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M
etal oxide nanoparticles (NPs) are
now widely distributed in consu-
mer products, despite only a lim-

ited understanding of how these objects
interact with biological systems and the
environment.1�3 The inclusion of zinc oxide
(ZnO) NPs in topically applied skin care
products has resulted in increased public
exposure to an inorganic nanomaterial di-
rectly linked to cellular dysfunction.4�6 A
recent study used 68Zn-labeled ZnO NPs,
which were synthesized via the samemeth-
od employed in our current study, formu-
lated in sunscreens applied to skin under
“field conditions”. This work demonstrated,
contrary to the dominant view,7,8 that a
small amount of Zn (either as NPs or free
ions) can penetrate healthy human skin and

enter the bloodstream.9 If intact NPs do
reach living tissue, they are likely to elicit
an immune response.10 In particular, macro-
phages play a major role in safeguarding
against assault by foreign bodies and are
thus likely to experience relatively higher NP
exposure than other cell types, a realization
that has led to renewed interest in the
interaction of ZnO NPs with cells of the
immune system.11 Agglomerates of ZnO
NPs readily undergo phagocytosis and impair
cell function,12 alter cellular redox status,13

and initiate apoptosis.14 Dissolution of ZnO
NPs, to liberate Zn2þ,15 is believed to precede
these cytotoxic effects,16 although ZnO NPs
have been shown to have limited solubility in
aqueous media.17,18 However, recent obser-
vations of ionic zinc spontaneously forming
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ABSTRACT The usefulness of zinc oxide (ZnO) nanoparticles has led to their

wide distribution in consumer products, despite only a limited understanding of

how this nanomaterial behaves within biological systems. From a nanotoxico-

logical viewpoint the interaction(s) of ZnO nanoparticles with cells of the

immune system is of specific interest, as these nanostructures are readily

phagocytosed. In this study, rapid scanning X-ray fluorescence microscopy was

used to assay the number ZnO nanoparticles associated with ∼1000 individual

THP-1 monocyte-derived human macrophages. These data showed that nano-

particle-treated cells endured a 400% elevation in total Zn levels, 13-fold greater

than the increase observed when incubated in the presence of an equitoxic concentration of ZnCl2. Even after excluding the contribution of internalized

nanoparticles, Zn levels in nanoparticle treated cells were raised∼200% above basal levels. As dissolution of ZnO nanoparticles is critical to their cytotoxic

response, we utilized a strategy combining ion beam milling, X-ray fluorescence and scanning electron microscopy to directly probe the distribution and

composition of ZnO nanoparticles throughout the cellular interior. This study demonstrated that correlative photon and ion beam imaging techniques can

provide both high-resolution and statistically powerful information on the biology of metal oxide nanoparticles at the single-cell level. Our approach

promises ready application to broader studies of phenomena at the interface of nanotechnology and biology.

KEYWORDS: ZnO nanoparticles . X-ray fluorescence microscopy . cellular uptake . nanoparticle solubility . metallomics

A
RTIC

LE



JAMES ET AL. VOL. 7 ’ NO. 12 ’ 10621–10635 ’ 2013

www.acsnano.org

10622

amorphous carbonate/phosphate nanoparticulates in
culture media,19 coupled with the influence that in-
dividual particle topology, intracellular pH and the
relative abundance of coordinating ligands can all
exert on rates of particle dissolution, suggest a surpris-
ingly rich solution chemistry for this nanomaterial once
it enters the cellular environment. These effects con-
spire to make uptake, subcellular localization, and the
mechanism(s) of toxicity difficult to elucidate.
Metal oxide NPs hold considerable promise as thera-

peutics and/or imaging agents in clinical settings, but
to exploit their potential a more complete understand-
ing of NP biology at the cellular level is required. In
particular, research tools capable of identifying NPs in
association with single cells and able tomonitor changes
in NP composition following endocytosis would provide
valuable new understanding of their toxicology. How-
ever, such techniques must involve rapid and routine
analysiswhile yielding sufficient statistical power. Current
bulk analysis techniques like inductively coupled plasma
mass spectrometry (ICP-MS) possess formidable mini-
mum detection limits but are insensitive to intercell
variation and require destruction of the sample.20 Ad-
vances in laser ablation (LA-)ICP-MS have successfully
extended this approach to provide quantitative spatially
resolved information on elemental distribution, but cur-
rently such an approach cannot interrogate the nano-
scale organization of elements within an intact cell.21,22

This has meant that investigations into the distribu-
tion of NPs (in either in vitro cell cultures or animal
models) have typically been performed using transmis-
sion electron microscopy (TEM), oftentimes requiring
the use of thin resin-embedded sections. However,
TEM cannot be relied upon to conclusively identify
NPs within a biological matrix due to particle aggrega-
tion, dissolution, contamination or morphological
changes that occur upon cellular uptake.23 Acquiring
spatially resolved chemical information via electron
energy loss spectroscopy (EELS) circumvents some of
these issues and is highly valuable (EELS can be used to
generate detailed 3-dimensional structural and chemi-
cal maps).24 However, this approach has only been
demonstratedonvery thin specimens (typically <100nm),
and thus mechanical sectioning is necessary to render
eukaryotic cells suitable for analysis despite the risk of
compression artifacts distorting interpretation of recorded
images.25 Moreover, the hours of exposure to electron-
beamirradiation required for chemicalmappingcancause
significant damage to biological specimens.26 It is worth
noting that advances in field emission SEM have allowed
high resolution images of phagocytosed ZnO NPs to be
acquired from intact cells,27 but these techniques tend to
be intricate and time-consuming if the study of many
individual cells is required.
Both visible light and X-rays have found application

for imaging inorganic species in biological systems.
Cell permeable metal-specific optical fluorophores

provide valuable information on pools of “exchange-
able” ions,28 but how these compounds interact with
nanomaterials is less clear.29 Moreover, when using
these ligands, care must be taken to avoid spurious
interpretations, stemming fromNP dissolution, organelle-
specific differences in ligand uptake, or local changes
in pH or redox environment modifying the spectral
characteristics of these fluorophores.30,31 Recent work
has highlighted the usefulness of X-ray imaging for
tracking the distribution of NPs (including ZnO
NPs) throughout mammalian cells, but this work

has been limited to either cells loaded with chemically
inert NPs containing high Z elements (providing high
native contrast) or few individual cells.15,31�34 Advances
in the efficiency of X-ray fluorescence (XRF) detectors35

have yielded alternative probes with which to interro-
gate the interactions of NPs with biological systems.
Here we describe the use of rapid scanning X-ray
fluorescence microscopy (XFM, for a recent review see
ref 36) to determine the number of ZnO NPs associated
with∼1000 individual THP-1 monocyte-derived human
macrophages and provide direct evidence that this cell
type is able (at least partially) to dissolve ZnO NPs.
Subsequently, and in concert with iterative rounds of
focused ion-beam (FIB) ablation scanning electron mi-
croscopy (SEM), XFM was used to record quantitative
information on NP distribution and dissolution postin-
ternalization. These data provide direct in situ evidence
for cell-mediated breakdown of ZnO NPs occurring
within the cellular interior.

