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Abstract

Nanomaterial-based platforms are promising vehicles for the controlled delivery of
therapeutics. For these systems to be both efficacious and safe, it is essential to understand where
the carriers accumulate and to reveal the site-specific biochemical effects they produce in vivo.
Here, a dual-mode mass spectrometry imaging (MSI) method is used to evaluate the distributions
and biochemical effects of anti-TNF-a nanoparticle stabilized capsules (NPSCs) in mice. It is
found that most of the anticipated biochemical changes occur in sub-organ regions that are separate
from where the nanomaterials accumulate. In particular, TNF-a-specific lipid biomarker levels
change in immune cell-rich regions of organs, while the NPSCs accumulate in spatially isolated
filtration regions. Biochemical changes that are associated with the nanomaterials themselves are
also observed, demonstrating the power of matrix-assisted laser desorption/ionization (MALDI)
MSI to reveal markers indicating possible off-target effects of the delivery agent. This
comprehensive assessment using MSI provides spatial context of nanomaterial distributions and
efficacy that cannot be easily achieved with other imaging methods, demonstrating the power of
MSI to evaluate both expected and unexpected outcomes associated with complex therapeutic

delivery systems.
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Introduction

Nanomaterials can be used to generate vehicles for delivery of therapeutics to organisms
through general diffusion,' tissue-specific localization,? and active targeting at the cellular level.?3
These therapeutics can be encapsulated into their nanodelivery systems in a variety of ways,*>
such as part of an inorganic nanoparticle complex or a lipid bilayer droplet. These synthetic
strategies not only allow for the controlled circulation of therapeutics, but also create the potential
for more efficacious therapies through dose reduction, controlled circulation, and targeted
delivery.*%7 Inorganic nanomaterials are attractive for use in drug delivery applications due to
their high stability, unique physical and chemical properties, and the exquisite synthetic control
available through their surface chemistry.*? The tunability of these modular systems provides
many opportunities to deliver various cargos, including siRNA,*!! hydrophobic drugs,'>!3 and
proteins.'4

One of the goals in developing nanodelivery vehicles is controlling particle distribution in vivo,
to yield the greatest therapeutic efficacy.!> Unfortunately, studies focused on anti-cancer
nanodelivery vehicles, for instance, report extremely low success rates in reaching target tumor
sites (median, 0.7%).'¢ Instead, most nanodelivery vehicles traffic to and through the mononuclear
phagocytic system (MPS), predominantly the liver, spleen, and kidneys,'®!° which filter them out,
often resulting in secretion. However, these MPS organs have many heterogeneously distributed
cell types with different functions,?*?! and studies rarely address the sub-organ localization of any
associated biochemical changes that occur in vivo upon injection of these materials. A spatial
assessment of the biochemical changes caused by the nanomaterials, relative to their

biodistributions, is necessary to better evaluate the efficacy of these nanodelivery vehicles.
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Due to the nature of the MPS, nanodelivery agents and their cargo can cause biochemical
effects that are not confined to their accumulation sites. For example, macrophages, which identify
nanomaterials as foreign bodies, interact with other immune cells to elicit responses in their target
organs (e.g. spleen), but often the responses that are generated can be in separate sub-organ regions
from where the original foreign body was phagocytosed.?? It is therefore important to assess
whether individual nanomaterials and their cargo can induce biochemical changes at sites distant
from where they accumulate, suggesting potential alternate/indirect means of therapy. In addition
to organ-targeted treatments, the identification of non-localized biochemical changes would
likewise be important for assessing the efficacy of therapies.

