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Abstract

Functionalized gold nanoparticles (AuNPs) have unique properties that make them important 

biomedical materials. Optimal use of these materials, though, requires an understanding of their 

fate in vivo. Here we describe the use of laser ablation inductively coupled plasma mass 

spectrometry (LA-ICP-MS) to image the biodistributions of AuNPs in tissues from mice 

intravenously injected with AuNPs. We demonstrate for the first time that the distributions of very 

small (~ 2 nm core) monolayer-protected AuNPs can be imaged in animal tissues at concentrations 

in the low parts-per-billion range. Moreover, the LA-ICP-MS images reveal that the monolayer 

coatings on the injected AuNPs influence their distributions, suggesting that the AuNPs remain 

intact in vivo and their surface chemistry influences how they interact with different organs. We 

also demonstrate that quantitative images of the AuNPs can be generated when the appropriate 

tissue homogenates are chosen for matrix matching. Overall, these results demonstrate the utility 

of LA-ICP-MS for tracking the fate of biomedically-relevant AuNPs in vivo, facilitating the 

design of improved AuNP-based therapeutics.
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Introduction

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

therapeutics, sensors and other nanodevices.1,2,3 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. Gold is inherently non-toxic. 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

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.12,13,14,15 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 systems21,22,23 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.24,25,26 To date, several reports have 

described the imaging of nanomaterials in cells,27,28,29 tissues30,31,32 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 

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 work, we demonstrate the quantitative imaging of functionalized AuNPs with 2 nm 

cores. To our knowledge, this work represents the first example of quantitative imaging of 

such small AuNPs in animal tissues. We show 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 
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door for studying how surface chemistry influences AuNP biodistributions, with important 

implications for the design of NP-based therapeutics.

Experimental Section

Synthesis of 2 nm AuNPs

The AuNPs used in this study (Figure 1) were synthesized by the Brust-Schiffrin two-phase 

method, and were post-functionalized using the Murray place exchange reaction.35,36 The 

details of the synthetic procedure for the NPs used in this study are reported in previous 

work.37,38,39 After synthesis, the AuNPs were dialyzed for 72 h against MilliQ water using 

Spectra/Por Dialysis Membranes (molecular weight cutoff of 1,000 Da) to separate the free 

ligands from the AuNPs. The core sizes of the NPs were then measured by transmission 

electron microscopy (TEM) on a JEOL100S electron microscope and were found to have 

core diameters that are 2.0 ± 0.1 nm, 1.8 ± 0.2 nm and 2.0 ± 0.4 nm for AuNP 1, 2, and 3, 

respectively (Figure S1 in the Supporting Information). They were also characterized by 

laser-desorption/ionization mass spectrometry to confirm the monolayer coating.40

Animal Experiments

Animal care—All animal experiments were conducted in accordance with the guidelines 

of Institutional Animal Care and Use Committee (IACUC) at University of Massachusetts 

Amherst. Female Balb/c mice were purchased from Jackson Laboratory (Bar Harbor, ME). 

Food and water intake were assessed daily.

Intravenous injection of AuNPs—50 μL of each AuNP at a concentration of 2 μM was 

administered intravenously to the Balb/c mice. Because the average NP core sizes are about 

2 nm, the total gold amount of injected in case was approximately 4000 ng, which is 

expected given that around 200 gold atoms are present in each AuNP.41 After 24 h, the mice 

were sacrificed by the inhalation of carbon dioxide and cervical dislocation. The organ 

samples were then harvested for analysis. Following sacrifice, organs were collected and cut 

into two parts, except the kidneys and lungs of which each mouse has two. One part or one 

of the duplicate organs (in the case of the lung and kidney) was homogenized and analyzed 

by ICP-MS for total gold, while the other was used for LA-ICP-MS imaging.

Tissue preparation for imaging—Using a LEICA CM1850 cryostat, tissue samples 

were sliced to a thickness of 12 μm (for spleen and liver) or 20 μm (for kidney and lung) at 

−20 °C. Then, the sliced tissues were attached to regular glass slides.

