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angle X-ray scattering (SAXS),26 have been utilized for characterization of NPs. Even in 

using these techniques, the characterization of SAMs on NPs remains challenging. It is 

essential to investigate new approaches for the characterization of SAMs to better 

understand the interactions of SAMs with biological molecules.27,28 

Thermogravimetric analysis (TGA)29 and nuclear magnetic resonance (NMR)30 are 

used to obtain information from SAMs. TGA provides ligand-to-core mass ratio of the 

NPs, but it cannot characterize the structure of the SAM. NMR, on the other hand, can be 

used to get structural information of the SAMs; however, peak broadening and the large 

sample size required for NMR are major drawbacks of this method. Alternatively, Fourier 

transform infrared spectroscopy (FT-IR) and UV-Vis are capable of approximate 

identification of the surface monolayers.  

 1.4. Mass spectrometric characterization of AuNPs 

Used universally as a measurement tool for the characterization of various 

compounds, mass spectrometry (MS) is a promising tool for the characterization of AuNPs. 

Laser desorption/ionization (LDI),31,32 matrix-assisted laser desorption/ionization 

(MALDI),33 electrospray ionization (ESI),34 and ion-mobility (IM) MS35 have previously 

been applied for characterization of NPs.  

The first examples of LDI-MS analysis of Au nanoparticles provided information 

for intact Au clusters but very little information was obtained for the SAMs.31 Further 

analysis was performed on AuNPs with LDI-MS and MALDI-MS.36 In those reports, 

signals from the alkanethiol monolayer and its fragments were detected. Until recently, 

these studies were limited to only certain types of AuNPs with certain number of gold 

atoms and SAMs. A wide range of core sizes have been successfully detected by MALDI-
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MS,33,37 but intact analysis of AuNPs has still been limited to NPs with certain types of 

monolayers and core sizes. 

AuNPs with intact SAMs have also been investigated by other MS techniques such 

as ESI34 and IM-MS.35 ESI-MS has been shown to provide information for intact Au cores 

with the surface monolayer attached.38 It is able to provide information on the exact 

composition of the AuNPs, but, NPs that are detectable by ESI-MS are only limited to 

certain number of core metal atoms and types of ligands attached. Ligand segregation 

information provided by IM-MS have been shown to be useful for quantifying surface 

components of NPs.39 The application of IM-MS to characterize the monolayers in 

complex matrices such as cells or tissues are undoubtedly will be challenging.  

 1.5. Detection of AuNPs 

Besides being able to characterize AuNPs for different applications, detecting them 

in a sensitive and selective way is crucial for understanding their biodistribution and 

environmental fate.40-43 Previously, AuNPs were monitored in complex systems such as 

bacteria,44 plants,45 cells46 and animal47 for understating their fate. Detection of NPs in 

complex biological systems requires analytical techniques that have a high tolerance to 

biomolecules and good selectivity. Given the complexity of biological systems, the 

techniques described above for characterization of NPs may not be suitable in order to 

analyze AuNPs in biological systems. Besides their applicability in biological systems to 

obtain quantitative information are challenging. 

Optical methods, such as confocal microscopy,48 can be used to monitor 

nanoparticles in biological systems. These techniques often require specialized optical 

equipment, though, and accurate quantitative information is typically not obtainable. 
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Alternatively, NPs can be labeled to allow their detection in biological systems.49,50 

Although this technique overcomes the challenge caused by the complexity of the 

biological system, the additional labeling may cause changes in the behavior of the NPs. 

Also, design of numerous labels for various applications are challenging. 

