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ABSTRACT: Imaging of nanomaterials in biological
tissues provides vital information for the development of
nanotherapeutics and diagnostics. Multiplexed imaging of
different nanoparticles (NPs) greatly reduces costs, the
need to use multiple animals, and increases the
biodistribution information that can enhance diagnostic
applications and accelerate the screening of potential
therapeutics. Various approaches have been developed for
imaging NPs; however, the readout of existing imaging
techniques relies on specific properties of the core material
or surface ligands, and these techniques are limited
because of the relatively small number of NPs that can
be simultaneously measured in a single experiment. Here,
we demonstrate the use of laser desorption/ionization
mass spectrometry (LDI-MS) in an imaging format to
investigate surface chemistry dictated intraorgan distribu-
tion of NPs. This new LDI-MS imaging method enables
multiplexed imaging of NPs with potentially unlimited
readouts and without additional labeling of the NPs. It
provides the capability to detect and image attomole levels
of NPs with almost no interferences from biomolecules.
Using this new imaging approach, we find that the
intraorgan distributions of same-sized NPs are directly
linked to their surface chemistry.

Various nanoparticles (NPs) with tailorable surface
chemistry are widely employed in biomedical applications
such as drug delivery,' sensing,” and therapeutics.” For these
applications NPs are functionalized with different core materials
and hydrophilic monolayers to provrde biocompatibility,*
biomolecular targeting® and recognition.’ The surface chem-
istry of NPs plays an important role in the absorption,
distribution, metabolism, excretion, and toxicity of NPs.” For
example, Arvizo et al. showed that the biodistributions and
pharmacokinetics of NPs are dlctated by the charged character
of the monolayers on the NPs.®

The effective use of NPs requires imaging of NPs in tissues,
especially in biomedical applications.” Various approaches
(such as optical, electrical, radioactive, or magnetic measure-
ments) have been developed for imaging NPs;'° however,
multiplexed applications of these strategies are limited because
it is challenging to engineer the large variety of labels necessary
for multiplexed imaging on NPs. Quantum dots (QDs) have
been used for multiplexed optical imaging;11 however, this
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approach has limitations due to QD toxicity.'> Additionally, the
required variation of core size to tune emission maxima affects
the biological behavior®® of the QDs, a complicating factor in
assessing their interactions in vivo.” ® Surface-enhanced Raman
scattering (SERS) from NPs is another imaging modality that
has been used to achieve multiplexed imaging."? However, for
SERS it is challenging to decrease the size of the NPs (typically
around 25—100 nm) enough to minimize reticuloendothelial
uptake.'* Therefore, more broadly applicable techniques are
needed to provide simultaneous site-specific information about
multiple same-sized and differently functionalized NPs in
biological systems.

Laser desorption/ionization mass spectrometry (LDI-MS)
provides an advantageous means for multiplexed detection of
NPs in complex media; e.g, it has been employed to quickly
screen multiple NPs in cells."> Specifically, it tracks NPs by
measuring their surface ligands, which typically control their
chemistry in vivo. The NP cores absorb the laser energy, which
selectively ionizes attached ligands and provides highly sensitive
detection of NPs. In this method, the ligands that comprise the
surface monolayer act as “mass barcodes”, enabling simulta-
neous detection of multiple NPs with various core sizes and
materials.">'® The cellular uptake of multiple NPs and NP
stability in cells can both be quantified using this
technique.ls’léb

Here, we demonstrate LDI-MS in an imaging format and use
this powerful new approach to study how surface chemistry
dictates NP biodistributions in vivo. Using LDI-MS in this
format provides a highly sensitive and selective approach for the
simultaneous imaging of different NPs varying only in surface
ligand structure in tissues (Scheme 1). This “mass barcode”
method minimizes the interference signals from biomolecules
in tissues by selectively ionizing the ligands on NPs and images
NPs at attomole level. The value of this approach is illustrated
by multiplexed imaging of gold NPs (AuNPs) in mice to allow
direct observation of the different intraorgan NP biodistribu-
tions dictated by NP surface functionality.