We report here the application of mass spectrometry imaging (MSI) methods to site-
specifically track the in vivo distributions of nanodelivery systems, quantitatively establishing their
biochemical effects at locations distant from their accumulation sites. Specifically, we use laser
ablation-inductively coupled plasma mass spectrometry (LA-ICP-MS) and matrix-assisted laser
desorption/ionization MS (MALDI-MS) based imaging approaches to monitor the sub-organ
biodistributions and biochemical effects of a gold nanoparticle-based delivery platform. Unlike
other imaging techniques, LA-ICP-MSI?3-2¢ and MALDI-MSI?"-?8 can provide information about
the spatial distributions of the nanomaterials and hundreds of biologically-relevant analytes in situ,
thereby revealing essential biological information that can include unexpected details about
molecular distributions. Using the two imaging modes together ensures that biometals and the
inorganic components of the nanomaterials as well as biologically-relevant molecules are
optimally detected,?’ as no one set of LA-ICP-MSI or MALDI-MSI analysis conditions allows

detection of all compounds of interest.
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Figure 1. Mass spectrometry imaging (MSI) reveals site-specific biochemical changes in vivo when
nanoparticle stabilized capsules (NPSCs) are injected into mice. a) NPSC design, including linoleic acid
as an emulsifier, and arginine-capped AuNPs for forming a stable macrostructure via interactions with
negatively charged siRNA cargo. b) NPSCs containing TNF-a-targeting siRNA (anti-TNF-a NPSCs),
NPSCs containing scrambled, control siRNA (scrambled NPSCs), or arginine-based AuNPs (Arg
AuNPs) were injected into mice and tissues (e.g. spleen and liver) were extracted and sectioned for LA-
ICP-MS and MALDI-MS imaging. The anti-TNF-o NPSCs reduce the expression of the TNF-a protein
by silencing the expression of TNF-a gene, whereas the scrambled NPSCs and the Arg AuNPs are
expected to have no effect on this process. MS imaging (MSI) of tissues, with a spleen as an example in
this figure, from mice injected with the nanomaterials indicate NP accumulation sites (red pixels) and
site-specific changes in lipid biomarkers (green pixels).

a) b
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Scrambled NPSC

Arg AuNPs

As a testbed nanodelivery system in this work, we used gold nanoparticle-stabilized capsules
(NPSCs) (Figure 1) that have demonstrated efficient delivery of proteins, siRNA, and small
molecule drugs to the cytoplasm of cells.? 223 TNF-a-targeting siRNA was utilized as the cargo
in the current study, as NPSCs with this siRNA have been successfully used to knock-down this
cytokine in vitro and in lipopolysaccharide (LPS)-stimulated mice by silencing the gene that
expresses the TNF-a protein.” Although effective at decreasing TNF-a levels in LPS-stimulated
mice, it is unknown whether TNF-a knockdown with the NPSCs causes the expected downstream

signaling changes under normal conditions (i.e. no LPS stimulation). TNF-a suppression produces
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predictable signaling changes in serum lipid levels,’! which provides an opportune set of
biomarkers to answer this question. Moreover, tracking these biomarkers in tissues via MALDI-
MSI provides spatial context for these changes. When this spatial information is combined with
the NPSC distributions that are revealed by LA-ICP-MSI, a more complete picture of how different
cell types in MPS organs respond to these nanodelivery agents will be accessible.

Using MALDI- and LA-ICP-MS-based imaging methods synergistically, we find that
nanodelivery agents can produce intended biochemical effects in locations separated from where
the nanomaterials themselves accumulate. Moreover, the ability of MALDI-MS imaging to
measure site-specific biochemical changes provides insight into how nanodelivery vehicles
themselves influence inflammation pathways. In particular, we find that the presence of the gold
nanoparticles (AuNPs) causes an inflammatory response in the tissues where they accumulate, as

indicated by co-localized changes in glucosylceramide levels.

