
of cell cycle and proliferation on nanotherapeutic
pharmacokinetics and pharmacodynamics, which are
important arbiters of therapeutic outcome in diseases
such as cancer. For example, nanoparticulate drug
formulations could be fluorescently labeled and this
labeling then used in conjunction with flow cytometry
to track the exact dose across a population of cells as
they progress through the cell cycle and proliferate
under the influence of the therapeutic agent.

METHODS

Cell Culture and QD Loading. U-2 OS (ATCC HTB-96) cells were
maintained in McCoy's 5a medium (Sigma M8403) supplemen-
ted with 10% fetal calf serum (FCS), 1 mM glutamine, and
antibiotics and incubated at 37 �C in an atmosphere of 5% CO2

in air, in 25 cm2 cell culture flasks. Cells were loaded with
commercially available targeted nanocrystals using the Qtracker
705 cell labeling kit (10 nM) (Invitrogen (Q25061MP)). Qtracker
reagents A andBwere premixed and then incubated for 5min at
room temperature. Fresh full growth medium (2 mL) was added
to the tube and vortexed for 30 s. This labeling solutionwas then
added to the cells and incubated for 1 h at 37 �C. After the 1 h
period, the cells were washed twice with fresh media to remove
any free quantumdots from the cellmedia and then reincubated
at 37 �C in fresh media. To prepare for flow analysis, samples
were incubated in FACS buffer (PBS/0.2% BSA/0.05% sodium
azide) for 30 min before resuspension in 200 mL of PBS and
storage in a refrigerator at 4 �C until later data acquisition on the
flow cytometer.

Electron Microscopy. The quantum dot exposed cells (exposed
for 1 h and incubated for a further 24 h) were harvested and
placed in fixative (2% glutaraldehyde and 2% formaldehyde in
100mMPIPES buffer), washed in a buffer, then spun into pellets,
and fixed in 2% osmium tetroxide. Following dehydration by
a series of ascending strength alcohols and washing with dry
acetone, the specimens were infiltrated with Spurr's resin which
was polymerized at 60 �C for 24 h. Sections were cut from
the polymerized block with a nominal thickness of 100 nm
using an ultramicrotome (Leica Ultracut E) and placed on a
copper grid (Agar Scientific). No conventional heavymetal stain
(uranyl acetate or lead citrate) was used. Transmission electron
microscopy (TEM) was then conducted on an FEI Tecnai F20
microscope operating at 200 kV and fitted with a Gatan Orius
SC600A CCD camera. A total of 102 cells within one randomly
selected thin section of the cell pellet was fully examined such
that all membrane-bound quantum dots within each cell were

identified and imaged. The images of the encapsulated quan-
tum dots were processed to identify individual quantum dots
using scripts in MATLAB, enabling quantification of numbers of
quantum dots per vesicle. Section thickness was confirmed
to be∼100 nm using electron energy loss spectra recorded in a
FEI CM200 FEG-TEM operating at 197 kV and fitted with a Gatan
Imaging filter (GIF-200).

Whole cell information was collected from a resin block
containing cells exposed to QDs for 1 h and prepared as
described above, using a Gatan 3-View system32 installed on a
FEI Quanta FEG250 ESEM operating at an accelerating voltage
of 3.8 kV and with a water vapor pressure of 0.64 Torr (85 Pa).
The ultramicrotome inside the SEM was used to cut sections
from the polymerized block at nominal slice thickness of
100 nm, with serial backscattered imaging of the exposed block
face recorded over an area of 69.014 μm � 69.014 μm with a
pixel size of 17 � 17 nm, a 15 μs dwell time, a 30 μm objective
aperture inserted, and at the manufacturer's spot size setting
of 3.5. A through thickness stack of 320 images was recorded
over ∼25 h. The image stack was compiled and analyzed using
Fiji image analysis software37 to select only image (sub)stacks of
fully sectioned cells for 3-D reconstruction. Reconstructions
were produced using the Imaris software with a voxel size of
17 nm � 17 nm � 100 nm.

Flow Cytometry. Cell images were acquired using an Image-
stream100 cell analyzer (Amnis Corporation). A 488 nm wave-
length laser was used to excite quantum dot fluorescence,
which was collected with a 40�, 0.75 objective lens, using the
660�735 nm spectral detection channel. A subset of 1 � 104

cells taken from the larger cultured cell population was imaged
for each sample and analyzed using the manufacturer's soft-
ware. Gating of the acquired data to ensure focused images
of viable cells reduced the analyzed population to 5000 cells.
Line-scan gradients were used to select cells within the focal
plane, and gating on two-dimensional plots of cell area and
aspect ratio were used to select viable cells. The system and

A
RTIC

LE



SUMMERS ET AL. VOL. 7 ’ NO. 7 ’ 6129–6137 ’ 2013

www.acsnano.org

6136

peak image analysis algorithms were used to identify intensity
clusters and calculate their number, assuming a discrimination
level of intensity at twice the intensity of the background.
Spot counting accuracy was confirmed by manual verification
of confocal images. The sampling and gating procedures
ensure that nanoparticle-loaded vesicles are only counted in
healthy cells.

Statistical Modeling. Measured distributions of nanoparticles
per vesicle and of particle-loaded vesicles per cell were fitted
with statistical distributions to obtain probability distribution
functions. The probability, Pn, of finding n particles in a cellular
vesicle is described by a biexponential decay function of the
form

Pn ¼ a1exp(� b1n)þ a2exp(� b2n)

with parameter values of, a1 = 0.103, b1 = 6 � 10�3, a2 = 0.017,
b2 = 4� 10�4. The probability, Pv, of finding v loaded vesicles in
a cell is described by a Polya distribution of the form

Pv ¼ μv

v!
(1þμb)� vþ 1

bð Þ∑
v

0
(1þ vb)

with μ = 7 and b = 0.25. This is an overdispersed form of a
Poisson distribution with mean, μ; b is a dispersion factor which
broadens the distribution (b=0, corresponds to a Poisson curve).
To simulate a flow cytometry intensity histogram, the vesicle
count PDF is randomly sampled to produce vesicle numbers for
a simulated population of 10 000 cells; the particle number PDF
is then randomly sampled to provide the nanoparticle dose in
each vesicle.
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