ICP-MS sample preparation and measurements

Using a 3:1 (v:v) mixture of HNO3 (68%) and H2O2 (30%), each organ was digested 

overnight. The next day 0.5 mL of aqua regia was added, and the sample was then diluted to 

10 mL using de-ionized water. (Aqua regia is highly corrosive and must be handled with 
extreme caution.) Au standard solutions (gold concentrations: 20, 10, 5, 2, 1, 0.5, 0.2 and 0 

ppb) were prepared prior to each experiment. A Perkin Elmer NEXION 300X ICP mass 

spectrometer was used for the analysis of samples. Prior to the analysis, daily performance 

measurements were done to ensure the instrument was operating under optimum conditions. 
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Using the standard mode, 197Au signals were obtained. The RF power for the ICP was 1.6 

kW, and the nebulizer gas flow rate was within a range of 0.9–1 L/min. The plasma gas flow 

rate and auxiliary gas flow rate were 16.5 L/min and 1.4 L/min, respectively. The analog 

stage voltage and pulse stage for the detector were −1600 V and 950 V, respectively. The 

deflector voltage was set to −12 V, and 50 ms was selected for the dwell time during the 

operation of the ICP-MS.

LA-ICP-MS measurement conditions and imaging

For imaging of the tissue samples, a CETAC LSX-213 G2 laser ablation system (Photon 

Machines, Omaha, NE, USA) attached via a 2 m length of tubing to the ICP mass 

spectrometer was used. Optimization of the laser ablation conditions was first performed 

using pure AuNP samples on glass slides. As described in the results and discussion, the 

optimal conditions were found to be: a laser energy of 3.34 J, a spot size of 50 μm, a scan 

rate of 10 μm/sec, and laser shot frequency of 10 Hz. The laser energy value was obtained 

directly from the indicator on the CETAC laser ablation system. Laser scanning was done in 

the line scan mode. Transfer of the ablated material from the ablation chamber to the plasma 

was accomplished using a 600 mL/min flow of He gas and a 10 sec shutter delay. The mass 

spectrometer was operated using the kinetic energy discrimination mode, which was 

especially important for measurements of 57Fe.

Data analysis and image generation

ICP-MS data were analyzed using Excel and Origin 9.0 (from OriginLab, Northampton, 

MA, USA). Excel was used to process the data acquired during the line scan mode in a 

manner similar to that used previously.42 In short, individual pixel images with a size of 50 

μm × 50 μm were obtained by summing 5-second increments of data collected at a scan rate 

of 10 μm/s. Upon processing the data via Excel, images were rendered using the software 

ImageJ. Optical images of the tissues were processed with Adobe Photoshop.

Matrix-matched standard preparation for LA-ICP-MS

Chicken breast and beef liver were purchased from a local market and used as the matrix-

matched standards. Small pieces of these tissues were cut and placed in 15 mL plastic tubes. 

Water was added to the tubes, and the tissues were homogenized using a PowerGen 125 

homogenizer (Fisher Scientific). Homogenized tissues were transferred into 1.5 mL 

centrifuge tubes and were centrifuged at 12000 rpm for 10 minutes. Using a pipette, excess 

water in the supernatant was removed from each centrifuge tubes, and 50 mg homogenates 

were weighed and transferred into 0.5 mL tubes. 50 μL of 2 μM AuNP solutions were then 

mixed with the 50 mg homogenates. The AuNP-homogenates mixtures were then placed 

into a homemade sample holder and frozen prior to slicing at the desired thickness on the 

cryostat. Details of sample holder preparation can be found in the Supporting Information.

Results and Discussion

Three different AuNPs (Figure 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 

S1) and monolayers attached to the core via a thiol group (Figure 1). The design of the 
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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 mice43,44,45 and that this design allows the NPs to remain intact in vivo.45 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 1). Moreover, these organs represent a range of tissue types with various 

sub-tissue features.