Elemental analysis methods like inductively-coupled plasma mass spectrometry are 

widely used for detection of AuNPs in complex biological samples.51,52 For example, using 

ICP-MS, the effect of surface properties on biodistribution of AuNPs was investigated in 

cells,53 fish54 and plants.55  Both the effect of surface charge and size on the cellular uptake 

of AuNPs have been investigated.56 In this particular work, four different AuNPs with 

different sizes and surface charges were prepared and uptake efficiencies were measured 

with ICP-MS. The quantitative Au amounts revealed the changes in the uptake of AuNPs 

with different core sizes and surface charges (Figure 1.4).  Although this method provides 

total Au amounts present in the biosystem, there is no information obtained from the SAMs 

present on the AuNPs. 
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Figure 1.4. a) Structure of the AuNPs investigated in this study with cationic, zwitterionic 

and anionic headgroups b) Cellular uptake of AuNPs with different core size by HeLa cells 

after 3 h incubation in serum-free media. ICP-MS used for determination of gold per cell 

amounts and values are indicated in the histogram. c) Uptake trend of AuNPs with different 

sizes. Efficiency of the uptake of 4 and 6 nm NP was normalized to that of 2 nm NP with 

the same surface charge. Mean values ± standard deviation, n = 3. (Reproduced from Ref 

56) 

 Several other mass spectrometric methods, such as LDI, MALDI, ESI and IM have 

been investigated for the detection of monolayers in pure samples. Although successful 

detection of monolayers have been shown with these methods, applicability of them in 

biological matrices are challenging. During analysis of the AuNPs in biosystems with 

MALDI-MS and ESI-MS, ionization of biomolecules can cause interferences that could 

prevent detection of the monolayers.57,58  LDI-MS is the most promising method in terms 

of obtaining interference-free information from the intact monolayers on the AuNPs.59 It 

can also provide multiplexed detection of monolayer simultaneously in complex 

biosystems.59,32  

In LDI-MS, a laser irradiates the sample and the energy provided from the laser is 

absorbed by the NP core.60,61 This absorbed energy is then transferred to the monolayer on 

the NP surface, which then desorbs/ionizes. Using this method, characterization of a wide 

range of NPs with various NP core materials can be achieved since most core materials 

bound to the monolayer on the NPs surface can efficiently absorb at wavelengths such as 

337 and 355 nm, which are the laser wavelengths commonly used in commercial mass 

spectrometers. For example, alkanethiol compounds attached to the AuNPs surface can be 



 

9 

detected using this method because the Au core can readily absorb the laser energy and 

transfer it to cleave the Au-S bond to desorb/ionize the monolayer.62 This localized energy 

transfer between the NP core and the monolayer allows us to obtain interference-free 

signals from the monolayer attached to the NP core and very high selectivity. These 

advantages of LDI-MS enable its use in biological applications. Previously, our group 

demonstrated the detection of AuNPs in biological samples such as cells32 and tissues59.  

In addition, other researchers have also utilized this selective ionization process for various 

applications including use of AuNPs as MALDI matrices.63,64 

1.6. Imaging of AuNPs using mass spectrometry 

Monolayer protected AuNPs are widely investigated in biological applications 

because they provide desired functionalities, protection and biocompatibility for these 

applications.65,66 The environmental exposure of these AuNPs and their biodistribution is 

a growing concern. For this reason, there is an urge for development of new methods that 

could track AuNPs in complex biosystems.67 Different approaches, such as magnetic 

resonance imaging (MRI),68 Raman spectroscopy,69,70 surface plasmon resonance 

(SPR),71,72 and fluorescence microscopy73,74 have been used to obtain site-specific 

information of nanomaterials. However, each of these techniques require specific 

properties to allow the detection of the NPs. Another method known as the radionuclide-

labeling also has similar limitations as described.75 Although these techniques are capable 

of providing useful information about NPs distribution in biological systems, it is very 

challenging to obtain site-specific quantitative measurements. In addition, simultaneous 

monitoring of multiple NPs is not easy with these methods. To overcome the described 
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challenges of monitoring NPs with quantitative information, alternative tools are 

necessary.  

A most common method for obtaining biodistribution information for AuNPs is 

ICP-MS. Quantitative information from the core material of any metal NP can be obtained 

with high sensitivity using ICP-MS. Since every species transforms into an atomic form in 

the plasma, any metallic NP in any biological matrix can be monitored after sample 

digestion. While, the total amounts of the NPs can be detected in any matrices, any site-

specific information is lost due to sample digestion. In addition, the sample preparation is 

time-consuming and it is unclear whether the NPs are still intact in vivo or not. 