Results and Discussion

NPSCs containing anti-TNF-a siRNA (anti-TNF-a NPSCs) were synthesized (see Methods)
and injected into Balb/c mice.??” After 48 h, the mice were sacrificed, and tissues were removed
for analysis. As we have shown recently, TNF-a levels are effectively reduced in the serum of
mice injected with these NPSCs,? and ICP-MS measurements of acid-digested tissues of mice
injected with the anti-TNF-a NPSCs reveal that the nanocarriers predominantly distribute to the
liver and spleen (Figure S1).2” This in vivo distribution pattern is typical of positively charged
nanomaterials.!62332-34 Liver and spleen tissues were thus selected for MSI. Anti-TNF-alpha
therapies mainly target macrophages and lymphocytes, both of which are in high concentration in
these tissue types,* making the liver and spleen excellent tissues for the evaluation of these

therapies. The distributions of lipid in tissues were determined by MALDI-MSI as a means of
6

Page 6 of 26



Page 7 of 26

Nanoscale

monitoring downstream pathways known to be affected by TNF-o knockdown.3! Distributions of
gold in tissues were determined by LA-ICP-MSI as a means of tracking NPSC accumulation sites
and/or the sites where any possibly degraded NPSCs accumulate. Unlike our recent work in which
we first reported the ability of LA-ICP-MSI and MALDI-MSI to track nanomaterial and
biomolecule distributions in the same tissue by simply overlaying the two images,”’ here we
quantitatively combine (i.e. co-register) the two imaging modalities (see Methods). Co-registration
of the images provides a more accurate correlation of the data from the two imaging modalities.
We then apply these new approaches to different nanomaterial constructs to more fully understand

how the components of the NPSCs affect spleen and liver tissue biochemistry.

Distribution and colocalization of nanocarrier and biochemical changes in the spleen
MALDI-MSI of spleen tissue sections was used to measure 52 different lipids, 44 of which
responded to TNF-a in a predictable manner. Using the area under the curve (AUC) of receiver
operating characteristic (ROC) curves, as are typically used in MALDI-MSI analyses, lipids were
evaluated as successful binary classifiers between treated and control tissues (see Methods).?7-38-39
Based on the measured signals of the 44 lipids from at least three different tissue sections and three
different mice, 33 lipids changed as predicted in the spleens of anti-TNF-a NPSC-injected mice
when compared to control tissues (Table S1). The predicted changes are based on serum lipidomics
experiments,®! although the imaging data here provide new spatial information about these
changes. Even though AuNPs have been used as matrices to facilitate lipid ionization in MALDI-
MS,36:37 control experiments indicate that the AuNP levels found in the tissues do not affect lipid

ionization efficiencies (Figure S2).
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Figure 2. Representative MALDI-MS images of predicted lipid responses (green pixels) in anti-TNF-
o NPSC-injected mouse spleen tissues (right within each image pair) compared to control spleen tissues
(left within each image pair). Lipid ion intensity images are shown with heme B ion signals (red pixels)
to show relative sub-organ distributions. Areas of high co-localization between a lipid and heme B are
indicated by yellow pixels. Panels (a) and (b) are representative images of lipids that respond in the
white pulp of anti-TNF-a NPSC spleen tissues. Panel (c) is a representative image of a lipid that
responds in the red pulp.

By using the signal for heme B, which is a biomarker for the red pulp of the spleen,’ the
distributions of lipid changes were classified, using an image segmentation approach (see
Methods), as occurring in the white pulp (no heme B signal) or red pulp (high heme B signal). For
example, PE (p-34:1) and PC (p-40:5), which are plasmalogens known to be involved in anti-
inflammatory and anti-oxidant responses in mammalian tissues,*' increase in the lymphoid-rich
white pulp (Figures 2a and b). Lipids signals that change in this lymphocyte-rich region of the
spleen may be indicative of a downstream immunological response due to the NPSC cargo
delivery. Conversely, PE (38:2), which is an unsaturated phosphatidylethanolamine involved in
membrane curvature and fluidity during membrane fusion,*” increases mostly in the red pulp
(Figure 2c). Differentiating the sub-organ distributions of these specific biomarkers is important
in determining if anti-inflammatory responses are occurring (i.e. in the splenic white pulp)* versus
biochemical responses to cellular uptake (i.e. macrophages in the red pulp).?** Overall, 79% of

the 33 predicted lipid changes are found in the white pulp of the spleen tissue. These MSI data
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indicate that the majority of the lipid responses are due to the efficacious delivery of the anti-
inflammatory siRNA therapeutic to the appropriate cell types.

