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Abstract Obtaining a comprehensive grasp of the behavior and
interaction of pharmaceutical compounds within single cells pro-
vides some of the fundamental details necessary for more effec-
tive drug development. In particular, the changes ensuing in the
carrier, drug, and host environment in targeted drug therapy ap-
plications must be explored in greater detail, as these are still not
well understood. Here, nilotinib-functionalized gold nanoparti-
cles are examined within single mammalian cells with use of
imaging cluster secondary ion mass spectrometry in a model
study designed to enhance our understanding of what occurs to
these particles once that have been internalized. Nilotinib, several
types of gold nanoparticles, and the functionalized combination
of the two were surveyed and successfully imaged within single
cells to determine uptake and performance. Both nilotinib and the
gold particle are able to be distinguished and visualized in the
functionalized nanoparticle assembly within the cell. These com-
pounds, while both internalized, do not appear to be present in
the same pixels of the chemical image, indicating possible cleav-
age of nilotinib from the particle after cell uptake. The method
provided in this work is a direct measurement of uptake and
subcellular distribution of an active drug and its carrier within a
framework. The results obtained from this study have the poten-
tial to be applied to future studies to provide more effective and
specific cellular delivery of a relevant pharmaceutical compound.

Keywords Secondary ionmass spectrometry . Targeted drug
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Introduction

Obtaining a complete understanding of the location of a pharma-
ceutical compound within a biological system as well as the
interactions of this compound at its site of action is crucial in
garnering information about the system as a whole [1]. As such,
the need continues to grow for the development of analytical
methods that can produce information leading to new insights
into drug behavior. Such information may ultimately determine
the success of pharmaceuticals in the testing phases, reducing the
10–20-year timeline and $2.5 billion cost currently attributed to
the discovery and development of a novel compound [2].

The importance of expanded understandingwithin this area of
research is so great that some scientists have defined successful
compounds using confirmation of three parameters: the target
site of action must be exposed to the compound over a desired
length of time, the drug must bind to and engage with the phar-
macological target as intended, and the anticipated pharmacolog-
ical activity must be expressed, eliciting the response of interest.
Although each of these fundamental aspects is imperative, its
independent presence is not a direct measure of success [3].
Therefore, it is important to test for each of these properties
individually, ideally with use of a single analytical technique.

Targeted drug therapies have become a more prominent ap-
proach in ensuring that these three parameters are successfully
met, by defining the exact location of where pharmaceutical
compounds interact within the body and when the target is en-
gaged. Successfully administering specific compounds only at
desired locations results in the administration of lower dosages,
which culminates in lower side effects, ultimately leading to
more desirable patient adherence as well as decreased cost when
compared with the established medications on their own.

Nanoparticles of many varieties provide an interesting plat-
form for such targeted drug delivery approaches, as they can be
tuned to exhibit altering behaviors within the body. It is possible
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to change the properties of the particles rather than the active
compounds themselves in an effort to more precisely regulate
when and where compounds are released. Increased efficiency
of delivery, increased solubility, greater stability in vivo, and
more advantageous biodistribution are just several of the advan-
tages these therapies provide over traditional, free drug adminis-
tration [4–6]. The high biocompatibility and low toxicity of gold
nanoparticles (AuNPs) make them a particularly interesting tar-
get of investigation [7, 8]. Many methods for manufacturing
AuNPs exist, allowing careful control over the size, shape, sur-
face functionalization, and state of aggregation, providing re-
searchers with a powerful tool in designing particles that show-
case the desired properties. Even the elusive crossing of the
blood–brain barrier has been achieved with these particles, mak-
ing it possible to deliver medications to portions of the brain that
had not been previously reached [9].