In the last decade mass spectrometric imaging techniques allowed researches to 

monitor biomolecules such as proteins,76,77 peptides,78 lipids,79 and other biomolecules80,81 

in tissue samples. Besides biomolecules, hyphenated sample introduction systems [i.e. 

laser ablation (LA)] with ICP-MS allowed monitoring the biodistribution of metals present 

in tissue samples.82,83 The applicability of LA-ICP-MS for NPs has been also demonstrated 

in biosystems such as cells,53,84 tissues85,86 and plants.87 Although LA-ICP-MS can 

successfully monitor the NPs in vivo, it still cannot identify if the NPs are still intact in the 

tissues. It is also challenging to obtain multiplexed information for the NPs with same core 

material. On the other hand, LDI-MS can provide the desired information for the 

monolayer of the NPs, even in complex biosystems such as cells32 and tissues.59 This 

technique can also monitor the NPs in a multiplexed fashion to obtain site-specific 

information of the biodistribution of the NPs. Quantitative imaging of these nanomaterials 

are possible with the appropriate standards.  
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While LA-ICP-MS has been used to detect NPs in biological systems, it has not 

been used to measure very small NPs that are commonly used in biomedical applications. 

Much of the work described in this dissertation will demonstrate the first examples of 

quantitative imaging of 2 nm monolayer protected AuNPs using LA-ICP-MS in mouse 

tissues. Previously, LA-ICP-MS have been used to monitor biodistribution of NPs in vivo 

with sizes up to 13 nm.82 Most of the previous works revealed the overall biodistributions 

of the NPs in tissue. To better understand in vivo fate of the NPs, the research described 

here will show sub-organ biodistribution information for AuNPs in tissues.  Furthermore, 

using a combination of both elemental and molecular mass spectrometric imaging methods, 

it will be shown if the NPs are still intact or not in mouse tissues. 

1.7. Dissertation overview 

LA-ICP-MS has been shown to monitor AuNPs in complex biological systems such 

as cells53,80 and tissues.81,82  This method is based on ablation of solid materials with a laser 

and transfer of the ablated material via a carrier gas into the plasma of the ICP-MS. Highly 

sensitive detection of NPs are achieved with this method and quantitative information for 

the biodistribution of NPs is obtained with appropriate standards.88,89 Information 

regarding whether or not the AuNPs are intact in vivo is provided with LDI-MS imaging.59 

Similar to LA-ICP-MS, this method is based on selective desorption/ionization of the 

monolayer on the NPs surface with laser irradiation. Use of mass barcodes instead of any 

other labeling strategies allows monitoring the biological fate of NPs on their uptake and 

monolayer stability.90 For effective use of NPs, their biodistribution needs to be monitored 

in order to modulate their potential environmental, health and safety effects. Currently, 

there are limited analytical tools for tracking, quantifying, and imaging NPs in biological 
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and environmental systems. In this dissertation quantitative biodistribution of AuNPs and 

their stability in mouse tissues will be revealed by mass spectrometric imaging techniques. 

In Chapter 2, the first-ever imaging of 2 nm monolayer protected AuNPs in vivo 

using LA-ICP-MS will be described. How LA-ICP-MS imaging can be used to quantify 

and monitor 2 nm monolayer protected AuNPs in vivo will be demonstrated. Three 

different AuNPs with varying surface charges (positive, negative, neutral) have been 

investigated. The findings show that to obtain accurate quantitative information for AuNPs 

in vivo, it is critical to choose a matrix that is well matched with the tissue of interest. In 

addition, initial observation showed that the surface charge affected the biodistribution of 

the AuNPs.  

In Chapter 3, an alternative quantification method that could be used for LA-ICP-

MS imaging will be described. Matrix-matched quantification methods require time-

consuming sample preparation and the matrix choice is critical for accurate quantification. 

Inkjet printing is explored as an alternative and is used to obtain standard samples that 

could be used for quantification of AuNPs in vivo. It will be demonstrated how inkjet 

printing can be used to print that standard samples and how that can be used for 

quantification of AuNPs in tissue samples.  