Mice were also injected with scrambled (non-functional) siRNA-containing NPSCs
(scrambled NPSCs) and arginine-functionalized NPs (Arg-AuNPs) that comprise the capsules to
ensure that lipid changes observed in the treatment condition arise from biochemical changes
induced by TNF-a knockdown, not the NPSC carrier itself (see Table S1 for Au levels in organs).
Arg-AuNPs were chosen as a materials control because NPSCs without negatively-charged
molecules like the siRNA are not stable.'?> Of the 44 lipids that are known to respond to TNFa
knockdown, only 11 from scrambled NPSCs and five from Arg-AuNPs, have significantly altered
levels in the spleens of mice (Table S1), indicating that the majority of the lipid changes observed
in mice injected with anti-TNF-a NPSCs are due to target knockdown. In mice injected with the
scrambled NPSCs, most lipids behave like PC (p-40:5) (Figure 3). The signal levels of these lipids
do not change significantly compared to those of controls, regardless of whether they are found in
the white pulp or red pulp. These data also further indicate that the AuNPs themselves are not
influencing lipid detection, as even the presence of high concentrations of the Arg-AuNPs (10-
fold higher injected than NPSCs) do not lead to widespread changes in lipid signals compared to

the untreated controls (Figure 3).
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Figure 3. Representative MALDI-MS images of PC (p-40:5) response (green pixels) in anti-TNF-a and
scrambled NPSC-injected mouse spleen tissues compared to control spleen tissues from an untreated
mouse. Lipid ion intensity images are shown with heme B ion signals (red pixels) to show relative sub-
organ distributions. When compared to the control tissue from untreated mice, the anti-TNF-o NPSC
exhibits an ROC AUC of 0.810, the scrambled NPSC an ROC AUC of 0.610, and the Arg-AuNPs an
ROC AUC of 0.527.

LA-ICP-MSI was used to investigate the distribution of the anti-TNF-a NPSCs in the spleen
(Figure 4). In these images, iron signals were used to discern the blood-rich red pulp from the
white pulp (Figure 4d). Visual comparison of the gold (Figure 4b) and iron distributions indicate
that the two metals have similar distributions, and this similarity is even more apparent from the
overlaid images (Figure 4c). Based on a quantitative pixel analysis of the images in Figure 4c, a
Pearson correlation analysis indicates a 67% correlation between the gold and iron distributions.
LA-ICP-MS imaging analysis of three spleen tissue slices from three mice (i.e. total of nine
images) lead to an average correlation of 65%. Overall, these results indicate that the gold carrier
predominantly accumulates in the red pulp of the spleen. A very similar observation is made for
spleen tissues from mice injected with scrambled NPSCs: NPSCs accumulate mostly in the red

pulp of the spleen (e.g. Figure S3).

10
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Figure 4. Representative optical and LA-ICP-MS images of anti-TNF-a NPSC-injected mouse spleen.
(a) Optical camera image. (b) Reconstructed LA-ICP-MS image of gold at 50 um resolution, single
color scale. (c) Gold (green) and iron (red) LA-ICP-MS overlaid images. Yellow pixels indicate analyte
overlap. (d) Reconstructed LA-ICP-MS image of iron at 50 um resolution, single color scale.

While gold primarily accumulates in the red pulp, 79% of the predicted lipid changes due to
TNF-a knockdown actually occur in the white pulp of the spleen (Figure 2a & 2b), indicating that
the intended biochemical effect occurs in a different location from where the NPSCs accumulate.
To confirm these results quantitatively, the LA-ICP-MS and MALDI-MS images were co-
registered,** allowing correlations on a pixel-by-pixel basis to be calculated for gold and each
lipid. Based on these correlation analyses, 25 of the 33 lipids that change as expected correlate
negatively with the distribution of the NPSCs (Figure 5), whereas only eight of them correlate

positively with the NPSCs. As a whole, these results mean that most of the TNF-a knockdown-

related changes occur spatially removed from the site of the nanodelivery vehicle accumulation.
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Figure 5. Correlation plot of MALDI-MSI lipid distributions and LA-ICP-MS gold distributions in
splenic tissue of anti-TNF-a NPSC-treated mice. Lipids are separated by class from left to right:
phosphatidylcholines, carnitines, lysophosphatidylcholines, sphingomyelins,
phosphatidylethanolamines, and ceramides. Lipids with values close to +1 have a strong positive