Although much research has been centered around AuNPs
within biological systems, it is currently difficult to use one tech-
nique to obtain all the required information for thoroughly under-
standing the nature of the interactions between AuNPs, pharma-
ceutical compounds (or other functionalization), and the sur-
rounding environment. In addition, there is little insight surround-
ing the behavior of the AuNPwith respect to its functionalization.
Although techniques such as scanning electron microscopy and
fluorescence microscopy can identify the particle or the
functionalization individually, little is known about how the as-
sembly of particle and functionalization behave in the cell. It is
still unclear if these components of targeted drug delivery appli-
cations remain bound to one another or, if cleavage occurs, how
the behavior of the compound and/or particle is affected. In ad-
dition, current investigations have focused on measuring the up-
take of the gold itself, rather than that of the functionalization. It is
the carrying capacity of these particles, rather than the amount of
gold, which is important in targeted drug delivery, and so this
avenue of inquiry must also be pursued [10].

Many existing studies rely on the concentration of the com-
pound of interest in cellular plasma for an indication of how
much drug reaches the target, though this marker is not always
a definitive indicator of that information [11]. Other common
analytical techniques such as fluorescence microscopy, high-
performance liquid chromatography, and matrix-assisted laser
desorption ionizationmass spectrometry, which are used to probe
the success of pharmaceutical compounds in various forms, rely
on the use of labels or the quantification of large numbers of cells
[12] to understand the interactions between the cellular host and
the pharmaceutical compound. In these cases, there is the poten-
tial for the chemistry of the compound to be changed, and sub-
cellular localization is not always possible. In addition, when
labels are used, only the compounds of interest that have been
tagged can be visualized.

The secondary ion mass spectrometry (SIMS) technique has
the ability to produce both chemical and spatial information si-
multaneously, without the use of a matrix or label. These aspects

allow the possibility of identifying not only the location of the
molecular ion of the compound of interest intracellularly but also
any relevant metabolites and chemical changes to the cells [13].
This ability to map all compounds over a specific area has the
potential to aid in the elucidation of the mechanisms of action
and behavior the compound has been once internalized into the
cell, as well as the interaction between the drug carrier, pharma-
ceutical compound, and host environment.

The study of single cells as well as cells doped with exoge-
nous compounds is not without precedent. Research has show-
cased the ability of SIMS to visualize fluorescent dyes [14],
pharmaceutical compounds [13, 15], nanoparticles [15–20],
and other exogenous compounds within mammalian cells suc-
cessfully. The work reported here extends what was learned from
initial model systems involving the cluster SIMS visualization of
fluorophore-functionalized AuNPs [15] to a more medically rel-
evant scheme involving drug-functionalized AuNPs.

Nilotinib (C28H22F3N7O, molecular weight 529, chemical
structure shown in Fig. 1) was chosen as the model compound
of interest to observe within cells. It has been found to produce a
strong, characteristic SIMS signal within standard biological ma-
trices, making it readily identifiable in biological systems, while
still maintaining relevance in medicinal research. It has been
previously approved for the treatment of imatinib-resistant chron-
ic myelogenous leukemia and functions by inhibiting a class of
protein (c-Abl) [21]; c-Abl is a human cytoplasmic and nuclear
protein tyrosine kinase that has been shown to participate in
various cell processes, including cell division, differentiation,
adhesion, and stress response.

Higher levels of c-Abl are closely associated with Parkinson’s
disease, resulting in increased interest in this compound as a
potential treatment option. Under normal circumstances the pro-
tein parkin is responsible for labeling nonessential and dysfunc-
tional proteins and mitochondria for degradation. Increased
levels of c-Abl inhibit parkin, resulting in an accumulation of
α-synuclein and damaged mitochondria, which, in turn, may
cause decreased dopamine signaling and the formation of harm-
ful aggregates within the brain. These factors are characteristic
markers of Parkinson’s disease [22, 23].

Although low concentrations of nilotinib may cross the
blood–brain barrier when nilotinib is administered orally [24],
it is still necessary to explore avenues, such as functionalization
ontoAuNPs, that result in greater uptake and lesser side effects of
nilotinib within the brain. Although nilotinib has not been exam-
ined on AuNPs, it has been probed on hybrid protein kinase
inhibitor/polymer nanoparticles [25]. In addition, other classes
of tyrosine kinase inhibitors functionalized onto AuNPs have
been studied [26–28], with some research suggesting an increase
in effectiveness when they are coadministered with gold [29].