We chose three AuNPs for this study, focusing on gold cores
because of their promise in therapeutic/imaging applications
(Figure 1)."* The specific NPs chosen feature similar core
diameters ((2.0 + 0.2) nm, see Figure S1, Supporting
Information (SI)). The NPs were functionalized with different
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Scheme 1. Workflow for the LDI-MS Imaging Strategy to
Obtain the Biodistributions of Multiple AuNPs in Mouse
Tissues
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Figure 1. Structures of the surface monolayers on the AuNPs used in
this study: the “mass barcode” is the m/z of the AuNP surface ligand.

ligands to both alter their surface properties’” and to give the
AuNPs unique mass barcodes for detection by LDI-MS'®*
(Figure S2 (SI)). Such similar-sized NPs would be difficult or
impossible to distinguish in tissues by using other methods
described above.'""?

For the imaging studies, AuNP solutions were intravenously
injected into mice that were then sacrificed 24 h after NP
administration. The amount of gold in major organs was
quantified by using inductively coupled plasma (ICP)-MS
(Figure S3 (SI)), and these measurements showed that the
AuNPs accumulated to the greatest degree in the liver and
spleen, as expected.® For our study, the splenic tissues were
chosen because they have distinct histological regions (i.e., red
pulp and white pulp)'” that allow us to compare these regions
in optical images and LDI-MS images side-by-side.

Splenic tissue samples harvested from the mice were
embedded, sliced, and placed on an indium tin oxide (ITO)
coated glass slide for LDI-MS detection. The “mass barcodes”
of injected AuNPs and ions from the gold core (m/z 197) were
detected by LDI-MS (Figure 2a,b,c), indicating the existence of
the AuNPs in the tissues 24 h after intravenous administration

(see Figure S4 (SI) for the detailed identification of ions). Very
few ions from the multitude of biomolecules found in tissue are
observed in the mass spectra because of the absence of an
applied matrix, a selectivity atypical for matrix assisted laser
desorption/ionization (MALDI) MS imaging.'® Because only
the NP cores absorb the specific wavelength of laser light used
(ie, 355 nm), selective ionization of the ligands occurs. The
selective detection of only ligands bound to the AuNPs and not
free ligands or other isobaric ions was confirmed by a series of
control experiments (see Figure SS (SI) for the LDI-MS
analysis of a posthoc mixture of free ligand and mouse tissues).

We next explored the imaging capability of LDI-MS. In this
process, the laser beam was rastered across tissue sections, and
the ion intensities of selected m/z were used to generate an ion
intensity map that is indicative of AuNP distribution within the
tissue. (Scheme 1 describes the process; see also Figure S6 (SI)
for the LDI-MS image of AuNP 2 in the liver.) Figure 3a,b,c are

Figure 3. LDI-MS images of AuNPs in mouse spleens. The
biodistributions of AuNPs are shown in panel (a) (AuNP 1), (b)
(AuNP 2), and (c) (AuNP 3). Ions selected for image generation:
AuNP 1 m/z 436, AuNP 2 m/z 492, and AuNP 3 m/z 548. Scale bar
represents S00 yum.

LDI-MS images of AuNP 1, 2, and 3, respectively. These
images clearly show that the functionalized AuNPs accumulate
in the red pulp region of the splenic tissues, confirming that the
vascular red pulgp areas eliminate these AuNPs from circulation
in the mouse."”” Importantly, we find that attomole levels of
AuNPs can be routinely detected (see Figure S7 (SI) for
details), allowing use of a significantly lower dose of NPs in the
in vivo experiments than is required by other imaging methods.