RESULTS AND DISCUSSION

Particle Characterization and Sample Preparation. Disso-
ciation of ZnO NPs inside cells is believed to be critical
to their biological impact4,15,16,37 but is difficult to
observe in situ, because of the confounding presence
of physiological Zn. To overcome this hurdle, we have
developed an approach utilizing ZnONPs dopedwith a
small amount of Co2þ.38 Crucially, inclusion of Co has
no influence on the cytotoxicity of these structures
relative to the undoped form of thematerial (Figure S1A,
Supporting Information). The Co-dopant allowed the
distribution of ZnO NPs to be tracked through biolo-
gical media without any need for modifying the parti-
cle's surface by attaching optically fluorescent tags that
may alter cellular uptake and processing.

Characterization of the Co-doped and undoped
ZnO NPs has been described elsewhere;38 both mate-
rials weremade available throughMicronisers (Victoria,
Australia) using their commercial processes. Briefly,
X-ray powder diffraction (XRD) of Co-doped and un-
doped ZnO NPs exhibited the characteristic wurtzite
structure. Rietveld refinement was used to calculate
the c-axis lattice parameter; c = 5.2150(2) Å and c =
5.208(2) Å, respectively, values almost identical to the
standard diffraction data observed for bulk ZnO (ICDD
card number 36�1451, c= 5.206Å) and consistentwith
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previous reports (Figure S1B, Supporting Information).39

The same analysis indicated that the average crystallite
size fordopedandundopedZnONPswas similar (Table1),
minimizing the likelihood that differential strain effectswill
influence particle stability. The mass of Co incorporated
intoNPs used in this studywas assessed to be 1.8% (w/w),
via ICP-MS, corresponding to a Zn:Co molar ratio of 39:1.
These data are consistent with previous work demon-
strating that Co substitutes isomorphously for Zn into the
ZnO sublattice with uniform incorporation of the dopant
at up to 3% (w/w).38�40

The morphology of Co-doped and undoped ZnO
NPs was very similar, as observed under TEM (inset,
Figure S1B, Supporting Information). Estimates of the
primary particle size and dispersion were performed
on particulates suspended in water using dynamic
light scattering (DLS). The DLS and TEMmeasurements
were consistent, as the DLS showed Co-doped and
undoped NPs to be comparably sized objects, with D90

values of 39( 5 and 40( 6 nm, respectively (Figure S1C,
Supporting Information). The influence of biological
molecules (particularly proteins) on particle dispersion
is nontrivial,41 and attempts to measure the primary
particle size using culture media as the suspension
solvent gave ambiguous results, suggesting low qual-
ity dispersion. This behavior was likely due to the
complex (and not well understood) interaction(s)
between NPs and the various components present in
RPMI media,42 compounded by the presence of fetal
bovine serum (FBS).43 Disk centrifugation has advan-
tageswhen sizing particulates under these challenging
conditions,44 and was used to establish the size dis-
tribution and agglomeration of particles suspended in
physiologically relevant fluids. This analysis showed
typical agglomerate sizes of ∼1.4 μm for both
Co-doped and undoped NPs. A summary of particle
characterization is presented in Table 1.

Finally, the stability of Co-doped and undoped ZnO
NPs was tested under a variety of physiological condi-
tions. By monitoring the amount of Zn that had
dissociated from preparations of intact NPs after a
24 h incubation under relevant conditions, we saw
that incorporation of Co had little effect on the stability
of ZnO NPs; data are presented in Table 2.

For in vitro exposures, THP-1 monocyte-derived
human macrophages were incubated for 24 h with or
without 20 mg L�1 of (Co,Zn)O NPs, 20 mg L�1 of ZnO
NPs or 15 mg L�1 of ZnCl2; each concentration was
selected to induce equivalent cytotoxicity (Figure S1A,
Supporting Information). Although performing ele-
mental analysis on hydrated specimens is possible,16,45

multiple rounds of XFM and EM imaging were antici-
pated to be required for this study. Thus, to improve
stability, specimens were extensively washed with
freshmedia after incubationwithNPs andbefore being
chemically fixed (with glutaraldehyde and osmium
tetroxide) and dehydrated. Our choice of fixative was
driven by a desire to preserve the integrity of the
plasma membrane46,47 and to capture the entire sys-
tem (both cells and growth substrate) with minimal
interference or disruption of cell topology. Washing
with low pH buffers was avoided so that the chemical
composition of extracellular NP agglomerates could be
investigated as part of the study.

Indentifying ZnO Nanoparticles in Situ. XFM has demon-
strated utility for studying bioinorganic chemistry
in situ,35 and recent reports have employed this tech-
nique for studying biological interactions of ZnO
NPs.15,27,48 A representative integrated XRF spectrum
acquired from a single NP-treated macrophage con-
firmed that this approach was able to identify the
major elemental constituents of our specimen type
(Figure S1D, Supporting Information). These data were
used to construct high resolution elemental maps of
THP-1 macrophages, either untreated or treated with
(Co,Zn)O NPs (Figure 1A). As expected, endogenous
cobalt levels (i.e., Co associated with non-NP treated
macrophages) were below experimental detection
limits and is consistent with the low abundance of Co
in biological systems.49 These data confirmed that Co
could be used as a sensitive marker for tracking NP
distribution and provides useful dual-label confirmation
of the presence of intact Co-doped ZnONPswithin cells.

A caveat with this approach is the sensitivity of XFM
to the presence of elements through the full thickness
of a specimen. This makes the discrimination between
NPs interacting with a cell, and those particulates that
have simply precipitated out of solution and settled
upon the cell's exterior, problematic. Even though ZnO
NPs are reported to be readily internalized,15,27 we
sought to assess the degree to which treated cells
became surface-decoratedwith NPs. If precipitation on
the cell surface drives cellular accumulation of NPs,
then larger cells (having greater projected area) should

TABLE 1. Characterization of (Co,Zn)O and ZnO NPs

Agglomeration under Different Conditionsa

nanoparticle type

ZnO NPs (Co,Zn)O NPs

mean size (nm) 1σ (nm) mean size (nm) 1σ (nm)

TEM 25 7 30 8
XRD 57 9 48 6
DLS (D90)

b,c 40 6 39 5
DCd 1330 300 1390 340

a Various analytical techniques (TEM, transmission electron microscopy; XRD, X-ray
powder diffraction; DLS, dynamic light scatter; DC, disc centrifuge) were used to
compare the size distribution and agglomeration of the two ZnO nanoparticles used
in this study. b Assuming nominally spherical particles and a density of 5.61 g cm�2,
we estimated the surface area of the primary Co-doped nanoparticles to be∼30 m2 g�1.
cMeasurement performed on nanoparticles suspended in water. dMeasurement
performed on nanoparticles suspended in RPMI-1640 media, containing 5% (v/v) fetal
bovine serum.
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be associated with a greater number of NPs. By corre-
lating a cell's projected area with the mass of cellular
Co, we found that cell size accounted for only 8% of the
variation in Co load (1007 cells; r = 0.29, p < 0.0001).

This finding is inconsistent with NPs being passively
accreted on cell surfaces after simply settling out
solution and thus confirmed that treated cells accu-
mulate NPs through active processes.