Although the molecular biology, pharmacology, and tissue
distribution of nilotinib are well characterized, little is known
about its potential in targeted drug therapies using a nanoparticle
carrier. Here, we report the first example of the study of
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pharmaceutical-compound-functionalized AuNPs within a mod-
elmammalian cell line using cluster SIMS.We survey the uptake
and distribution of both AuNPs and nilotinib individually, before
investigating them simultaneously as a drug-functionalized nano-
particle assembly. This study provides unique information about
a complex drug delivery platform, providing insight into the
behavior of the system as a whole that has previously been dif-
ficult to ascertain with a single technique. Mainly, this study
proves that both compounds of the model functionalized AuNP
system are successfully internalized by the cell and can be stud-
ied with respect to one another, making it possible to draw con-
clusions about the location and attachment to one another. The
information gained from this work has the potential to be applied
to future targeted drug therapy applications, in the hope of mak-
ing them more effective (aiding in the design of effective drugs).

Materials and methods

Cell culture

RAW 264.7 cells, macrophage-like cells derived from tumors
induced in mice by the Abelson murine leukemia virus, were

maintained in Dulbecco’s modified Eagle’s medium (DMEM;
1×, Corning Cellgro, Manassas, VA, USA) with 10% fetal bo-
vine serum (Gibco by Thermo Fisher Scientific, Carlsbad, CA,
USA) and 5% penicillin–streptomycin (100×, Corning Cellgro,
Manassas, VA, USA) in an incubator at 37 °C and with 5%CO2.
After they had been rinsed with Dulbecco’s phosphate-buffered
saline (DPBS; Corning Cellgro,Manassas, VA,USA), cells were
detached from culture flasks with use of a cell scraper and cul-
tured onto 5 mm× 5 mm silicon chips. These chips had been
cleaned by sonication in chloroform, acetone, methanol, and
purified water for 5 min each, consecutively. Cells were allowed
to grow for 24 h before administration of any compounds.

Drug standards study

Reference spectra of all compounds tested were acquired in the
drop deposited state. Compounds were also studied within a
lipid matrix, in which the compound was added to 1,2-
dipalmitoyl-sn-glycero-3-phosphocholine (DPPC; Avanti
Polar Lipids, Alabaster, AL, USA) dissolved in chloroform to
50 μM concentration. This was done to confirm visibility with-
in a lipid matrix. Each compound was also observed at 50 μM
concentration within a cell lysate. The lysate was obtained

Fig 1 Spectral comparison of a
nilotinib standard spectrum and
nilotinib in a 1,2-dipalmitoyl-sn-
glycero-3-phosphocholine
(DPPC) matrix and b layer 5 of
RAW 264.7 lysate and RAW
264.7 lysate doped with 50 μM
nilotinib. These spectra show that
nilotinib can be visualized in a
cellular environment and that no
inherent, biological peaks
interfere with [M +H]+ of
nilotinib. The spectra were
acquired in positive polarity

Label-free visualization of nilotinib-functionalized AuNP within single cells



through mechanical lysis. All samples were spin coated onto
silicon chips (3000 rpm; acceleration, 500 rpm for 30 s) and
allowed to dry under ambient conditions. Standards of the ly-
sate and DPPC were prepared and reviewed under conditions
comparable to those for the doped samples.

Nanoparticle studies

All nanoparticles were provided by Nanopartz (Loveland, CO,
USA) and studied without modification within cells. After 24 h
of growth on silicon chips, cells were exposed to the desired
nanoparticle concentration (5.00 × 1010 particles per milliliter)
in starvation medium (DMEM 1× without fetal bovine serum)
overnight. Cells were also inspected after incubation in starvation
medium without nanoparticles to confirm that they remained
viable. The nanoparticles investigated include 10-nm diameter ×
41-nm length cell uptake polymer functionalized gold nanorods
(10 nm× 41 nm nanorods), 20-nm cell uptake polymer function-
alized gold nanospheres (20 nm nanospheres), 10-nm diameter ×
41-nm length negative polymer functionalized gold nanorods
(negative 10 nm× 41 nm nanorods), and 5-nm nuclear uptake
polymer functionalized gold nanospheres.