The initial differences observed on the biodistribution of AuNPs will be further 

investigated using LA-ICP-MS in Chapter 4. Four different AuNPs with varying surface 

charge were investigated. In three different mouse tissues, our observations show that the 

surface charge dictates the biodistribution of the AuNPs. In addition, using the 

Hematoxylin and Eosin Y (H&E) staining, sub-organ regions of the tissue were identified 

and quantitative information about the biodistribution of AuNPs were determined.  
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Finally, to better understand the in vivo fate of the AuNPs, a dual-mode imaging 

method that can monitor the stability of AuNPs in a site specific manner will be 

investigated. Three different parameters that can affect the stability of the particles (time, 

organ, NP surface chemistry) were investigated. Time dependent results indicate that the 

stability of the particles are lost over time. It was also discovered that organ bio-

composition dramatically affects the stability of the particle. The NP surface chemistry 

design is also important to obtain stability within same tissue environment.  
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CHAPTER 2 

 

QUANTITATIVE IMAGING OF 2 nm MONOLAYER PROTECTED GOLD 

NANOPARTICLE DISTRIBUTION USING LASER ABLATION 

INDUCTIVELY-COUPLED PLASMA MASS SPECTROMETRY (LA-ICP-MS)  

 

This chapter is adapted from a paper published as: Elci, S. G.; Yan, B.; Kim, S. T.; Saha, 

K.; Jiang, Y.; Klemmer, G. A.; Moyano, D. F.; Yesilbag Tonga, G.; Rotello V. M.; Vachet, 

R. W. Analyst 2016, 141, 2418-2425. 

2.1 Introduction 

Nanomaterials are widely used in biomedical applications such as drug delivery, 

therapeutics, sensors and other nanodevices.1-3 Functionalized nanoparticles (NPs) have 

tailorable sizes and surface properties that allow them to be tuned for a wide range of 

biomedical applications. For example, NP surface chemistry can be designed to influence 

their absorption, distribution, metabolism, excretion, and toxicity.4,5  Gold NPs (AuNPs), 

in particular, have been widely studied because they possess unique qualities that make 

them appealing for biomedical applications. Especially, gold’s inherent non-toxicity is the 

main property for its selection on biological applications. Besides, AuNPs can be readily 

synthesized to have a range of sizes, and their surface properties can be easily modified by 

taking advantage of gold-thiol chemistry.6,7 In recent years, there has been a rapid increase 

in the use of AuNPs in drug delivery,8 sensing,3 cancer diagnosis and therapy,9 and even 

environmental studies.10,11  
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Several approaches have been applied to understand the fate of the AuNPs in vivo. 

A commonly used approach is surface-enhanced Raman spectroscopy (SERS), which 

relies on the plasmonic properties of AuNPs and how these properties change during 

interactions with each other and with biological systems.12-15 The use of SERS for 

quantitation, however, has been very limited.  Electron microscopy is commonly used to 

image NPs in biological samples. This technique is typically low throughput, though, and 

does not broadly lend itself to reliable quantitative information, despite some recent 

nanopipette-based approaches to address this issue.16 X-ray spectroscopies have also been 

used to image AuNPs17,18 and other NPs,19,20 but these techniques require difficult to access 

instrumentation such as synchrotron sources.  

Laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) is an 

emerging method for imaging NP distributions in biological systems21-23 This technique 

has high sensitivity, multi-element detection capability, and spatial resolutions in the 25-

50 µm range that make it suitable for tissue analyses. In addition, quantitative images can 

be obtained when using the appropriate standardization approaches.24-26 To date, several 

reports have described the imaging of nanomaterials in cells,27-29 tissues30-32 and plants.33 

A few of these studies have involved AuNPs, yet all but one33 have measured AuNPs with 

core sizes between 13 and 50 nm. AuNPs with smaller core sizes (< 5 nm) are biomedically 

interesting because these systems have high payload to carrier ratios. Also, together with 

their monolayer coatings these NPs are just large enough to avoid being cleared by the 

kidney but small enough to have sufficient circulation times for therapeutic applications.34 

The challenge of detecting and imaging these smaller AuNPs, however, is the fact that they 
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contain much less gold than their larger counterparts. For example, a AuNP with a 2 nm 

core diameter has 1000 times less gold than a AuNP with a 20 nm core.  