Distribution and colocalization of nanocarrier and biochemical changes in the liver

NPSC and lipid distributions were also assessed in the liver due to the high gold content in this
tissue (Figure S1). In the liver, 40 TNF-a-specific lipids were measured by MALDI-MS, and 18
of these 40 lipids undergo the predicted changes when the anti-TNFa NPSCs are injected (Table
S2). Fewer lipids are confidently measured in the liver as compared to the spleen because the
overall MALDI-MS ion signals in the liver tissues were lower on average. Moreover, we only
considered data for the lipids that could be detected in all the liver tissue sections from all three
nanomaterial types for all three mice. In tissue sections from the mice injected with scrambled
NPSCs and Arg-AuNPs, only nine and five, respectively, of the 40 lipids undergo significant

changes, indicating that the lipid changes were again primarily due to TNF-a knockdown. Unlike

12
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Figure 6. Representative MALDI-MS images of predicted lipid responses in anti-TNF-o NPSC-
injected mouse liver tissues (right within each image pair) compared to control liver tissues from
untreated mice (left within each image pair). Panels (a) and (b) are representative images of lipids that
increase in anti-TNF-a NPSC-treated liver tissues. Panel (c) is a representative image of a lipid that
decreases in anti-TNF-a NPSC-treated liver tissues.

in the spleen, which has readily distinguishable sub-organ regions that allow lipid distributions to
be visually classified, the liver sections have smaller, more heterogeneous features that usually
make it difficult to visually classify lipid distributions into different sub-organ regions (Figure 6).
Moreover, depending on how the liver is sectioned, large areas of connective tissue can be seen
(e.g. white outline area in Figure 7a), sometimes leading to differences in the apparent morphology
of the tissue sections. Despite these occasional differences from tissue section to tissue section, the
LA-ICP-MS images of the liver reveal that gold has a punctate distribution in the liver (e.g. Figure
7b). Previous work has shown that positively-charged AuNPs accumulate in liver hepatocytes,
giving rise to such a distribution,?® suggesting that the positively-charged NPs used in the NPSCs
studied here likely also accumulate in hepatocytes. Images from liver tissues of mice injected with
scrambled NPSCs show the same punctate gold distribution as observed in the treatment condition
(Figure S4).

When we compare the distributions of gold and the lipids that change upon TNF-a knockdown
after co-registering the LA-ICP-MS and MALDI-MS images, we again find that the lipid changes
generally do not correlate with gold accumulation sites (Figure 8). The majority (13 of 18) of the

predicted TNF-a induced changes occur throughout the liver tissue, and do not correlate strongly
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Figure 7. Optical and LA-ICP-MS images of liver tissue from an anti-TNF-o NPSC-treated mouse,
showing a pronounced region of connective tissue (outlined by dotted white line). (a) Optical camera
image. (b) Reconstructed LA-ICP-MS image of gold at 50 pm resolution, single color scale. (c) Gold
(green) and iron (red) LA-ICP-MS overlay images. (d) Reconstructed LA-ICP-MS image of iron at 50
pum resolution, single color scale. Gold and iron are not readily observed in the connective tissue of
mice, as indicated by the white outline in each image.