The 10 nm× 41 nm gold nanorods were manufactured by a
modified Murphy cetyltrimethylammonium bromide (CTAB)
method resulting in highly monodisperse gold nanorods. The
length and width standard deviations were measured to be better
than 10%. For the uptake polymer functionalization, the CTAB
concentration in solution was reduced to 1 mM by dialysis and a
proprietary ionic 5-kDa amine polymer was used to replace the
CTAB. The final zeta potential was +30 mV. The negative poly-
mer functionalized gold nanorods were manufactured by a stan-
dard citrate reduction method. These too were functionalized the
sameway butwith use of proprietary ionic 5-kDa carboxyl-based
polymer instead of CTAB. The final zeta potential was -25 mV.

The 20-nm spheresweremanufactured by a proprietary citrate
reduction resulting in highly monodisperse spheres with a stan-
dard deviation of better than 6%. These spheres were coated with
the same polymer as the nanorods by the same method. The 5-
nm spheres were manufactured by a proprietary citrate reduction
resulting in highly monodisperse spheres with a standard devia-
tion of better than 20%. These sphereswere coatedwith a nuclear
uptake peptide (nuclear localization sequence).

Exposure to pharmaceutical compounds

Nilotinib was provided by Novartis Pharmaceuticals (San
Francisco, CA, USA) and was studied within cells without mod-
ification. Cells that had been allowed to grow for 24 h were
exposed to the desired concentration (1–150 μM) of nilotinib
for 60 min in starvation medium (DMEM 1× without fetal bo-
vine serum) before fixation. In all cases, cell morphology was
monitored to ensure viability of the sample on doping.

Exposure to nilotinib-functionalized gold nanoparticles

The 20-nm cell uptake polymer/nilotinib-functionalized gold
nanospheres (Nanopartz, Loveland, CO, USA) were studied
within cells without modification. After 24 h of growth on
silicon chips, cells were exposed to the desired nanoparticle
concentration (5.00 × 1010 particles per milliliter) in starvation
medium (DMEM 1× without fetal bovine serum) overnight.

The 20-nm spheres were modified with a cell uptake poly-
mer (branched) that ionically embeds the nilotinib. The in-
crease in size was measured by dynamic light scattering to
be 23 nm, with a zeta potential of -18 mV.

Sample preparation

After the completion of exogenous compound treatment, the
cell-covered silicon chips were removed from the medium.
Cells were washed twice in DPBS that had been warmed to
37 °C. Samples were then chemically fixed at 5 °C with for-
malin (1:10 dilution buffered, Thermo Fischer Scientific,
Kalamazoo, MI, USA) for 15 min. After fixation, cells were
washed three times in DPBS to remove excess fixing solution,
followed by a 1-min rinse in 0.015 M ammonium formate
(pH 7.3; Alfa Aesar, Tewksbury, MA, USA). Ammonium
formate was used to minimize variation from accepted cellular
preparation methods that use this solution to remove residual
salts [30]. The samples were allowed to dry in air before in-
sertion into the SIMS instrument. The cross-linking of the
cellular proteins that occurs as a result of formalin fixation
imparts the rigidity of the cell structure.

Cluster secondary ion mass spectrometry

Cluster SIMS characterization was performed with a J105 3D
chemical imager (Ionoptika, Southampton, UK) equipped
with a 40-keV C60

+ source that has been described previously
[31]. Samples were studied at room temperature.