TABLE 2. Characterization of (Co Zn)O and ZnO NP Stability under a Range of Physiological Conditions

nanoparticle type

ZnO NPs (Co,Zn)O NPs

concentration (mM) 1σ (mM) % Zn dissolveda concentration (mM) 1σ (mM) % Zn dissolveda

water 0.028 0.002 2.20 ( 0.1 0.024 0.001 1.8 ( 0.1
RPMI-1640 þ FBS 0.012 0.001 0.93 ( 0.1 0.013 0.001 1.0 ( 0.1
ALF 1.256 0.016 98.0 ( 0.1 1.214 0.010 95 ( 0.7

a The concentration of Zn that entered solution after 24 h incubation in water, cell culture media (RPMI media containing 5% (v/v) foetal bovine serum) or artificial lysosomal
fluid (ALF), was assessed via ICP-MS. The third column shows this value as a percentage of the original molarity of Zn (1.28 mM in both cases).

Figure 1. Identification of agglomerated NPs in association with THP-1 macrophages. (A) Optical micrograph of THP-1
macrophages, untreated and treatedwith (Co,Zn)ONPs (scale bar 45μm). Thedashed-linewhite box indicates a cell fromeach
treatmentgroup selected for high-resolution elementalmapping. Inelastic scatter (Compton) of incident photonswas used to
demarcate the boundary of the cell under investigation (scale bar 10 μm). The color scheme for each element is scaled
separately, with themaximumpixel value shown numerically at the top left of the relevant panel. (B) Segmentation of the Zn
map recorded from the NP-treated cell identified in A, using k-means cluster analysis. The three distinct ROIs (blue = ROI#1,
green= ROI#2 and red =ROI#3) correspond to collections of pixels consistentwith a uniquemean concentration of Zn. The Co
and Znmaps fromA are reproduced (in gray scale) with the boundaries of each ROI superimposed.Maximumpixel values are
shown numerically at the top left of the relevant panel. (C) Binarymasks corresponding to ROI#2 and ROI#3 (identified in B as
green and red, respectively) were applied to the Co and Zn maps recorded for the NP-treated cell presented in A. The color
scheme for each element is scaled equivalently to that used for corresponding elementalmapsof theuntreated cell presented
in A; maximumpixel values are shown numerically at the top left of the relevant panel. (D) Intensity correlation analysis (ICA)
was used to test the degree of covariance between the elevated Zn and Co present within ROI#3 (defined in B). These plots
show normalized pixel intensity (y-axis) for each component (P/p = Zn and Q/q = Co) against the (Ai � a)(Bi � b) function
(x-axis). The calculated Li's intensity correlationquotient (a global estimationof colocalization) wasg0.41, indicating the pixel
intensities were strongly covarying; hence, elevated Zn is strongly correlated with Co within ROI#3.
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The active accumulation of exogenously applied
(Co,Zn)O NPs indicated that Co XRF in cells should be
associated with elevated Zn levels. Using k-means
cluster analysis, the Zn map of treated cells could be
segmented into three distinct regions of interest (ROIs),
each associated with a unique mean Zn concentration
(Figure 1B). Zn levels within ROI#3 spiked orders of
magnitude above basal levels (untreated cells) or the
Zn levels present in ROI#1 and ROI#2, and is consistent
with the material in ROI#3 being agglomerated NPs. If
true, we expected a high degree of colocalization
between the Zn present in ROI#3 and the distribution
of Co throughout the cell. Colocalization between Zn
and Co within ROI#3 was assessed using intensity
correlation analysis (ICA, Figure 1C),50 for which Li's
intensity correlation quotient (ICQ) was 0.41, implying
excellent coregistration of these two signals. These
data provided confidence that the distribution of Co
could be used to identify subcellular regions that are
biologically equivalent to ROI#3. In effect themap of Co
distribution could be reliably employed for tracking the
location of agglomerated NP material in situ.

Quantifying Cellular Accumulation of ZnO NPs. In addition
to the Co label, facilitating the tracking of NPs in the
culture media system, it also provided a means to
quantify the number of NPs in association with a single
cell. Based on the ICP-MS and DLS analysis detailed
above, a single (Co,Zn)O NP could be expected to
contain ∼3.4 � 10�18 g of Co. The mass of Co asso-
ciated with a single cell (as measured by XFM) enabled
the cell's Co load to be converted into the equivalent
number of NPs, a value henceforth referred to as the
cellular NP-load. Traditionally, XFM experiments are

time-consuming, making such an approach for asses-
sing NP-loading across a large number of cells imprac-
tical. However, because of advances in low-latency XRF
detectors (such as the Maia installed at the Australian
Synchrotron),51 rapid, high-definition XFM (with ele-
mental maps containingg100 000 pixels) is becoming
more routine.34,52 Taking advantage of improved data
acquisition rates enabled high-definition elemental
mapping of approximately 1000 individual NP-treated
THP-1macrophages to be completed in under an hour.
Using these data to quantify the mass of Co associated
with each cell then formed a basis with which to
measure the NP-load per cell (Figure 2 and Figure S2,
Supporting Information).

Perhaps surprisingly, the resulting histogram of
cellular NP-load was not normally distributed around
a single mean, but rather these data were distributed
log-normally (Figure 3A). This distribution commonly
describes the abundances of molecules within cellular
systems,16,53,54 even the accumulation of platelets
within THP-1 macrophages via phagocytosis has
been shown to be log-normal.55 In this case the result
was rationalized by appealing to the probability of a
single platelet being internalized as the product of
multiple independent events (consistent with the
multiplicative version of the central limit theorem).56

Interestingly, as endocytosis is ultimately driven by a
number of gene products, another biological interpre-
tation of these data is that some determinant of gene
expression capacity (e.g., availability of mRNA, access
to promoter(s), sufficient number of ribosomes, stage
of cell cycle, etc.), if normally distributed among differ-
ent cells, could lead to a log-normal distribution of

Figure 2. Quantitating cellular Co load in a population of THP-1 macrophages. High definition elemental maps of a
representative area (∼12% of total scan area) showing THP-1 macrophages either untreated or treated with 20 mg L�1

(Co,Zn)O NPs (scale bar 300 μm). Again inelastic scatter (Compton) of incident photons was a useful guide to identify cell
boundaries. The color scheme for each element is scaled separately, with themaximumpixel value shownnumerically at the top
right of the relevant panel. Accompanying these images are histograms (tabulated frequency) of cellular Co content alongwith
the number of cells included in the analysis. Cells not exposed to NPs had little endogenous Co, and the observed low intensity,
spatiallyuniformCoXRFwasdominatedbyexperimental background. The averageCo signal associatedwithuntreatedcellswas
used to calculate the minimum number of (Co,Zn)O NPs detectable within a single pixel to be 2.8 ( 0.2 � 102 particles.
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NP-load.57 Though we lack a specific model to explain
our current observations, these initial findings suggest
that using XFM to follow the fate of mixed metal oxide
NPs may prove a fruitful approach with which to
disentangle these effects in future studies.