with the gold carrier distribution. These data suggest that the lipid responses also occur mostly
independent of nanodelivery vehicle distributions in the liver, as was observed in the spleen.
Even though sub-organ regions of the liver are not visually apparent, some lipids are known to
associate with certain regions of the liver,*¢ as illustrated in Figure 9, allowing the distribution of
gold to be assigned to individual sub-organ regions. By co-registering LA-ICP-MS images that
report on the carrier distribution (e.g. Figure 7) with MALDI-MS images that indicate lipid
distributions in different sub-organ regions (e.g. Figure 9), NPSCs are found to accumulate mostly
in the parenchyma (78%), which is the functional portion of the liver tissue containing hepatocytes.
The remaining nanomaterial is found in the veins (22%), with no significant amounts found in the
bile ducts or connective tissue. These results are consistent with previous work that showed
accumulation of positively-charged AuNPs in the liver hepatocytes.?®> Of the TNF-a-related lipid
changes in the liver, 34% occur in the connective tissue, 32% in the parenchyma, 18% in the veins,
and 16% in the bile ducts. Interestingly, the connective tissue is known be the main source of liver

mast cells,*” which are heavily involved in transmitting signals during an inflammatory response

14
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Figure 8. Correlation plot of MALDI-MSI lipid distributions and LA-ICP-MS gold distributions in
liver tissue of anti-TNF-a NPSC-treated mice. Lipids are separated by class from left to right:
phosphatidylcholines, carnitines, lysophosphatidylcholines, sphingomyelins,
phosphatidylethanolamines, ceramides. Lipids with values close to +1 have a strong positive correlation

with gold distribution; lipids with values close to -1 have a strong negative correlation with gold
distribution; lipids with values close to zero have no significant correlation with gold.

in the liver.®® Overall, a cumulative 68% (34% + 18% + 16%) of the lipid changes in the liver
occur in regions with no significant gold accumulation, indicating that the effects of the anti-TNF-a

therapy primarily occur in regions remote from where the NPSC carriers accumulate.

Distribution of unexpected lipid changes in tissues of NPSC-injected mice

The dual-mode imaging method that is utilized here reveals not only that NPSCs elicit
biochemical changes in the spleen and liver at locations remote from where they accumulate, but
also that some biochemical changes are likely caused by the nanocarrier itself. The inherently
multiplexed nature of MALDI-MS imaging along with the gold distributions obtained from LA-
ICP-MS allow us to discern unexpected effects of the carrier. The MALDI-MSI data are a complex

set of molecular information, and a full accounting of the unexpected effects of the carrier are
15



Nanoscale

Veins (Central, Portal)

Uox Uix Ul

Optical Image of Liver eSS
Tissue

MALDI-MSI of Liver Tissue

Figure 9. Representative optical and MALDI-MSI liver images that are utilized to
classify sub-organ regions of liver tissue. Veins are indicated by yellow pixels,
connective tissue by blue pixels, bile ducts by red pixels, and parenchyma by green
pixels.

beyond the scope of this work. However, as an example of the information that MSI can provide,
one notable lipid that changes unexpectedly in mice injected with all nanomaterial constructs (i.e.
anti-TNF-a NPSCs, scrambled NPSCs, and Arg-AuNPs) is glucosylceramide. The signal for this
lipid increases in both spleen and liver tissues and is found to positively correlate with gold
distributions from tissues injected with each of the nanomaterials (Figures S5 and S6). After a co-
registration analysis of the LA-ICP-MS and MALDI-MS images of the liver tissues,
glucosylceramide is found to have a 77% correlation with gold in the anti-TNF-a NPSC-containing
tissues, 93% in the scrambled siRNA NPSC-containing tissues, and 90% in the Arg-AuNP
containing tissues (Figure S6). Ceramide is a pro-apoptotic mediator that glucosylceramide
synthase (GCS) converts to the inert compound glucosylceramide.*® Glucosylceramides are
biomarkers involved in inflammation and are specifically associated with macrophage uptake in
the liver, spleen, and kidneys.>® Observation of this lipid increase in both the liver and spleen
following treatment with all three nanomaterial constructs suggests that the AuNPs themselves are
eliciting an inflammatory response. Future work will be necessary to fully understand the nature

of this effect. This assessment using dual-mode imaging and registration provides a direct and

16
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quantitative evaluation of the effects of the nanomaterials themselves and is a powerful way to

evaluate both the efficacy and side effects of nanomaterials in vivo.