To demonstrate multiplexed imaging, three different AuNPs
were concurrently injected into a tumor-bearing mouse. In this
experiment, 24 h after the injection, the organs were collected,
sliced, and imaged. LDI-MS images of selected tissues from a
mouse injected with AuNPs 1, 2, and 3 are shown in Figure 4.
The optical image illustrates the regions of the spleen (Figure
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Figure 2. Representative LDI mass spectra of AuNPs in mouse spleens. (a) AuNP 1 (molecular ion m/z 436). (b) AuNP 2 (molecular ion m/z 492).
(c) AuNP 3 (molecular ion m/z 548). Other ions in the spectra correspond to common fragments of the phosphatidylcholine headgroup (e.g., m/z
184), one of which is indicated with an asterisk (*), and Au+ (m/z 197), indicated by a plus sign (+).
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Figure 4. LDI-MS images of spleens from a tumor-bearing mouse injected with a mixture of AuNP 1, 2, and 3. (a) Optical image of the mouse
splenic tissue. (b) Representative mass spectrum of the red pulp region of the spleen, indicating the existence of AuNP 1, 2, and 3. The gold ion (m/
z 197) is indicated by a plus sign (+). Ion intensity images of (c) AuNP 1 (m/z 436); (d) AuNP 2 (m/z 492); (e) AuNP 3 (m/z 548); and (f) gold
ion (m/z 197) are illustrated. (g) Representative mass spectrum of the white pulp region of the spleen that shows the detection of AuNP 3. (h) The
overlapped image of AuNP 1, 2, and 3, indicating the colocalization of the three AuNPs. (i) Expanded image of the distribution of AuNPs in the
white pulp region (scale bar represents 500 ym). (j) Statistical evaluation of the surface functionality dictated biodistribution of AuNPs in the white
pulp areas (one-way ANOVA was performed, n = 6, and all error bars represent standard deviation). ***, P < 0.001; n.s., P > 0.05.

4a; see Figure S8 (SI) for hematoxylin and eosin staining
image). Gold and surface ligand ions from each AuNP were
readily detected (Figure 4b); this confirms the multiplexed
imaging capability of our approach (See Figure S9 (SI) for list
of detected ions).

Given the role of spleen in the immune system, the fact that
it is enlarged when tumors are present, and its response to the
surface chemistry of AuNPs,*® we closely examined the LDI-
MS images of this organ. These images indicate that gold and
surface ligand ions were detected mostly in the red pulp region
of the spleen (Figure 4c,d,ef). The predominance of the
AuNPs in the red pulp is due to the role of the spleen in blood
filtration and clearance. Significantly, intact AuNPs can also be
detected in the white pulp region of the spleen (Figure 4gh)
that contains lymphocytes that are involved in immune
responses. An expanded image of one region of the white
pulp shows that AuNP 3, with the most hydrophobic
monolayer, accumulates to a significantly greater extent in
this region than the other two AuNPs (Figure 4i). Statistical
evaluation of the average mass spectrometric intensity per pixel
shows that AuNP 3 accumulates to a greater extent than the
other two AuNPs in the white pulp (Figure 4j; see Figure S10
(SI) for detailed statistical evaluation). When we further
consider that the relative ionization efficiency of AuNP 3 is very
similar to AuNP 1 and lower than AuNP 2 (Figure S11 (SI)),
then it becomes even clearer that the AuNP 3 is accumulated
more significantly in the white pulp region. These data indicate
that the intraorgan distribution of the NPs is influenced by the
surface chemistry of the specific NP. This information is
difficult to show by traditional techniques, highlighting the
advantage of multiplexed LDI-MS imaging.

In summary, the surface chemistry dependent intraorgan
distributions of NPs have been investigated by a new MS-based
imaging technique. The LDI-MS imaging method enables the

detection of multiple NPs at attomole levels in tissues. Because
our approach uses NP surface-ligand mass as the readout, a very
large number of NPs can potentially be simultaneously imaged,
resulting in a significant multiplexed advantage. This robust
multiplexed imaging approach introduces a new way to detect
and locate engineered NPs. We have previously shown that
LDI-MS can be used to analyze many different types of NPs,
e.g., AuNPs, quantum dots, and magnetic NPs,ls’16 so imaging
of these NPs should also be possible. We can also detect a wide
range of surface functionalities with LDI-MS,*** which should
make this imaging technique appropriate for a broad scope of
nanomaterials. One improvement that needs to be made in the
method is the ability to analyze NPs having ligands with higher
molecular weights (>~1000 Da). Using this new “mass
barcode” approach, we find that the intraorgan distribution of
same-sized NPs is directly linked to their surface functionality,
which is difficult to obtain using any other techniques. We
envision that this described method will facilitate our
understanding of the role of NP surface chemistry in
nanomaterial-biological interactions by simultaneously compar-
ing different NPs in a single model animal. This will minimize
individual variances and thus provide insight into NP
engineering, therapeutics, and diagnostics. Finally, the high
sensitivity of this LDI-MS technique allows minimization of the
tissue amount required for the detection, making this method a
potential tool for clinical analyses of biopsies and microbiopsies.
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