To arrive at the optimal parameters for quantitative laser ablation analysis of the AuNPs, we 

deposited AuNPs on glass slides using an inkjet printer in a manner similar to that described 

previously.46 Laser energy, frequency, scan rate, and spot size were investigated, and laser 

energy and scan rate were found to be particularly important for obtaining homogeneous Au 

signals for images with optimal resolution (Figure S2). Laser conditions that gave relatively 

constant ion signals over a 500 μm space of inkjet-printed AuNPs tended to provide the best 

tissue images. We found that the best images were obtained with a laser energy of 3.34 J 

(40% power) and a scan rate of 10 μm/sec, which is slower than most LA-ICP-MS imaging 

applications that typically use a scan rate above 30 μm/sec.

Upon identifying optimal imaging conditions, we first examined spleen tissues because their 

distinct histological regions (i.e. red pulp and white pulp) are particularly revealing about the 

value of LA-ICP-MS imaging (Figure 2). The spleen also plays a major role in filtering the 

blood, which likely explains the high concentration of NPs found in this organ. From Figure 

2, it is clear that Au accumulates in the red pulp region (i.e. red/orange color in optical 

image of Figure 2a and less dense purple color in the H&E stains shown in Figure S3) but 

not in the white pulp region (i.e. white circles in optical image of Figure 2a, pale red regions 

in the 57Fe images in Figure 2c, and more dense purple color in the H&E stains shown in 

Figure S3) of the tissue after injection of AuNP 1. The role of the red pulp is to remove 

antigens, microorganisms and dead erythrocytes from the blood, while the white pulp 

contains different lymphocytes that are important in immune responses. These images 

suggest that AuNP 1 is filtered from circulation but is not taken up by the lymphocytes that 

comprise the white pulp.

LA-ICP-MS images of spleens taken from mice injected with AuNPs 2 and 3 are also 

readily obtained (Figure 3), even though these AuNPs accumulate in the spleen to a much 

lesser extent than AuNP 1 (Table 1). The images in Figure 3 illustrate that the red pulp is the 

primary site of accumulation for both NPs; however, AuNP 2 clearly distributes to some 

extent in the white pulp as well. This observation is in stark contrast to the behavior of 

AuNPs 1 and 3, indicating that NP surface chemistry influences how the NPs distribute 

internally. Importantly, because the different AuNPs show different distributions, the NPs 

very likely remain intact in vivo, highlighting the fact that our measurements are reporting 

on the AuNP distributions and not just total gold. Independent validation of this conclusion 

is difficult given the dearth of tools capable of measuring intact NPs in complex tissues, but 

previous work indicates that the AuNPs used here are likely to remain intact in vivo. AuNPs 

with the same design were shown to be stable inside cells for up to 24 h,47 and AuNP 1 was 

shown to be intact for up to 24 h after injection into mice.45
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We were also able to obtain valuable images from liver, kidney, and lung tissues (Figure 4). 

The liver, which typically accumulates the second highest level of AuNPs in our experiments 

(Table 1), is responsible for removing toxic substances from circulation by storing or 

detoxifying them. In general, the liver shows a more homogeneous distribution of AuNPs 

than the spleen; however, we do find that AuNP 1 accumulates more in liver tissue 

surrounding the blood vessels rather than in the blood vessels themselves (Figure 4b). This 

observation can be confirmed by comparing the images of the Au distributions with the 

images of 57Fe distributions (Figure 4c). Fe is more homogeneously distributed throughout 

the liver tissue, including in the blood vessels. Significant levels of Au are not found in the 

blood vessels, suggesting rapid uptake of AuNP 1 into the surrounding tissue and clearance 

from circulation. Interestingly, AuNPs 2 and 3 show a broader distribution throughout the 

liver, including in the blood vessels (Figure S4). The fact that AuNPs with different surface 

chemistries distribute differently highlights that these images are revealing AuNP 

distributions and not just bulk gold distributions.

Somewhat surprisingly we also find AuNPs in lung tissue, even though the NPs were 

injected intravenously (Figure 4d and e). The presence of gold in this tissue is likely due to 

the large amount of blood circulating through the lungs to remove gaseous molecules. 