In this chapter, quantitative imaging of functionalized AuNPs with 2 nm cores will 

be demonstrated. It is demonstrated that LA-ICP-MS imaging provides sub-tissue 

biodistribution information that is valuable for understanding the biological fate of AuNPs 

in vivo. Moreover, we find that the AuNPs remain intact in vivo as different surface 

monolayers cause distinct sub-tissue distributions. Overall, these measurements open the 

door for studying how surface chemistry influences AuNP biodistributions, with important 

implications for the design of NP-based therapeutics.  

2.2 Results and Discussion 

Three different AuNPs (Figure 2.1, AuNPs 1-3) were selected to investigate the 

ability of LA-ICP-MS to image AuNPs in mouse tissues. The AuNPs consist of a 2 nm Au 

core (Figure 2.10) and monolayers attached to the core via a thiol group (Figure 2.1). The 

design of the monolayer structure provides biocompatibility, solubility in water and 

stability for these AuNPs.8 Indeed, previous studies have shown that this NP design is 

biocompatible in fish and mice35-37 and that this design allows the NPs to remain intact in 

vivo.37 Spleen, liver, lung, and kidney tissues were selected for imaging because separate 

ICP-MS experiments on tissue homogenates indicated that these tissues were the main sites 

of Au accumulation after NP injection (Table 2.1). Moreover, these organs represent a 

range of tissue types with various sub-tissue features. 
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Figure 2.1. Structures of AuNPs used in this study. 

 

Table 2.1. Summary of ICP-MS quantification of homogenized tissue samples from mice 

injected with AuNPs. 

 ICP-MS (ng/g)
a
 

Mouse 

Tissue 

AuNP 1 AuNP 2 AuNP 

3
b 

Control 

Spleen 6000 ± 

400 

600 ± 

100 

1200 ± 

300 

8 ± 1 

Liver 3400 ± 

400 

1000 ± 

200 

2600 ± 

500 

2 ± 1 

Lung 700 ± 

100 

110 ± 

40 

40 ± 5 3 ± 2 

Kidney 60 ± 30 55 ± 10 60 ± 5 2 ± 1 

a The standard deviations (n = 3) are obtained by averaging the ICP-MS results obtained 

from three different mice injected with the indicated NP. 

b The standard deviations (n = 2) are obtained by averaging the ICP-MS results obtained 

from two different mice injected with the indicated NP (Three mouse used for injection 

initially but the injection on one of the mouse was not successful, to avoid more mouse 

sacrifice, two of the successfully injected mouse were used). 
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images that report on the Au signal for the spleen (c), and liver (f). See the experimental 

section and Chapter 2 for instrument parameters and measurement details. 

 

Figure 5.3. LDI mass spectrum of a selected spot in a 12 µm thick liver tissue after pipette 

spotting 1 µL of a 0.5 µM solution of AuNP 1. LH+ = molecular ion signal of the ligand 

attached to AuNP 1 and L-H2S+ = fragment ion signal arising from the loss of H2S from 

the intact ligand. 
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Figure 5.4. LDI-MS and LA-ICP-MS images of liver tissue slices from a mouse injected 

with AuNP 2. 

We next investigated the stability of the particles at different time points (4, 24, and 

48 h) after their injection into the mice. AuNPs 1, 3, and 4 were simultaneously injected, 

and LDI-MS images for each NP’s monolayer signal were generated. We predicted that 

the ligand signal in the LDI-MS images would decrease after longer time points as the 

AuNPs are degraded over time. Similar to other data from the liver, no significant 

monolayer signal is observed during LDI-MS (data not shown) even at the shortest time 

point (i.e. 4 h). This finding suggests that the elevated levels of biogenic thiols in the liver 

rapidly degrade AuNPs in this organ.  The Au distributions from LA-ICP-MS images (e.g. 