Importantly, these data imply that care must be
taken when analyzing population data on cellular NP-
load. For example, simply reporting the arithmetic
mean without accounting for the observed deviation
from normality (by logarithmically transforming the
data) will distort interpretation (Figure 3B).53 Conse-
quently, we first log-transformed the data and as-
sessed whether it was normally distributed before
calculating the mean and variance of NP-load for the
treated population (n = 1007). This log-mean NP-load
was back-transformed for presentation, giving a value
of 1.5� 104 particles (�1σ to 1σ: 0.5 to 4.1 � 104 NPs).

Effect of NP Treatment on Cellular Zn Load. Relative to
untreated cells, THP-1 macrophages exposed to ionic
Zn (applied as ZnCl2) showed minimal increase in total
cellular Zn load (1.3 fold) compared to cells treated
with either Co-doped or undoped ZnO NPs (4.4-fold
and 4.6-fold respectively, Figure 3B). Interestingly,
these treatments induced equal cytotoxicity despite
NP-treated cells being exposed to 30% more exogen-
ous Zn. These data provided strong evidence that
Zn2þ, which readily forms stable complexes with en-
dogenous ligands (as per the Irving�Williams series),58

is a more potent disruptor of cell function than the
relatively inaccessible Zn sequestered within crystalline

ZnO NPs. This reasoning implicated NP dissolution as
being central to the observed cytotoxicity16,59,60 and is
consistent with previous work undertaken in other cell
lines.15

The inclusion of the Co-dopant in ZnO NPs enabled
us to test this hypothesis directly. Excluding subcellular
regions where the presence of (Co,Zn)O NPs domi-
nated the contribution to Zn XRF (defined by the
presence of Co), we observed a 2-fold increase
(beyond basal levels) in non-NP Zn for the (Co,Zn)O
NP-treated cells. These data show that leakage of Zn
from the agglomerated (Co,Zn)O NP material into the
cellular interior elevated the Zn levels only marginally
higher than the increase induced by equitoxic treat-
ment with ZnCl2 (Figure 3C). This result suggests that
treatment with ZnO NPs or Zn2þ causes cytotoxicity
through similarmechanisms, namely by overwhelming
the cell's capacity to appropriately buffer intracellular
Zn levels.61 This interpretation is supported by pre-
vious work relating increased particle stability with an
improved cytotoxicity profile.6,37,61

Because of the specimen preparation procedure
(involving extensive washing prior to analysis), we
were unable to account for the totality of exogenously
applied Zn, which prevented a definitive assessment of
the proportion of total ZnO NPs dose that was inter-
nalized by cells over the course of the exposure period.

Cell-Mediated Dissolution of (Co,Zn)O NPs. The quantifica-
tion of cellular NP-load (Figure 3A) implied that for a
NP-treated macrophage associated with a typical

Figure 3. Quantifying NP-load, a population study. (A) The histogram (tabulated frequency) of NP-load for THP-1
macrophages treated with (Co,Zn)O NPs was well modeled by a single log-Gaussian curve (solid black line). (B) Box and
whisker plot displaying mass of Zn associated with cells from THP-1 macrophages either untreated, treated with ZnCl2, ZnO
NPs, or (Co,Zn)O NPs. The box includes the 2nd and 3rd quartiles, and the whiskers encompass 1�99% of the data range;
outliers are shown as single solid black circles (b); means and medians are indicated by (þ) and (|), respectively. Data are
presented on a logarithmic x-axis. As cellular Zn load was not normally distributed, the log-transformed data for each group
was compared using a one-way ANOVA, and significant elevations (above basal, p < 0.001) inmean cellular Znwere observed
for cells exposed to either Co-doped or undoped ZnO NPs and ZnCl2 (with Bonferroni's multiple comparison posthoc test).
(C) Histograms (tabulated frequency) of cellular Zn content for each treatment group. For the cells treated with (Co,Zn)O NPs,
both non-NPZn (light gray) and total Zn (non-NPþNPZn, dark gray) are shown separately; for the other treatments, only data
for total Zn are shown. In all cases these data were well modeled by single log-Gaussian curves (solid black line), and the log-
mean from each treatment groupwas compared using one-way ANOVA (with Bonferroni's multiple comparison posthoc test)
with significant elevations (above basal, p < 0.001) of non-NP Zn and/or total Zn (as appropriate) observed for cells treated
with (Co,Zn)O NPs, ZnO NPs, and ZnCl2.
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number of (Co,Zn)O NPs (1.5 � 104 particles), the total
mass of cellular Zn should be elevated ∼80-fold be-
yond basal levels (basal total Zn load being 0.10 pg,
�1σ to 1σ: 0.06 to 0.17 pg, Figure 3B). It was surprising
then that total Zn levels observed in these cells (treated
with either Co-doped or undoped ZnO NPs) increased
only ∼4-fold (Figure 3B,C). This discrepancy between
NP-load (calculated using cellular Co content) and total
cellular Zn levels indicated that particle dissolutionwas
occurring.

Freshly prepared, intact (Co,Zn)O NPs had a Zn:Co
molar ratio of 39:1; therefore, we could monitor
changes in this ratio for cells treated with Co-doped
ZnO NPs and characterize this particle dissolution
in situ. Our initial characterization of particle stability
indicated that, within the exposure period (24 h),
minimal particle dissolution had occurred around neu-
tral pH (Table 2). In addition, when (Co,Zn)O NPs were
incubated (24 h) under various abiotic conditions, only
small changes to particle composition were observed
(Figure S3, Supporting Information). In contrast, we
were unable to identify any cell-associated NP agglom-
erates with Zn:Comolar ratio greater than 35 (Figure 4A).
Indeed, the mean Zn:Co molar ratio was markedly
lower at 11:1 (Figure 4B), representing a significant
enrichment of Co (relative to Zn) when compared to
fresh preparations of intact NPs (Figure S3, Supporting
Information). Importantly, wewere also able to identify
significant deposits of intact extracellular NP agglom-
erates, where the expected Zn:Co molar ratio of 39:1
was maintained (Figure 4A).

Although NPs incubated (24 h) in abiotic media and
subsequently fixed (Figure S3, Supporting Information)
did show a small enrichment of Co (1.1-fold) that was
consistent with limited particle dissolution, this mini-
mal effect was unable to account for the large change
in NP composition observed when this same material
was incubated in the presence of THP-1 macrophages

(3.5-fold). These data provide compelling evidence
that particle dissolution is dependent on biological
processes and not simply a consequence of the ex-
tended incubation.

Identifying intact undoped ZnO material within
cells remains challenging, making it difficult to com-
pare whether particle dissolution is occurring to the
same extent as in cells treated with (Co,Zn)O NPs.
However, given that Co-doping had little effect on
particle morphology, stability, or cytotoxicity (Tables 1
and 2, Figure S1, Supporting Information), and that both
NP-treatments elicited similar elevations in total cellular
Zn load (Figure 3B,C), it appears from the Co-doped ZnO
analyses that cell-mediated dissolution of ZnO (with
concomitant elevation in non-NP Zn) drives cellular
dysfunction (at least to first order). What role(s) the
small amount of Co present in the doped material
may play in these processes is difficult to say. We have
not seen evidence in this study that Co-doping, either
when sequesteredwithin intactNPs orwhen freed upon
particle dissolution, influences the particle stability, NP
uptake, metabolism or cytotoxicity (Tables 1 and 2,
FiguresS1andS3, Supporting Information, andFigure3).
While we are confident that the elevation in non-NP Zn
is a major factor leading to cytotoxicity (Figure 3C), the
presence of Co may still have secondary effects on cell
function that were below the level of detection for our
suite of assays.