Images were acquired with positive polarity with use of a
C60

+ beam with a 500-nm focused spot size, resulting in 500-
nm lateral resolution. This resolution was measured with use
of the edge of a 600-mesh grid by a secondary electron detec-
tor that is built into the instrument. The field of view for all
images was 100 μm× 100 μm, containing 256 × 256 pixels.
Each chemical image is the result of exposure of the sample
surface to an ion dose of 3.4 × 1013 ions per square centimeter.
Subsequent images were acquired as a function of sample
depth, referred to as a depth profile, resulting in multiple
layers that span the depth of the sample. In experiments using
3D representations, layer 1 corresponds to the first image ac-
quired, indicating the surface of the sample, whereas subse-
quent layers represent additional acquisitions of the same area
with the same experimental parameters. The acquisition time
for each chemical image was 25 min.
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Data were processed by Analyze from Ionoptika. Chemical
images were created by the mapping of the mass ranges of the
compounds of interest. In the cases involving statistical anal-
ysis, regions of interest were selected by our choosing either
the cellular area or 15 × 15 pixels in a particular area. The
mass ranges of the compounds (m/z 184.07 Δm = 0.05, m/z
196.96 Δm= 0.025, all others Δm= 0.20) of interest were
selected, and the ratios of those counts were compared be-
tween the sample with and the sample without exposure to
AuNPs or nilotinib to determine if increased levels were pres-
ent in doped cells. In each case, at least three different cells
were compared to allow the calculation of averages and stan-
dard deviations.

Results and discussion

Determining detection capabilities of nilotinib in standard
matrices

Not all compounds can be readily detected by cluster SIMS, and
so ensuring the detection capabilities of nilotinib within a stan-
dard matrix was necessary. First, a standard spectrum of nilotinib
was obtained as a reference. DPPC served as a simplified com-
position of amodel cellular membrane to indicate the presence of
possible matrix effects or signal suppressions. The ability to de-
tect the isotope pattern of the protonated nilotinib molecular ion
(m/z 530.19, [M+H]+) can be seen in Fig. 1a.

Following examination in a standard matrix, nilotinib was
assessed in a cell lysate to ensure that the peak corresponding
to the protonated molecular ion was distinguishable from the
cellular material and exclusive to the exogenous compound.
The unique nature of the protonated molecular ion of nilotinib
within the cellular environment can be seen in Fig. 1b. This
peak illustrates that the signal observed at this m/z can be
attributed to the drug alone, as no such peak can be observed
in a standard cell lysate spectrum.

The capacity to detect the protonatedmolecular ion rather than
fragments provides evidence that nilotinib can be identified in its
active form, which is its molecular form. Although this com-
pound has been shown to produce 20 distinct humanmetabolites,
none contribute to its pharmacological activity, nor are they a
major component of human plasma on administration [32]. It is
for this reason that these metabolites were not part of this study.

Nilotinib in RAW 264.7 cells

Once it had been established that nilotinib could be successfully
observedwithin control matrices composed ofDPPC and cellular
lysate, applications within RAW 264.7 cells were performed.
RAW 264.7 cells were used as a model cell system because of
their tendency to internalize compounds readily. A variety of
concentrations were studied (5–100 μM) to determine the

dynamic range and limits of detection.At 100μM, the cell shapes
became distorted, implying that this concentration was too great
to be used in work involving healthy cells. In cells exposed to
concentrations below 5 μM, the protonated molecular ion signal
could no longer be confidently distinguished from the noise level.

The chemical images in Fig. 2 show cells exposed to
25 μM nilotinib for 3 h. The phosphocholine (PC) head group
at m/z 184.07 is a well-established marker [33] of the cellular
region, as it is a major fragment of membrane PC lipids. The
protonated molecular ion of nilotinib (m/z 530.19) is used as a
marker for drug presence. On the topmost layer of the cell
(layer 1), a strong PC head group signal is evident, revealing
the regime of the cellular region. Here, there is very little
signal corresponding to the protonated nilotinib molecular
ion, indicating that it is outside the detection limits on the
exterior of the cell membrane.