Presumably, the AuNPs are taken up by the tissue surrounding the alveolar spaces, which are 

seen as black in the optical image of Figure 4d. Lastly, we have also obtained images of 

kidney tissues (Figure 4f and g), which is remarkable in that these tissues typically 

accumulated less than 100 ppb of Au as determined from the tissue homogenate samples 

(Table 1). While the Au levels are low in the kidney, it is clear that Au is found concentrated 

in certain regions of the kidney. The relatively low concentrations in the kidney likely reflect 

the fact that this organ typically filters particles that are smaller than 5 nm in size.48 While 

the AuNPs used here have 2-nm cores, the monolayer of ligands makes the full AuNP sizes 

closer to 10 nm,45 making their removal by the kidney less likely. Given this fact, the full 

implications of some locally high concentrations in the kidney are not clear.

Having established that LA-ICP-MS can indicate the distributions of functionalized 2 nm 

AuNPs in mouse tissues, we next investigated the possibility of generating quantitative 

images. To achieve this quantitation, we investigated a matrix-matching approach in which 

we spiked known concentrations of AuNPs into sets of tissue homogenates (Scheme S1). 

Ideally, appropriate mouse tissues would be used as the matrix for the organs of interest, but 

the small size of mouse organs and the unnecessary sacrifice of mice caused us to study 

more readily available tissues. We investigated chicken breast and beef liver as tissue 

phantoms for matrix matching and found that chicken breast worked well as a matrix match 

for the spleen, kidney and lung, whereas beef liver was more appropriate for liver tissues.

Using the matrix-matching strategy we were able to quantify AuNP distributions in tissues. 

Figure 5 shows the data for spleen tissue from a mouse that was injected with AuNP 3. 

Using chicken breast homogenate, we obtained the calibration curve for the spleen tissue 

using five different NP concentrations (Figure 5a). The calibration curve was obtained by 

averaging the Au signal from the entire tissue homogenate slice, and then this curve was 

used to obtain quantitative images for the spleen (Figure 5b). As was seen in Figure 3b, 

AuNP 3 is distributed solely in the red pulp, but now AuNP amounts at specific locations are 
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apparent. Site-specific quantitation is particularly valuable for spleen images of AuNP 2 

(Figure 5c), which show significant levels of Au in the white pulp regions. The quantitative 

images indicate that 50 ± 25 ppb (or about 10%) of the NPs is found in the white pulp 

regions, whereas 300 ± 80 ppb (or about 60%) is found in the red pulp and a remarkable 150 

± 50 (or about 30%) is found in the one pixel-wide regions that surrounds each white pulp 

region. This latter narrow (~ 40 μm) region around the white pulp is known as the marginal 

zone and is the location where the spleen’s immune response is initiated.49 The full 

implications of these results are beyond the scope of this work and will be investigated in 

future work.

To help validate these data, we compared the average quantity obtained across this entire 

spleen slice to a part of the same spleen tissue that had been homogenized and analyzed by 

ICP-MS. In doing so, we find that the average Au amount in the tissue slice is within a 

factor of 2 of the tissue homogenates (Table 2). This level of agreement is excellent, given 

that the tissue slice represents only a very small fraction of this heterogeneous tissue, 

whereas the ICP-MS results were obtained from approximately one half of the entire spleen 

tissue.

Quantitative images were also obtained for several other tissues and NPs. For the spleen, 

lung, and kidney we find good agreement between the LA-ICP-MS data and the ICP-MS 

results from the tissue homogenates when chicken breast is used as the calibration matrix 

(Table 2). For liver tissues, chicken breast was not found to be a reliable matrix for 

quantification, as the LA-ICP-MS and ICP-MS results usually did not compare well (Tables 

1 and 2). Instead, beef liver homogenates were found to be a more reliable matrix, allowing 

for a more reasonable comparison between the LA-ICP-MS and ICP-MS results (Tables 1 

and 2). Upon applying the appropriate calibration curves for each tissue, we are able to 

estimate detection limits for this LA-ICP-MS imaging method. Gold amounts around 10 

ng/g (i.e. 10 ppb) or higher in tissue sections provide useful quantitative information, as is 

evident in the images of kidney tissue (Figure 6 and Table 1). This concentration is similar to 

the detection range seen in previous LA-ICP-MS of transition metals, which were found to 

be detectable in the 10 – 300 ng/g (i.e. 10 – 300 ppb) range.21

Conclusion

In this work, we demonstrate that LA-ICP-MS can be used to quantitatively image the 

biodistributions of monolayer-protected AuNPs with 2 nm cores. To our knowledge, this is 

the first report on quantification of < 10 nm core AuNPs in animal tissues using LA-ICP-

MS. We achieve excellent sensitivity and spatial resolution in these imaging experiments, 

allowing us to determine how AuNPs with different monolayer coatings distribute in vivo. 