Leakage of Zn from Agglomerated NPs. While the popu-
lation studies presented above are powerful and illus-
trative they do not address the details of NP uptake or
localization. Thus in an effort to further elucidate the
mechanisms underlying ZnO NP-induced cytotoxicity,
representative (Co,Zn)O NP-treated and Zn2þ-treated
cells were selected for high resolution elemental map-
ping (Figure 5). Consistent with previous results the
molar ratio of Zn:Co within the NP agglomerates of the
NP-treated cell shown in Figure 5 was 11:1. Using

Figure 4. Cell-mediated dissolution of (Co,Zn)O NPs. (A) Optical micrograph showing a representative field of THP-1
macrophages treated with (Co,Zn)O NPs. The next two panels show the ratio of Zn:Co (in moles) for the representative
area within the dashed-line white box shown in the first panel. The color scheme for both panels reflect themolar ratio of Zn:
Co in arbitrary units. To aid the reader the image has been separated into “cell” and “noncell” regions (panels as indicated) to
highlight the extracellular location of intact NP deposits (Zn:Co molar ratio = 39:1). Green regions within these two panels
have been masked out for display. (B) Histogram (the tabulated frequency) of the Zn:Co molar ratio for NP agglomerates
associatedwithmacrophages. These data werewell modeled by a single Gaussian curve (solid black line) centered at 11 (�1σ
to 1σ: 7.8 to 15); the spread of these data suggest the agglomerated material is present in differing states of dissolution.
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k-means cluster analysis, the Zn map for (Co,Zn)O NP
treated cells was segmented into three ROIs (as de-
scribed above), and as before ROI#3 contained greatly
elevated levels of both Zn and Co (Li's ICQ of 0.47,
Figure 5A). As expected ROI#2 had a significantly lower
areal density of Zn than ROI#3 but still 8-fold higher
than Zn levels in the untreated cell (Figure 5B). Unlike
Zn however, there was little evidence for Co entering
the cellular interior, as despite ROI#3 being much
smaller than ROI#2, almost the entire cellular Co con-
tent (>97%) was contained within ROI#3.

These data implied that even after partial dissolu-
tion, cell-associated NPs remained somewhat intact
(despite selective loss of Zn); it is less likely that after
complete particle dissolution, the Zn and Co remained
within the same intracellular structures but with pre-
ferential loss/export of Zn. In either case these results
confirmed dissolution of NPs allowed the liberated Zn
to leak into the surrounding cytoplasm (Figure 5B). The
different solution chemistries of Zn2þ and Co2þ,
coupled to the complex and poorly understood details
of endocytic metal transport,62�64 suggest that further
work is needed to understand themechanism(s) behind

this observation. However, given the relatively simple
quantitative relationship between elemental content
and XRF, this approach of monitoring the exchange of
metals (or metal oxide NPs) between subcellular com-
partments could be useful for studying phagosomal
metal homeostasis.65,66

The interaction between cells and zinc is highly
complex.67 The currently accepted paradigm for ZnO
NP cytotoxicity follows several phases of action; NPs
are taken into the cell, NPs then destabilize releasing
zinc ions, and finally these zinc ions perturb the cell's
antioxidant defenses, leading to oxidative stress, cel-
lular damage and eventual cytotoxicity. The inherent
complexity and scale of these mechanisms has meant
that there is no single study in the literature exploring
the entire ZnO NP mode of action. However, a sig-
nificant amount of detail can be elucidated from
numerous smaller studies, even though not all are in
complete agreement.

One of the most significant factors for understand-
ing the mode of action is the point at which ZnO NPs
dissolution occurs. Some previous work has suggested
that ZnO NPs dissolved extracellularly,4 and while NP
solubility can vary significantly, it is generally accepted
that ZnONPs aremore unstable outside a neutral pH.68

Such instability at low pH increases the likelihood of
intracellular dissolution during cellular uptake and proces-
sing, as endosomalpH is reduced. That is, pHprogressively
decreases from the early endosome (pH 6.3) to the late
endosome (pH 5.5) stage, while for phagocytic cells, the
lysosome is even more acidic (pH is 4.7).69 The relative
insolubility of ZnO NPs at neutral pH might explain why
some reports have shown contact between cells and NPs
to be an absolute requirement for cytotoxicity,17 including
our own work on the solubility of ZnO NP in cell culture
media.19 There are numerous studies using ZnO NPs that
show some relationship between zinc release and
cytotoxicity.37,59,60 Of these, Xia and co-workers showed
that NP dissolution could be reduced with iron doping,
which in turn decreased their cytotoxicity. To add extra
complexity, it has also been reported that ZnO NPs can
cause lysosome destabilization,70 and that free zinc can
induce Zn2þ-dependent protein activity disequilibrium,71

both of which could also reduce cell viability. It must be
noted that all of these studies have only shown correla-
tions between intracellular zinc and cytotoxicity, meaning
that direct causality can still only be inferred.

An additional mechanistic component in the ZnO
NP-dependent cytotoxicity pathway is the generation
of reactive oxygen species (ROS). Paralleling the inves-
tigation of intracellular zinc levels, ROS has also been
implicated in the cytotoxicity of ZnO NPs,3 with ZnO
NPs also elevating levels of ROS in mammalian
cells.16,72,73 An important consideration is that zinc
released from ZnO NPs cannot directly catalyze ROS
generation, as it is not a redox-cycling transition metal.
However, high intracellular zinc concentrations can

Figure 5. Leakage of Zn from (Co,Zn)O NPs dissolution
elevates cellular Zn levels. (A) k-Means cluster analysis (as
used in Figure 1) was used to segment the high-resolution
Znmap recorded from a NP-treated cell (ROIs: blue = ROI#1,
green = ROI#2, and red = ROI#3, scale bar 8 μm). The
distribution of Co and Zn are shown (in gray scale) with
the boundaries of each ROI superimposed, as presented in
Figure 1B. The color scheme for each element is scaled
separately with maximum pixel values shown numerically
at the bottom left of the relevant panel. (B) High-resolution
elemental map of Zn distribution within ROI#2 of the (Co,
Zn)O NP-treated cell presented in A. For comparison repre-
sentative high resolution Zn maps (total Zn) for an un-
treated and ZnCl2-treated cell are shown alongside. All
three images are presented on a uniform color scale
(maximum pixel value as indicated, scale bar 8 μm).
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indirectly induce ROS by competing out other reactive
transition metal ions from their binding sites in oxida-
tive stress defense macromolecules, such as metal-
lothionein, and these Fe and Cu ions are then available
to catalyze Fenton-type reactions.74,75 Excessive zinc
levels can also damage organelles, such asmitochondria,
resulting in electron leakage to oxygen and elevating
intracellular superoxide.76 Our recent work directly de-
monstrates a very strong correlation between intracellu-
lar zinc, ROS generation, and cytotoxicity after ZnO NP
exposure in human THP-1 immune cells.77