By the acquisition of the third chemical image within this
sample (Blayer 3,^ total ion dose 1.0 × 1014 ions per square cen-
timeter), the upper portions of the cell have been etched away
and the interior (approximate depth 100 nm into the cell), includ-
ing the cytoplasm, becomes visible. The chemical and structural
features of the internal regions of the cell can now be seen. Signal
corresponding to nilotinib can now be clearly visualized within
the cell. The distribution of the PC head group and that of the
protonated molecular ion co-localize with one another, demon-
strating successful uptake within the cell. Regions of higher
counts of nilotinib, as illustrated by circles in Fig. 2, also appear
to be present, suggesting that subcellular localization may be
occurring. In areas containing nilotinib in visually concentrated
areas, the ratio between nilotinib counts and the counts of the PC
head group is 3.0 ± 0.9, whereas this ratio is 0.5 ± 0.4 in areas
containing nilotinib in less visually intense areas. The PC head
group was chosen for comparison, as it is a uniform and consis-
tent component of cellular material. Because of the possibility of
matrix effects and the difficulty of a quantitative study, which are
inherent to the SIMS technique, no conclusions regarding inter-
nal concentration can be drawn. As nilotinib is believed to inter-
act with lysosomes [34], it may be possible that such an accu-
mulation is what is being shown; however, without secondary
verification no concrete conclusions can be drawn yet.

The protonated molecular ion signal continues through the
cell, and by layer 12 of the depth profile (total ion dose 4.1 ×
1014 ions per square centimeter) it is apparent that nilotinib is
internalized; however, if any of the compound does penetrate
into the nuclear region, as defined by the void in the PC head
group signal in the interior of the cellular area, it is below the
detection limit of the instrument. On the basis of the known
behavior of nilotinib, no interactions with the nucleus are expect-
ed [32]. The depth profile imaging clearly shows the shrinking of
the cellular area throughout the acquisition, which is consistent
with the consumption of cells under C60 beam etching. On the
basis of previous studies, the etching rate throughout the organic
matter within the cell can be assumed to remain constant [35].

Label-free visualization of nilotinib-functionalized AuNP within single cells



As it is important to determine that concentrations of
this compound that are close to therapeutically relevant
levels can be detected [36], cells were probed after expo-
sure to 5 μM nilotinib for 3 h. The chemical image in
Fig. 3 shows that although the signal levels are low, it
appears that a certain level of aggregation of nilotinib is
present in the cellular region, making it possible to assign
co-localization of this drug with areas defined as belong-
ing to the cell. Although there is some diffuse signal in
areas surrounding the cell, this is explained by residual
compound not being removed by washing as well as by
background noise.

Detection of nanoparticles in RAW 264.7 cells

Several varieties of AuNPs were studied to determine if be-
havioral differences in particle uptake could be observed. The
size, shape, zeta potential, and functionalization of these par-
ticles has a profound impact on their behavior, and it was of
interest if these differences could be observed with SIMS. It is
believed that the electrostatic interactions surrounding the par-
ticle are what bring it close to the cell surface, whereas the
hydrophilic and hydrophobic interactions aid in the recogni-
tion of relevant domains on the surface [37]. There is evidence
that nanorods are more effective in targeted drug delivery, as
they adhere more effectively to cell surfaces, and so they were
included in this study [38]. Several different nanoparticles
were investigated, including 10 nm × 41 nm cell uptake poly-
mer functionalized gold nanorods, 20-nm cell uptake polymer
functionalized gold nanospheres, and 10 nm × 41 nm negative
polymer functionalized gold nanorods, the chemical images of
which can be seen in Fig. 4. Data were obtained in the same
manner as described for examples examining nilotinib. The
images in Fig. 4 are stacked 2D images, creating a pseudo-3D
image that can offer insight into the location and accumulation
of particles as a function of depth. No z corrections were made
to these data, as no additional information regarding the over-
all thickness of the cell was obtained.