Conclusions

MS imaging techniques were employed to monitor the distribution and co-localization of a
nanodelivery system and its biochemical effects in various tissue types. Using MALDI and LA-
ICP MS techniques, we demonstrate that the majority of the expected downstream biochemical
changes occur in regions distant from where the nanodelivery system accumulates. Specifically,
while changes in siRNA or protein levels are not measured directly by MSI, we find that anti-TNF-
o NPSCs cause expected changes in lipid biomarkers, primarily in the white pulp of the spleen,
whereas the NPSCs themselves accumulate in the red pulp. Similarly, anti-TNF-a NPSCs elicit
expected changes in liver lipid biomarkers mostly in veins, connective tissue, and bile ducts, while
the NPSCs accumulate in the parenchyma, where fewer biomarker changes occur. These
observations demonstrate that nanodelivery vehicles can generate the desired biochemical
responses even though they may accumulate in different locations. This behavior of nanodelivery
agents might suggest an indirect means of therapy, which could be particularly important for anti-
cancer nanodelivery agents that accumulate inefficiently in tumors. Another important result from
the work described here is that information-rich MALDI-MS imaging is capable of identifying
unanticipated changes in tissue biochemistry caused by the presence of nanodelivery vehicles. In
this way, MALDI-MSI generates new molecular-level information that when complemented by
traditional biochemical assays could lead to new insight into potential off-target effects that may
be caused by nanodelivery systems. Future work will investigate potential off-target effects more

extensively.
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Methods

Synthesis of nanoparticles and nanoparticle stabilized capsules

Arg-AuNPs and NPSCs were synthesized according to a previous report.>?” Briefly, 1-
pentaethiol protected AuNPs (Au-C5) were synthesized via the Brust-Sciffrin two-phase
synthesis.’! Arg-AuNPs were then synthesized by the Murray place-exchange method.’> NPSCs
were generated by emulsifying 1 pL linoleic acid with 1 uM Arg-AuNPs in PBS. A 2.5 uM aliquot
mixture was then combined with 1 puM siRNA. The mixture was then incubated at room
temperature before injection. Physical characterization of the anti-TNF-a NPSCs, scrambled
NPSCs, and Arg-AuNPs was performed via dynamic light scattering (Table S3). Characterization
of the NPSCs and Arg-AuNPs followed procedures that have been previously reported.®2%-3
Transmission electron microscopy and other data for these materials can be found elsewhere,’ as

the exact same materials that were used in that study were used in the current study.

Animal experiments and tissue preparation

All animal protocols were approved by the University of Massachusetts Amherst Institutional
Animal Care and Use Committee (IACUC), guided by the U.S. Animal Welfare Act and U.S.
Public Health Service Policy. Balb/c mice (female, 8-week-old) were obtained from Charles River
Laboratories, Inc. (Wilmington, MA). Mice were held in controlled climates (22 + 2 °C
temperature, 12 h light/dark daily cycle) with free access to food and water. Mice were randomly
selected for control and nanomaterial treatment. Three mice were selected for each treatment batch
including, control, anti-TNF-o NPSCs, scrambled NPSCs, and Arg-AuNPs, totaling 12 mice.
Each mouse was tail-vein-injected with 200 pL of either PBS (control), 2.5 pM of NPSCs, or 2.5

uM of Arg-AuNPs. Following 48 h of nanomaterial circulation, mice were sacrificed via carbon

18
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dioxide inhalation and cervical dislocation. Mouse tissues were promptly removed, flash frozen in
liquid nitrogen, and stored at -80 °C until sectioning for MS imaging. A portion of each retrieved
tissue was removed for acid digestion and ICP-MS analysis to assess total gold concentrations
(Figure S1). Flash-frozen tissues were sectioned into 12 pum slices via a LEICA CMM1850
cryostat, thaw-mounted onto ITO slides (MALDI-MS) or glass slides (LA-ICP-MS), and
desiccated under vacuum for 1 h. Bruker ImagePrep apparatus was used to spray a 25 mg/mL 2,5-

DHB solution (1:1 methanol:water) onto the tissues intended for MALDI imaging analysis.