Quantitation of Internalized NP Load. As eluded to
above, the penetrating nature of X-rays meant that
the preceding experiments could not unambiguously
differentiate between internalized NPs or those resting
in close proximity to the plasma membrane. Data

presented in Figures 1�5 are consistent with (Co,Zn)O
NPs being (i) present throughout the volume of the
cell; (ii) attached to the exterior of the plasma mem-
brane without internalization; or (iii) a combination of
these scenarios. To address this issue a novel strategy
combining XFM and FIB-SEM (outlined in Figure S4,
Supporting Information) was developed and em-
ployed to evaluate the proportion of cell-associated
(Co,Zn)O NPs that were actually internalized. To this
endwe selected a singlemacrophage (cellular NP-load,
3.2(0.4� 104NPs) for furtherdetailedanalysis (FigureS5,
Supporting Information), and a series of controlled doses
of Gaþ ions were used to ablate material from the cell
surface. The efficiency of the ablation process had been
previously characterized on parallel specimens via AFM
(Figure S6, Supporting Information), and the dislocation of

Figure 6. Investigating intracellular (Co,Zn)O NP uptake and distribution. (A) High resolution Znmap (scale bar 10 μm) of the
targeted cell; the region selected for 5 cycles of iterative XFM FIB-SEM is containedwithin the dashed-line white box. Red and
green demarcate regions where Zn is present as part of agglomerated NPs (red) from the non-NP containing region (green).
(B) High resolution elemental maps of the region identified in A, before (initial) and after (final) the 5 ablation cycles. By
recording XFM maps before and after each ablation cycle, the distribution of elemental content within the ablated material
could be reconstructed for selected intracellular volumes (reconstructed layers are designated, Δn), thickness of the
reconstructed layer as indicated. The color scheme for each element is scaled separately, and maximum pixel values are
shown numerically at the bottom left of the relevant panel. (C) For each set of elemental maps shown in B, a scatter plot
displaying the relationship between Zn and Co at each pixel within the NP-agglomerate identified in A. Linear regression of
these data revealed the Zn:Co molar ratio within the NP-agglomerate changed as a function of internalization depth
(720 pixels, r; initial (preablation) = 0.96 (solid gray line), Δ1 = 0.94 (solid black line), Δ2 = 0.96 (dotted black line), final
(postablation) = 0.97 (dashed black line), p < 0.001). Data with values less than 15% of the maximumwere excluded from the
analysis (dark box). For clarity only data from the initial (preablated) scan are shown (gray circles). (D) Map of the Zn:Comolar
ratio within each reconstructed layer (shown in B) superimposed over an optical micrograph of the target cell. This
representation highlights the change in NP composition as a function of internalization depth. Color scheme reflects the Zn:
Co molar ratio, and each reconstructed layer is presented on a uniform color scale.
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Zn or Co during the FIB process was expected to be
negligible (Figure S7, Supporting Information).

Elemental maps recorded pre- and postablation of
the first 100 nm thick layer ofmaterial closest to the cell
surface showed a reduction in elemental XRF from the
milled region, observations that matched with a con-
gruent reduction in cellular material observed via SEM
(Figure S8, Supporting Information). This amounted to
a significant reduction in “NP Zn” postablation and
indicated that ∼50% of the cells NP-load; some 1.7 (
0.3 � 104 NPs were partitioned at the plasma mem-
brane/within early endosomes.

Characterization of Internalized NPs. Recent studies of
ZnO NP internalization using ultrathin sections of
mouse macrophage J774.1 cells indicated that after 3 h
a small amount of electron dense material, likely NPs,
had invaded the cellular interior, but that these struc-
tures were no longer detectable after 24 h.27 Although
the current study used significantly larger ZnO NPs
(40 nm compared to 5�10 nm)27 and a human cell line,
we sought to assess the extent to which NPs had
penetrated into the cell. The subcellular distribution
of internalized NPs were assessed using iterative XFM
FIB-SEM; in each case a defined layer of material was
ablated from the target region (the resulting series of
2-dimensional elementalmapsarepresented in Figure S9,
Supporting Information). Specimen stability to re-
peated rounds of XFM was assessed and found to
introduce no measurable alterations in elemental con-
tent or distribution (see Supporting Information and
Figure S10).

A portion of the target cell that contained both
agglomerated NPs and non-NP Zn was selected for
further analysis (white box, Figure 6A). The difference
in elemental content, observed using XFM, before and
after allowed the distribution of elements within the
defined layers to be calculated (Figure 6B). In effect,
these data enabled tracking the degree to which NPs
penetrated into the cell. Surprisingly as NPs penetrated
further into the cell the Zn:Co molar ratio continued
to change (Figure 6C,D). After 5 cycles of XFM FIB-SEM
had removed the micrometer of cellular material
closest to the plasma membrane, the process was
stopped as nearly all of the Zn and Co containing
materialwithin theNPagglomerate hadbeen removed.
The Zn:Comolar ratio of thesemost deeply internalized
NPs, having penetrated further than 1 μm into the cell,
had decreased to 6:1. This represented a 7-fold enrich-
ment of Co within this agglomerated material and
showed that particle dissolution continues unabated
as these NPs move into the cell (Figure 6C,D).

The accumulation of NPs being limited to the first
micrometer of cytoplasm (∼30%of the cell's volume) is
consistent with reports that particle internalization
occurs via dynamin II-dependent endocytosis.78 These
early endosomal vesicles are rapidly acidified before
delivering their contents to the lower pH environment

of the lysosome,79,80 where the acidic conditions typi-
cally encourage rapid dissolution of ZnO NPs.6,37,81

Hence, the limited penetration of the NPs within the
cell that was observed in this study may reflect their
rapid dissolution; Table 2 provides evidence that the
type of low pH environments encountered within cells
are able to completely dissolve both Co-doped and
undoped ZnO NPs within 24 h.

CONCLUSION

We have provided direct characterization of cellular
NP-load across a population of human THP-1 monocyte-
derived macrophages and demonstrated that these
nanostructured materials undergo cell-mediated physio-
chemical modification after internalization. Quantifica-
tion of NP uptake, as described here, allowed the number
of NPs associated with a single cell to be assessed within
the context of a representative cohort. This procedure
was used to identify individual cells for more detailed
analysis using high-resolution or iterative XFM FIB-SEM, a
promising approach capable of providing insight into the
3-dimensional distribution and composition of metal
oxide NPs postinternalization.
The current study supports the hypothesis that cell-

mediated dissolution of NPs elevates total cellular Zn
load, independent of localized NP agglomerates. For
this family of nanomaterials, the idea of particle dis-
solution playing a causative role in disrupting cell
function has been previously suggested,1,4,16,37,60 but
until recently unambiguous, direct evidence for cell-
mediated NP dissolution has been lacking. The results
presented here build on previous findings describing
particle dissolution under physiological conditions,59,70

and for the first time directly show thatmacrophages can
alter NP composition. Although accurately determining
changes to endogenous Zn levels postexposure to ZnO
NPs remains a nontrivial exercise, the incorporation of a
dopant into the particle structure provided a basis from
which the formation of large intracellular NP agglomer-
ates and internalization-dependent NP modification
could be studied. These data suggest that the cell-
mediated breakdown of internalized NPs is congruent
with a damaging elevation in cellular Zn load, an inter-
pretation supported by the recent identification of
elevated intracellular Zn being strongly correlated with
cytotoxicity.77