Cellular incorporation of all particles was confirmed by the
co-localization of the gold signal to regions of the cell, as
defined by the PC head group. The degree to which uptake
occurred was of interest so we could establish the optimal
platform for the subsequent nilotinib-functionalized AuNP

Fig. 3 Positive SIMS chemical images of formalin-fixed RAW 264.7
cells exposed to 5 μM nilotinib for 3 h. The chemical images shown
are for layer 9 of the sample, corresponding to a total ion dose of
3.1 × 1014 ions per square centimeter. Co-localization of the cellular
signal (m/z 184.07) and signal of the protonated molecular ion of
nilotinib (m/z 530.19) is visible. All images are 100 μm× 100 μm

Fig. 2 Positive secondary ion mass spectrometry (SIMS) chemical
images of formalin-fixed RAW 264.7 cells exposed to 25 μM nilotinib
for 3 h. The nilotinib protonated molecular ion signal is present once the
internal regions of the cell have been exposed. These chemical images
show the cellular uptake and potential subcellular accumulation of

nilotinib within these cells (green regions). The red regions show the
void in the phosphocholine (PC) head group attributed to the nuclear
region. The PC head group is defined by m/z 184.07 and the nilotinib
protonated molecular ion is defined by m/z 530.19. All images are
100 μm× 100 μm
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studies. A comparison of gold internalization was performed
by our determining the ratio of the ion counts of gold to the
counts of the PC head group within the cellular region. A
higher ratio indicates increased gold signal.

First, the total ion image was used to determine distinct re-
gions corresponding to a single cell. Only the pixels within this
defined area were selected for inspection. Here, the counts within
the mass range corresponding to gold (m/z 196.96,Δm=0.025)
were compared with the PC head group ion counts within that
region (Table 1). It was found that of the various particles tested,
the two nanorods produced the largest gold to PC head group ion
count ratio (0.2 ± 0.1 for both 10 nm × 41 nm nanorods and
10 nm × 41 nm negative nanorods). The 20-nm nanospheres
were still shown to be internalized at levels above the

background, as indicated by ratios in control cells, though the
ratios were lower than in the cases involving nanorods.

The chemical images suggest the possibility of aggregation of
particles or areas of greater particle accumulation. This aggrega-
tion could also serve as an indicator of advantageous uptake, and
as such was further explored. Groups of 15 × 15 square pixels
were chosen within zones of the cell displaying what appeared
to be regions of increased gold uptake (Table 1). Three areas were
chosen for each of the nanoparticle studies, and again the ratios
between the ion counts of gold and the PC head group ion counts
were compared. The negative nanorods showed the highest ratio
in the selected pixels (1.2 ± 0.1), demonstrating that these particles
are not only taken up more readily but also appear to accumulate
or aggregate in larger amounts within a certain cellular regime.

Fig. 4 Positive SIMS chemical
images of formalin-fixed RAW
264.7 cells exposed to 10 nm×
41 nm nanorods (a), negative
10 nm× 41 nm nanorods (b), and
20-nm nanospheres (c) overnight.
The chemical images showcase
the PC head group at m/z 187.07
and the gold ion atm/z 196.96. An
overlay of these chemical images,
with the PC head group in blue,
the nucleus (m/z 136.07) in pink,
and gold in yellow, is also shown.
The total dose applied for each of
these images was 2.8 × 1014 ions
per square centimeter. All images
are 100 μm× 100 μm

Table 1 Comparison of the ratio
of the counts of gold to the counts
of the phosphocholine (PC) head
group in single cell areas to
determine which type of
nanoparticle exhibits the greatest
uptake and 15 × 15 pixels in areas
of high Baggregation^ of gold
signal to determine if increased
accumulation was shown from
any of the nanoparticle types

Ratio of Au to PC head group

Single cell area "Aggregated" 15 × 15 pixels
within the cell area

10 nm× 41 nm rods 0.2 ± 0.1 0.15 ± 0.03

Negative 10 nm× 41 nm rods 0.2 ± 0.1 1.2 ± 0.1

20-nm spheres 0.09 ± 0.01 0.3 ± 0.1

Control cells 0.03 ± 0.01 NA

NA not available
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The 20-nm nanospheres were shown to aggregate or accumulate
to about the same degree as the 10 nm× 41 nm nanorods.

Nilotinib-functionalized gold nanoparticles

The results of the AuNP uptake experiments prompted the use of
20-nm nanospheres for the platform for nilotinib-functionalized
AuNP studies. These nanospheres were chosen over the negative
10 nm × 41 nm nanorods, as the negatively charged
functionalization would have proven difficult when nilotinib
was being attached.