Thus, our approach provides useful insight into not only how NPs distribute but also how 

they are processed in vivo. This latter information is accessible from the sub-organ NP 

distributions in tissues such as the spleen and liver. We also find that the proper choice of 

matrix for the calibration standards is essential for obtaining quantitative images. Taken 

together, this imaging approach will provide important tissue/organ distribution data that 

will greatly facilitate the design and study of nanomaterials for biomedical applications.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Structures of AuNPs used in this study.
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Figure 2. 
a) Optical image of a spleen tissue taken from a mouse injected with AuNP 1. The red pulp 

is red/orange in color, whereas the white pulp is white and can be challenging to distinguish 

from the area surrounding the organ in this image. Selected red pulp regions are indicated 

with red arrows, whereas selected white pulp regions are indicated with black arrows. b) 

LA-ICP-MS image of the same spleen showing the distribution of gold. c) LA-ICP-MS 

image of the same spleen showing the distribution of the iron. (cps = counts per second)

Elci et al. Page 11

Analyst. Author manuscript; available in PMC 2017 April 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
a) Optical image of a spleen tissue taken from a mouse injected with AuNP 2. b) False color 

optical image of a spleen tissue taken from a mouse injected with AuNP 2. c) LA-ICP-MS 

image of the same spleen tissue showing the distribution of gold. The light gray regions 

indicate the white pulp. d) Optical image of a spleen tissue taken from a mouse injected with 

AuNP 3. e) False color optical image of a spleen tissue taken from a mouse injected with 

AuNP 3. The light gray regions indicate the white pulp. f) LA-ICP-MS image of the same 

spleen tissue showing the distribution of gold. (cps = counts per second)
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Figure 4. 
a) Optical image of a liver tissue taken from a mouse injected with AuNP 1. The red spots in 

the optical image represent the blood vessels that traverse through the liver (black arrows 

indicate the portal veins present. b) LA-ICP-MS image of the same liver showing the 

distribution of gold. c) LA-ICP-MS image of the liver showing the distribution of Fe. d) 

Optical image of a lung tissue taken from a mouse injected with AuNP 1. e) LA-ICP-MS 

image of the same lung tissue showing the distribution of gold. f) Optical image of a kidney 

tissue taken from a mouse injected with AuNP 1. g) LA-ICP-MS image of the same kidney 

tissue showing the distribution of gold. (cps = counts per second)
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Figure 5. 
a) Example calibration curve obtained for AuNP 3 using chicken breast homogenate as the 

matrix. b) Quantitative LA-ICP-MS image of a spleen taken from a mouse injected with 

AuNP 3. c) Quantitative LA-ICP-MS image of a spleen taken from a mouse injected with 

AuNP 2.
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Figure 6. 
Quantitative LA-ICP-MS images of a lung (a) and a kidney (b) taken from a mouse injected 

with AuNP1.
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Table 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 3b 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 mice were initially injected with AuNP 3, but the injection into one of these mice was not successful, and so the data from this mouse is not 
included).
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Table 2

Summary of LA-ICP-MS quantification results of tissues slices from mice injected with AuNPs.

Mouse Tissue LA-ICP-MS (ng/g)a

Spleen (AuNP1) 9000±2000*

Spleen (AuNP2) 500±150**

Spleen (AuNP3) 6000±4000**

Liver (AuNP1-liver homogenate) 10000

Liver (AuNP2-chicken breast homogenate) 11000

Liver (AuNP2-liver homogenate) 450

Liver (AuNP3-liver homogenate) 3700

Lung (AuNP1) 300

Kidney (AuNP1) 80

a
The LA-ICP-MS quantitative data obtained by summing the data obtained for each pixel.

*
n=2

**
n=3
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