Accumulation of Zn with cells can be deleterious,
despite being an essential inorganic cofactor for many
cellular processes, including DNA synthesis, translation
and transcription.82,83 Recent work has provided evi-
dence that Zn from exogenously applied metal oxide
NPs interacts with the cell's set of native metalophilic
ligands.15 This finding complements the current work,
indeed it is likely that liberation of Zn from NPs
will overcome the cell's metal-ion buffering capacity,
displacing endogenous metal ion cofactors and ulti-
mately impair cell function.
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By relating quantitative biochemical information
regarding intracellular chemical processes (NPdissolution)
to cellular ultrastructure (distance from the plasma
membrane), thecorrelativephotonand ionbeam imaging
techniques described here have provided significant in-
sight into the biology of metal oxide nanoparticles at the

cellular level. Although the primary focus here was the
interactions between ZnO NPs and a prototypical in vitro

model of human macrophages, the methodologies and
approachwehavedescribedpromise ready application to
more general investigations of problems at the interface
of material science and biology.

MATERIALS AND METHODS
Reagents. The Co-doped and undoped ZnO nanomaterials

used in this study were made available through Micronisers
(Australia) using their commercial processes. Unless otherwise
stated all other reagents were analytical grade or higher and
purchased from Sigma-Aldrich (St. Louis, MO, USA). Milli-Q ultra-
clean (resistivity >18 MΩ) water was used throughout this study.

Specimen Preparation. Human monocytes (THP-1 cell line)
were seeded at 5 � 105 cells mL�1 in RPMI-1640 media
(þ 10% FBS) onto 24 well plates containing silicon windows
(window area 2 mm2, membrane thickness 500 nm). The cells
were differentiated into macrophages with the addition of
phorbol myristate acetate at 20 nM overnight, after which
nonadherent cells were removed. Adherent macrophages were
then incubated for 24 h either with or without 40 nm ZnO
nanoparticles, doped with 1.8% (w/w) Co, at 20 μg mL�1 or 15
μg mL�1 of ZnCl2; in both cases these treatments induced 50%
cytotoxicity. For imaging the THP-1 cells were removed from
culture media, rinsed in fresh phosphate buffered saline, and
immediately fixed for 2 h in 2.5% glutaraldehyde in 0.1 M
sodium cacodylate containing 2 mM CaCl2, pH 7.3�7.4
(adjusted with HCl). Cells were subsequently washed in 2 mM
CaCl2 and 0.1 M sodium cacodylate in distilled water for 10 min.
Postfixation was carried out for 20 min in 1:1 osmium tetroxide
(1% w/v) in 0.1 M sodium cacodylate with 2 mM CaCl2. The cells
were then washed in 0.1 M sodium cacodylate in 2 mM CaCl2 in
distilled water for 10 min to remove excess osmium tetroxide
and then air-dried in a fume hood. Cobalt has previously been
shown to substitute isomorphously for the zinc ions in the ZnO
wurtzite lattice by use of channelling-enhanced microanalysis
of the X-ray emission spectra from individual nanoparticles.38

Dissolution of ZnO Nanoparticles. The concentrations of Zn
dissolved from nanoparticles were characterized via inductively
coupled plasma (ICP) time of flight (TOF) mass spectrometry
(MS). Nanoparticle solutions were incubated in cell culture
media (with or without fetal bovine serum), water, or artificial
lysosomal fluid for 24 h at 37 �C.84 Solutions were then
centrifuged through 3 kDa membrane filters (Microcon YM-3
filter, Millipore, USA) at 13500g for 60 min. Each solution was
thendilutedwith∼3 vol%DDnitric acid in ultrapure (Milli-Q) water
(15 mL). For drift correction, the internal standard In was added to
each solution (at 30 ppb, diluted froma commercial stock solution).
Solutions were thenmeasured with a GBCOptimass 9500 ICP-TOF-
MS instrument. Commercial stock solutions of Zn andCowere used
for calibration standards (∼10, 30, 70, and 100 ppb). All standards
were ionic-strength adjusted, so as to contain the same high
concentration of nitric acid present in the samples.

Powder Diffraction. Powder diffraction data were collected at
the powder diffraction beamline at the Australian Synchrotron
using awavelength of 0.6888 Å on a 1.8 wt% doped CoO in ZnO
powder sample packed in a 0.3 mm borosilicate glass capillary
at ambient temperature. The wavelength was determined from
a Rietveld refinement of a diluted LaB6 standard reference
material (NIST, SRM 660b). The sample and the SRM were
rotated during the data collection to maximize the powder
average. In addition to the main phase, trace levels of hydro-
zincite (the starting material) and CoO (Figure S1, Supporting
Information) were also observed. Reports by others that did not
observe CoO at these low levels40 used Cu KR radiation from lab
source, which will induce Co fluorescence reducing detection
limits significantly.

X-ray Fluorescence Microscopy. The distribution of elements was
mapped at the XFM beamline at the Australian Synchrotron.85

An incident beam of either 10.0 or 12.7 keV X-rays (high-
resolution and high-definition scans, respectively) was chosen
to induce K-shell ionization of elements with atomic numbers
below 30 (Ze Zn), while also separating the scatter peaks from
the fluorescence of lighter elements.

High-Resolution Elemental Mapping. The areal distribution
of each element was determined using the Fresnel zone-plate
microscope at the Australian Synchrotron XFM beamline. Be-
cause of the finite source size and beamline optics, the zone-
plate illumination is not completely coherent, and a Ni knife-
edge scan was used to determine the size of the focus to be
350 nm in the horizontal (x) and 250 nm in the vertical (y). The
specimen was oriented at 90� to the incoming X-ray beam and
scanned through the focal plane in steps of 300 nm (horizontal
axis, x) and 200 nm (vertical axis, y) orthogonal to the beam axis
using an integration of 2.5 s per scan point to ensure adequate
counting statistics. A silicon-drift diode detector (Vortex, SII
NanoTechnology, CA) oriented at 75� to the incident beam
was used to detect the entire X-ray fluorescence spectrum at
each pixel. Elemental maps were generated from the 3-dimen-
sional data sets (x, y, energy) using the MAPS software suite
(v1.6.5),86 by fitting the recorded spectrum at every scan point
to determine the fluorescence signal for each element. The
procedure fitted the contribution of the K emission lines of Si, P,
S, Cl, Ar, K, Ca, Ti, Cr, Mn, Fe, Co, Ni, Cu, and Zn as well as the Os L
lines, where appropriate. The absolute calibration to areal
densities (μg cm�2) was adjusted by fitting the fluorescence
signal from thin-film standards SRM-1832 and SRM-18323
(National Institute of Standards and Technology, Gaithersburg,
MD, USA). The boundary of the cell under investigation was
defined using the 2-dimensional projection map of X-ray scat-
ter; P, S, and Ca were also useful, as these elements were found
extensively throughout the target cell. For alignment of se-
quential scans, the original 2-dimensional maps were first
cropped to contain the region of interest (non-FIBed region),
and then aligned using cross correlation to find the optimal
offsets in x and y axis. These values were then applied to the
entire 2-dimensional map; in almost all cases the resulting offsets
were minimal (unidirectional single pixel movements). To obtain
the elemental “differencemaps” (Δx), which showed the distribu-
tion of elements through the ablated region, a median filter
(radius 1) was applied to each image pair before subtraction.