The nilotinib-functionalized AuNPs were first examined as
a dry dropped standard to confirm that both the gold ion and
the nilotinib molecular ion could be identified. Once this had
been done, RAW 264.7 cells were studied after exposure to
these particles. The chemical images can be seen in Fig. 5.

The cellular region is clearly visible, as indicated by the PC
head group. The topmost layer of the cells shows small amounts
of gold and nilotinib on the surface. This may suggest a slight
affinity of the nanoparticle for the exterior regions of the cell.
Given the low signal levels, it is also possible that this signal is
the result of a partially collapsed cell as a result of formalin fixing.

As portions of the cell are etched away, the interior be-
comes visible. Here, the gold and the protonated molecular
ion of nilotinib are clearly defined and within the confines of
the cellular area, meaning that both compounds have been
internalized. Although both compounds are co-localized to
the cellular region and there are low levels of overlap visually,
further analysis was necessary to verify the extent of the co-
localization of these compounds. Pixel analysis was done to
determine if gold-containing pixels contained nilotinib at
higher levels and vice versa, but this was shown not to be

the case. Definitive reasons for the lack of correlation between
these compounds cannot be stated; however, it is possible that
the nilotinib is cleaved from the nanoparticle once it has been
internalized or that beam-induced damaged may be causing
this lack of co-localization.

The cellular region as a whole was also studied, and it was
found that the doped cells contain levels of both gold and nilotinib
that are greater than the background signal, as indicated by con-
trol cells. Doped cells contain an average of 0.05 ± 0.03 counts of
nilotinib per count of PC head group and 0.06 ± 0.03 counts of
gold per count of PC head group, whereas control cells contain
only background signal of 0.018 ± 0.004 counts of nilotinib per
count of PC head group and 0.03 ± 0.01 counts of gold per count
of PC head group. This shows that although conclusions regard-
ing the state of the nilotinib-functionalized nanoparticle cannot be
drawn, both compounds are internalized within cells and can be
measured at levels above the background signal.

Conclusively visualizing both compounds indicates an inter-
action between the nilotinib and the AuNP carrier that remains at
least until the particle is internalized. Although the data do not
provide decisive information with respect to the ultimate state of
the nilotinib-functionalized nanoparticle, they do illustrate the
ability of cluster SIMS to visualize complex pharmaceutical
compounds within cells and provide information that may aid
in increasing our understanding of the interactions between par-
ticles, drugs, and cells.

Conclusions

The ability to use cluster SIMS in the study of the chronic
myelogenous leukemia and the Parkinson’s drug nilotinib

Fig. 5 a Positive SIMS chemical
images of formalin-fixed RAW
264.7 cells exposed to nilotinib-
functionalized gold nanoparticles
overnight. The chemical images
of the PC head group (m/z
184.07), gold (m/z 196.96), and
nilotinib (m/z 530.19) are shown
for various depths within the cell.
The nilotinib and gold signals are
present once the internal regions
of the cell have been exposed.
These chemical images show the
cellular uptake and potential
subcellular accumulation of
nilotinib-functionalized
nanoparticles within these cells.
An overlay of nilotinib and gold
in layer 5 is shown in b. All
images are 100 μm× 100 μm
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has been established. This compound can be successfully de-
tected at levels comparable to therapeutic values in single
cells. In addition, the data presented here showcase the ability
of cluster SIMS to detect various types of AuNPs that could be
used for targeted drug therapies. The first example of a cluster
SIMS investigation of a model drug-functionalized AuNP has
been demonstrated in this study. Unlike with other techniques,
both the carrier (AuNP) and the pharmaceutical compound of
interest (nilotinib) can be identified intracellularly in one ex-
periment. This ability to successfully determine cellular up-
take of both components of functionalized AuNPs paves the
way for work investigating the behavior of these components
in greater detail. This work serves as a valuable achievement
in exploiting the unique properties of cluster SIMS in nano-
particle canvassing and targeted drug therapy applications.
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