Figure 5.5) indicate that the Au amounts first increase and then decrease over time, which 

may indicate some early accumulation of Au despite loss of monolayer stability; however, 

it is difficult to fully conclude this because the data comes from different mice. 

 

Figure 5.5. Time dependent LA-ICP-MS images of the liver tissue slices from three 

separate mice. a), b), and c) are images of Au distributions in the liver slices obtained from 

LA-ICP-MS. d) Bar plots indicating the normalized Au intensity. The normalized intensity 

is calculated by summing the relative pixel intensity for each image (see calculation 

below), dividing this sum by the size of each tissue slice and further normalizing by the 
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total gold amounts in these organs as determined by ICP-MS of partial homogenates. For 

easier comparison of the three time points, the resulting value for the 24 h time point was 

set to 1. 

 

LDI-MS images of the spleen reveal that the monolayer signal for each AuNP 

decreases over time as expected (Figure 5.6a). An evaluation of the ion intensities in these 

images (Figure 5.6b), after normalizing for the size of the tissue, confirms this observation 

and further indicates that the signal drop for each AuNP is similar. In contrast, the Au 

distributions in the spleen, as determined by LA-ICP-MS imaging, indicates that the Au 

amounts remain somewhat constant when the data is properly normalized for mouse-to-

mouse variations (e.g. Figure 5.7 and 5.8). Taken together, the LDI-MS and LA-ICP-MS 

imaging results suggest that greater than 50% of the monolayer stability is lost in the spleen 

over a 48 h time period. 

 

Figure 5.6. a) Time-dependent LDI-MS images of spleen tissue slices for AuNPs 1, 3, and 

4. b) Bar plot of the normalized ion intensities for AuNPs 1, 3, and 4, calculated from 

relative pixel intensities as described in the experimental section. 
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Figure 5.7. An example data set showing the changes in the total Au amount over time in 

the spleen of 3 different mice after IV injection of AuNPs 1, 3 and 4.  

 

 

Figure 5.8. Comparison of time dependent LA-ICP-MS images of the spleen tissues (Error 

bars represent pixel to pixel deviation.) The normalized ion intensity is calculated by 

summing the relative pixel intensity for each image, dividing this sum by the size of each 

tissue slice and further normalizing by the total gold amounts in these organs as determined 

by ICP-MS of partial homogenates. For easier comparison of the three time points, the 

resulting value for the 4 h time point was set to a value of 1. 
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We next examined the effect of monolayer structure on NP stability in vivo. AuNP 

1 and AuNP 5 were compared because we had previously demonstrated in cells that AuNPs 

without the tetraethyleneglycol (TEG) group are less stable.34 NPs with slightly different 

headgroups had to be chosen because the slides used to mount the tissues gave an isobaric 

interference for the monolayers containing a TEG group and a tri-methyl ammonium 

headgroup. LDI-MS and LA-ICP-MS images of the spleen are consistent with our previous 

in vitro work in that the TEG-containing AuNP 1 is found to be more stable than AuNP 5, 

which is missing the TEG group (Figure 5.9). To best compare the two sets of images so 

that this conclusion can be made, we imaged two sets of tissues that had similar total gold 

amounts based on ICP-MS measurements of tissue homogenates (Figure 5.13). In separate 

experiments we found that the relative LDI ionization efficiencies of the two ligands are 

similar (Figure 5.10), allowing for a better comparison of the ion abundances in the LDI-

MS images. Upon comparing the images in Figure 5.9 (left), the LDI-MS signals (shown 

in green) are brighter for AuNP 1, which indicate higher ligand signals, whereas the gold 

signals (shown in yellow) in the LA-ICP-MS images are similar for the two AuNPs. A 

more quantitative comparison can be made by summing the ion abundances in each pixel 

and dividing this value by the total area of the image (Figure 5.9 (right)), while also 

correcting for the slight differences in ionization efficiencies of the two monolayers (Figure 