High-Definition Elemental Mapping. The incident beam was
focused to a spot ∼2 μm (full-width at half-maximum, fwhm)
using a Kirkpatrick�Baez mirror pair. The specimen was con-
tinuously scanned through the focus using a step size of 2 μm,
well-matched to the dimensions of the beam spot. Full XRF
spectral images were obtained at each pixel with an effective
dwell time of ∼15 ms meaning high definition scans were
collected in under 2 h. The low-latency, large solid angle 384-
channel Maia XRF detector was positioned in the backscatter
geometry, and the resulting elemental maps ranged up to
400 000 pixels in size. During these experiments single element
foils, Mn and Pt (Micromatter, Canada), were scanned in the
same geometry and used as references to establish elemental
quantitation. Deconvolution of the Maia data was performed
using the GeoPIXE v6.4w (CSIRO, Australia) that incorporates a
linear transformationmatrix toperform spectral deconvolution.87

Spectra were calibrated using the metal foil measurements, and
corrections made for self-absorption in the sample, absorption in
air, and the efficiency response of the detector.88 The detected
X-ray photons from each pixel were related to calculated-model
fluorescence X-ray yields for an assumed specimen composition
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and thickness. The composition and thickness of the silicon
nitride window were known from the manufacturers, and the
composition and average density typical of dried organic ma-
terial (C22H10N2O4 and 1.42 g cm�3, respectively)89 was used to
model the bulk cell, while the density of NPs was assumed to be
5.61 g cm�3 with a composition as described above. Absorption
effects for XRF from the lowest atomic number element relevant
to this study (Ca KR radiation for the Maia) are negligible for this
specimen type.

Focused Ion Beam Ablation. Focused ion beam (FIB) milling was
performed with a FEI Nanolab Helios 600 (FEI Company, OR,
USA) equipped with a field emission gun. A liquid metal ion
source (LMIS) of Gaþ was employed, with the accelerating
voltage set to 30 kV. During milling, ion current was set to 48
pA, and the corresponding beam diameter was approximately
20 nm fwhm. In order to obtain uniform ion dose on the target
cell, fast scanning was preferred with dwell time set at 100 ns
pixel�1. Electron beam imaging was for feature location and
alignment only, and the dose was limited to as low as achiev-
able so as to minimize the potential for damaging the sample.

Image Analysis. Image analysis of elemental maps was per-
formed using a combination of tools native to GeoPIXE, MAPS,
and ImageJ v1.46j, a java-based image processing program
developed by the National Institutes of Health (USA).90,91

Intensity Correlation Analysis. Correlation of element inten-
sity between scans was quantitatively analyzed using described
methods.50 In brief, we calculated the function (Ai � a)(Bi � b),
where i represents pixel number, A and B are the normalized
pixel intensities for the first (A) and second scans (B) and a and b
are their respective means. Distributions that skew to the right
reflect dependent localization (where the two pixel elemental
content values vary synchronously); ones that are symmetrical
about x = 0 indicate no association between the two images
(random), while those that skew to the left reflect independent
localization, where pixel intensity varies inversely (anticorrelated).
Reciprocal analysis was performed by alternating the designated
first andsecond signals and identifiednodependenceonorder. The
intensity correlation quotient (ICQ) reflects the ratio of the number
of positive (Ai� a)(Bi� b) values to the total number of pixels in the
region of interest (ROI) corrected to a range of �0.5 (independent
staining) toþ0.5 (dependent staining) by subtracting 0.5.92

Cluster Analysis. Two-dimensional elemental maps were
segmented using the k-means clustering algorithm incorpo-
rated in the statistics package JMP (SAS Institute Inc., NC, USA).
For a single 2-dimensional map, the intensities at each pixel are
considered as a 1-dimensional population, resulting from a
mixture of populations from multiple origins. For the Zn maps,
pixel intensities were grouped into one of three populations'
background, non-NP Zn and NP Zn.

Identifying Cells. Using high definition XFM scans to quan-
titate elemental content on a per cell basis required a mask of
each cell position to be constructed. This was derived from the
product of elastic and inelastic scatter normalized to the
abundance of Ca at each pixel, the resulting signal associated
with cells was approximately uniform and readily able to
differentiate cells from noncell structures. Finally the quality
of the mask was assessed by coregistering this binary image
with an optical micrograph of the same field of cells (Figure S2,
Supporting Information).

In the case of quantitating the Zn:Co molar ratio of cell-
associated NP agglomerates, the same mask was used but with
an additional step where it was combined using ImageJ's in
built AND function with the elemental map of Co distribution. In
this way NPs colocalized with cells could be included/excluded
from the analysis as appropriate.

Assessing NP Internalization Depth. To avoid artifacts arising
from the edges of a scan, a region of interest (ROI), approxi-
mately 9 μmby 23 μm, was selected for further processing. This
ROI consisted of subregions containing both NP and non-NP Zn
(shown in red and green, respectively, Figure S5, Supporting
Information). For visualization, NP penetration into the cell the
XRF map for each element was subtracted from the preceding
image in consecutive cycles. Such “differential” maps reflected
the distribution of elements within the layer ablated during FIB
milling. As the layer thickness in this study was comparable to

the lateral pixel size in each XFM map, a 3-dimensional recon-
struction could be achieved, using the cell membrane as the
original reference surface, an approach particularly informative
for adherent cells.

Atomic Force Microscopy. Atomic Force Microscopy was per-
formed onDimension Icon SPM System (Veeco Instruments Inc.,
NY, USA) to provide surface measurement with submicrometer
accuracy. The milling profile of the cells was measured using
tappingmode, and the AFM images were visualized and analyzed
NanoScope Analysis (software supplied by the manufacturer).
Milling depth a single dose achieved was estimated by averaging
the surface height change betweenmilled and nonmilled regions
(5 independent profiles).

Statistical Analysis. Where appropriate, differences in group
means were assessed using Student's t test using Welch's
correction for unequal variances.58 When comparisons were
made across more than two groups, a one-way ANOVA using
Bonferroni's multiple comparison posthoc test was used. Data
transformations, significance tests, and curve fitting were per-
formed using either JMP or Graphpad Prism v5.0. Nonlinear
curve fitting utilized the Levenberg�Marquardt method. Com-
parisons between the goodness of fit for nested models, i.e.,
Gaussian (X∼ N(μ,σ2)) vs a sum of Gaussians (X0 = ∑i = 1

n Xi) with
respect to measured data were assessed using the Akaike
information criterion and the exact sum of squares F-test.24,93

Deviation of experimental data from the model was assessed
using Wald�Wolfowitz runs test and D'Agostino's omnibus K2.
Throughout this work the significance level is defined as p < 0.05.
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