Dual-Mode Imaging Analysis

MALDI-MSI was conducted using a Bruker ultrafleXtreme MALDI-TOF/TOF instrument at
50 um resolution unless otherwise indicated. All experiments were performed with at least three
different tissue sections from each of the three injected mouse replicates, for a total of nine
MALDI-MS images per sample treatment. All treated tissues (NPSC or Arg-AuNP-injected) were
run simultaneously with control tissue samples to ensure reproducibility. MS/MS experiments
were performed via LIFT cell with collision-induced dissociation to confirm biomolecule
identities.

LA-ICP-MS imaging was conducted using PerkinElmer NEXION 300 ICP-MS coupled with
a Teledyne CETAC LSX-213 G2 laser ablation system which was attached to the ICP-MS via
Teflon tubing. Tissues were ablated at a spot size of either 50 or 25 um with a 15 pm/s scan rate,
10 Hz laser frequency, 0.6 L/min He carrier gas flow, and 10 s shutter delay. Images were
reconstructed according to previous reports.?3232732 LA-ICP-MS images were acquired on three

tissue sections from each of the three treated mice.
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Statistical evaluation

MALDI-MSI images were normalized and processed in SCiLS Lab 2015b (Bruker), as
previously reported.?’ In brief, baseline subtraction was conducted using the TopHat, followed by
total ion count (TIC) normalization, peak picking, and discriminative value determination using
both receiver operating characteristic (ROC) curves and ion abundance box-and-whisker plots.
ROC curves are statistical tests used to determine how well a variable (e.g. distribution of lipid ion
signals) preforms as a binary classifier between two systems. For the MALDI-MSI analyses, a
nanomaterial-treated mouse tissue and a control mouse tissue were the two systems that were
compared. ROC curves are generated by assessing the threshold response of the ion signal
abundance distributions of a given measured molecule in the two tissues. The analysis considers
plots of the true positive rates (or total pixels from tissue 1 above the threshold value, divided by
total pixels of tissue 1) versus the false positive rates (or total pixels from tissue 2 above the
threshold value, divided by total pixels of tissue 2). The area under these ROC curves can then be
used as a gauge for how well the m/z value distinguishes between the two tissue types. ROC area
under the curve (AUC) thresholds of greater than 0.65 for analyte increases or lower than 0.35 for

analyte decreases were used to distinguish significant differences between tissues.?’-383

Image Segmentation

Segmentation of MALDI-MSI tissue images was performed using a k-means clustering
algorithm in SCIiLS Lab 2015b. All images were preprocessed with normalization and peak
selection before applying the segmentation algorithm. Using this algorithm, the similarities of the
spectra are statistically evaluated, and those spectra that are determined to be similar are grouped

into single clusters. Each separate cluster can then be used to represent sub-organ regions in a
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given tissue section. This image segmentation approach was used to automatically classify red
pulp and white pulp regions in MALDI-MS images of spleen tissue sections. Confirmation of these
classifications was done by manually spot-checking the relative ion intensities of the heme signals
in the pixels that clustered as red pulp regions (high heme ion signal) as compared to those that

clustered as white pulp regions (no heme ion signal).

Correlation plot calculations

Correlation plot calculations for quantitatively comparing the LA-ICP-MS and MALDI-MS
imaging data were made in Python using Pearson’s correlation analysis. Briefly, MALDI-MS and
LA-ICP-MS data were transformed into the same X-Y scale using an analogous approach to
previous work.*+* Images were co-registered using a non-linear registration algorithm in Python.
The SimpleElastix library in Python was applied with the MALDI data set as the fixed image and
the LA-ICP-MS data set as the moving image. Once tissues were properly co-registered on a pixel-
by-pixel basis, a Pearson’s correlation analysis was conducted in Python using the SciPy library.
Each analyte was quantitatively compared against each other to assess the strength of association
between the two variables with -1 being an absolute negative correlation, +1 being an absolute

positive correlation, and 0 being no correlation.
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