5.10). From such an analysis, both AuNPs are found to have similar abundances per unit 

area in the LA-ICP-MS images but quite different ion abundances are observed per unit 

area in the LDI-MS images (Figure 5.9 (right)). These comparisons indicate that the 

monolayer of AuNP 5 is less stable than the monolayer of AuNP 1. 
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Figure 5.9. Comparison of the stability of AuNP 1 and AuNP 5 in the spleen. (Left) LDI-

MS and LA-ICP-MS images showing the intact NP and Au distributions, respectively, in 

the spleens of mice IV-injected with either AuNP 1 or AuNP 5. The expanded zoomed-in 

regions illustrate the signal differences observed for AuNP 1 and AuNP 5 in the marginal 

zones of the spleen. (Right) Summed relative ion abundances of the Au and ligand ions 

from the LA-ICP-MS and LDI-MS images in the top part of the figure. The relative pixel 

intensity calculations are described in experimental section. 
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Figure 5.10. Comparison of the LDI-MS ionization efficiencies of AuNP 1 and AuNP 5. 

As described in our previous work,11 cell lysate samples were used to determine the 

ionization efficiencies. A mixture of AuNPs (AuNP 1 = 1 pmol; AuNP 5 = various 

amounts) were spiked into HeLa cell lysate, and the mixture was transferred into a 

centrifuge tube to be centrifuged at 14000 rpm to obtain the pellet.  The obtained pellet 

then was transferred onto the MALDI target. The slope of the graph indicates the ratio of 

the ionization efficiencies, and this value was used to modify the images of the spleen to 

enable an accurate comparison of the results. 

 

More intriguing insight is obtained upon comparing the stability of AuNP 1 and 5 

in different regions of the spleen. The stabilities of the AuNPs are different in two of the 

three regions of the spleen. H&E staining and Fe images from the LA-ICP-MS experiments 

identify these three regions of the spleen (Figure 5.11).  



 

91 

 

Figure 5.11. Example LA-ICP-MS and H&E staining images of a spleen tissue slice from 

a mouse injected with AuNP 5. The Fe image reflects the presence of the blood in the organ 

and can be used to readily distinguish between the red pulp and white pulp regions. The 

red pulp and marginal zone regions of the spleen filter the blood and therefore contain the 

highest concentration of Fe. Less Fe is found in the white pulp because the blood does not 

flow through this region of the spleen. The black regions in the Fe image represent the 

white pulp, and red regions indicate the red pulp. The marginal zone is the interface 

between the red and white pulp regions and extends ~ 40 µm from the white pulp. In the 

H&E stains, the pale pink color indicates the red pulp region, while the dark purple regions 

indicate the white pulp regions. Again, the marginal zone surrounds the white pulp regions 

but also can be seen in the H&E stains as a region with less dense coloring. 

 

To compare NP stability in these different regions, the average ligand and gold 

signals for each spleen region were determined, as described in experimental section. From 

the comparison of the signals from AuNP 1 and AuNP 5, we observe that the ligand signals 

are different in certain spleen regions, while the gold signals are similar. Since ligand loss 

indicates the stability loss, we compared the ligand signals in each of the spleen regions in 
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reference to the gold levels. Analysis of the data in this way indicates that AuNP 1 and 

AuNP 5 have similar stability in the red pulp and white pulp, but AuNP 1 is slightly more 

stable in the marginal zone (Figure 5.12). The reason for the differences in AuNP stability 

in the different regions of the spleen can be somewhat explained by how blood is filtered 

in the spleen. Blood primarily flows through and is filtered in the red pulp, and not 

surprisingly relatively high levels of IV-injected NPs are found here.38,39 In mice, there are 

monocytes in the red pulp that might act to phagocytose and thus destroy some of the 

filtered NPs,40 but evidently both NPs have similar stability in this region. As for the 

marginal zone, only a portion of blood transits this region, where antigen-presenting cells 

are present and the exchange of the blood between the red and white pulp occurs. The 

immune response that can occur in this region might explain why the less stable AuNP 5 

shows greater instability in this region. The similar stability in the white pulp may be due 

to the fact that both AuNPs are somewhat unstable in this region where high concentrations 

of lymphocytes are present that could equally degrade both NPs.   
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Figure 5.12. Overlayed LDI-MS and LA-ICP-MS histograms for the site specific regions 

of AuNP 1 and AuNP 5, indicating the signal intensity distributions of the ligands and Au, 

respectively, for AuNP 1 and AuNP 5. The larger bin numbers represent higher ion 

intensities. The most significant differences between the two AuNPs are found in the 

marginal zone, where the monolayer ligand signals for AuNP 1 have notably higher LDI-

MS signal intensities. 

5.3. Conclusion 

In summary, we have demonstrated that LA-ICP-MS and LDI-MS imaging can be 

used together to monitor NP monolayer stability in vivo. In our approach, LA-ICP-MS 

imaging reports on the distribution of Au in tissues, and LDI-MS images reports on the 
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distributions of AuNPs containing intact monolayers. A comparison of the two images 

from adjacent tissue slices indicates whether or not the AuNPs are intact. The validity of 

this comparison was demonstrated first by observing the expected differences in the 

relative Au and monolayer ligand signals in the spleen and liver and then by observing the 

expected decrease of the ligand signal over time. The utility of obtaining site-specific 

stability information was then demonstrated by comparing the stability of two AuNPs in 

the spleen, where we find that NP stability is most different in the marginal zone of this 

organ, which is consistent with the biological makeup of this region. In future work we 

will develop quantitative imaging protocols that will enable a more quantitative measure 

of the site-specific stability of NPs in vivo. Such methods will provide critical insight into 

how to design NPs of the desired stability, from semi-stable materials used in drug delivery 

to more stable materials that are required in commercial products. 

5.4. Experimental 

5.4.1. Synthesis and characterization of the AuNPs 

Using the Burst-Schiffrin two-phase synthesis method, 2 nm core AuNPs were 

synthesized.41 Briefly, the Brust-Schiffrin two-phase synthesis method was used to 

synthesize pentanethiol-coated AuNPs with core diameters around 2 nm by reducing the 

Au salt. Once these AuNPs were synthesized, the Murray place exchange method was used 

to functionalize the AuNPs with the desired functionality.42,43 Previously synthesized 

ligands were mixed in excess with the pentanethiol-coated AuNPs and allowed to place-

exchange. After the place exchange reaction, the sample was filtered and dialyzed for three 

days to remove the excess ligand/pentanethiol mix.  
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The structures of the AuNPs used in the study can be found in Figure 5.1. The 

AuNP sizes were determined by transmission electron microscopy (TEM) and dynamic 

light scattering (DLS), and their surface charges were obtained from zeta potential 

measurements as previously described.33,34 Table 5.1 shows the TEM, DLS and zeta 

potential measurements of all the AuNPs studied in this work. All AuNPs were also 

characterized by laser-desorption/ionization mass spectrometry (LDI-MS) to confirm the 

identity of the monolayer coating.44  

 

Table 5.1. Summary of the TEM, DLS, and zeta potential results for the studied AuNPs. 

 TEM (nm) DLS (nm) Zeta potential 

AuNP 1 2.0 ± 0.1 14 ± 4 + 21± 6 

AuNP 2  2.2 ± 0.3 8 ± 2 + 26 ± 9 

AuNP 3 1.9 ± 0.2 11 ± 2 + 24 ± 9 

AuNP 4 1.9 ± 0.2 13 ± 2 + 22 ± 8 

AuNP 5 2.2 ± 0.3 8 ± 1 + 24 ± 4 

 

5.4.2. Animal experiments 

Solutions of individual AuNPs were prepared at concentrations of 2 μM, and 50 μL 

of each AuNP solution was injected into Balb/c mice via the tail vein. After certain time 

points, the mice were sacrificed via inhalation of carbon dioxide and cervical dislocation. 

Organs were then collected and prepared for analysis. Each organ that was collected was 

flash-frozen using liquid N2. These frozen tissues were then sliced to 12 µm using a LEICA 

CM1850 cyrostat and placed on either an ITO glass slide (for AuNP 1-4 containing 

samples) or a metal slide (for AuNP 1 and AuNP 5 for the spleen comparison) for LDI-MS 


