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Abstract

Despite extensive research and development, new nano-based diagnostic contrast agents have 

faced major barriers in gaining regulatory approval due to their potential systemic toxicity and 

prolonged retention in vital organs. Here we use five independent biodistribution techniques to 

demonstrate that oral ingestion of one such agent, gold-silica Raman nanoparticles, results in 
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complete clearance with no systemic toxicity in living mice. The oral delivery mimics topical 

administration to the oral cavity and gastrointestinal (GI) tract as an alternative to intravenous 

injection. Biodistribution and clearance profiles of orally (OR) vs. intravenously (IV) administered 

Raman nanoparticles were assayed over the course of 48h. Mice given either an IV or oral dose of 

Raman nanoparticles radiolabeled with approximately 100μCi (3.7MBq) of 64Cu were imaged 

with dynamic microPET immediately post nanoparticle administration. Static microPET images 

were also acquired at 2h, 5h, 24h and 48h. Mice were sacrificed post imaging and various analyses 

were performed on the excised organs to determine nanoparticle localization. The results from 

microPET imaging, gamma counting, Raman imaging, ICP-MS, and hyperspectral imaging of 

tissue sections all correlated to reveal no evidence of systemic distribution of Raman nanoparticles 

after oral administration and complete clearance from the GI tract within 24h. Paired with the 

unique signals and multiplexing potential of Raman nanoparticles, this approach holds great 

promise for realizing targeted imaging of tumors and dysplastic tissues within the oral cavity and 

GI-tract. Moreover, these results suggest a viable path for the first translation of high-sensitivity 

Raman contrast imaging into clinical practice.
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1. Introduction

Nanoparticles offer great potential as diagnostic contrast agents for cancer detection. 

Compared to their small molecule counterparts, nanoparticles can provide increased 

sensitivity via conjugation with multiple copies of targeting ligands. This greater ligand 

capacity can produce avidity effects that result in higher binding affinity to tumor cells.

This active targeting approach can also improve our understanding of various disease 

process at the cellular level. By targeting multiple cancer biomarkers, it is possible to 

produce molecular maps that convey important functional information about specific cancer 

types. For decades, physicians were limited to studying the structural details of lesions 

provided by traditional imaging techniques (i.e., x-ray, white light endoscopy). It wasn’t 

until the first use of radiopharmaceutical contrast agents that an entirely new imaging field 

emerged. This field, called molecular imaging, has expanded to include the use of MRI, 

PET, SPECT ultrasound, photoacoustics, and even fluorescence imaging. Molecular imaging 

now offers physicians a new functional imaging tool that can facilitate earlier cancer 

detection and improved therapy response. As a result, many molecular imaging researchers 

have invested considerable effort into developing novel imaging strategies that include the 

use of nano-based contrast agents that can be used in conjunction with various and 

sometimes even multiple molecular imaging modalities [1–8].

Raman imaging with surface enhanced Raman scattering (SERS) nanoparticles has gained 

recent interest in the molecular imaging community due to its ultra-high detection sensitivity 

and unique multiplexing capabilities. This relatively new molecular imaging technique relies 

on the detection of light inelastically scattered by SERS nanoparticles (consisting of a gold 
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core, Raman active dye and silica shell) that are intended to act as tumor targeting beacons. 

The SERS nanoparticles used in this study are approximately 140 nm in diameter, can be 

easily conjugated with various tumor targeting ligands, and can be fabricated with various 

Raman-active dyes, each with its own distinct Raman signature to enable multiplexing. The 

local surface plasmon of the gold produces an enhancement in the local incident 

electromagnetic field near the conjugated Raman dye, thus increasing the Raman scattering 

cross-section of the dye by several orders of magnitude [9–11]. This effect provides the 

increased sensitivity required to detect down to pM concentrations of SERS particles in 

living mice [12]. This ultra-high sensitivity and the ability to multiplex up to 10 individual 

signals is made more attractive given the relatively inert gold core-silica shell composition 

[13, 14]. However these SERS nanoparticles, like many other nanoparticle constructs, have 

faced opposition for their use as diagnostic contrast agents due to concerns about their 

potential systemic toxicity and prolonged retention in the body.

In order to circumvent these toxicity issues, several reports have demonstrated the use of 

SERS nanoparticles for tumor targeting coupled with topical administration to epithelial 

targets [15–21]. Topical administration is highly advantageous when coupled with 

endoscopy, as it circumvents the low depth of penetration constraint often associated with 

optical imaging strategies and provides molecular information to clinicians during routine 

endoscopic examinations for dysplastic lesions. To this end, we have recently developed a 

clinical Raman endoscope that can be used in conjunction with existing clinical endoscopes 

as an accessory tool to provide functional imaging information [22–24]. Using SERS 

nanoparticles combined with an accessory Raman endoscopy device, clinicians can greatly 

enhance their ability to identify the location (and perhaps even the type) of a suspect region 

on the epithelial wall by coupling the molecular information from the tumor targeting 

nanoparticles with the structural information provided by conventional white light 

endoscopy.

In the current study, we extend the concept of low-toxicity topical administration to propose 

the use of SERS nanoparticles for oral and gastrointestinal imaging applications. Significant 

improvements in cancer detection are greatly needed for various epithelial cancers that occur 

within the length of the GI tract including oral, esophageal, gastric, small intestine, and 

colon cancers. It was recently reported that an estimated 236,000 people, within the US 

alone, will be diagnosed with one of these GI tract epithelial cancers this year [25]. Notably, 

GI cancers account for ~15% of all cancer related deaths in the United States each year[25], 

many of which can be prevented with earlier detection [26–28].

To determine whether the use of SERS particles for GI applications is feasible, we provide 

the first particle biodistribution and uptake data for orally-administered SERS nanoparticle 

contrast agents in live mice, and we compare the results from oral vs. more typical 

intravenous administration. We hypothesized that oral administration of SERS nanoparticles 

will prevent systemic exposure altogether and thus avoid any adverse toxicity effects or 

prolonged particle retention. As of this study, the distribution and clearance rates for this 

class of particle following oral delivery are not yet fully understood. Previous studies have 

demonstrated the ability of some nanoparticles to traffic into the blood after oral 

administration [29, 30] (albeit at exceptionally high dosages). Thus, it is critical to properly 
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examine and compare the biodistribution of our SERS nanoparticles after oral delivery of 

clinically-relevant dosages to determine whether they may be used in future clinical 

applications. We therefore conducted a rigorous biodistribution study using five independent 

techniques. In order to longitudinally track the particles without depth limitations, we first 

employed the use of microPET imaging. In such a study, it is critically important to conserve 

the surface chemistry of the nanoparticles to properly assess the true biodistribution and 

clearance kinetics of the SERS nanoparticles. For this reason, no additional linkers or 

molecules were added to the surface of the particles in order to attach the radiotracer for 

microPET imaging. Instead, 64Cu was bound directly to the surface of the particles with a 

greater than 90% efficiency using already available thiolated surface chemistry. We further 

assessed SERS particle biodistribution by using dynamic microPET imaging, gamma 

counting of excised tissues, inductively coupled plasma mass spectrometry (ICP-MS) 

elemental analysis, and a new hyperspectral imaging technique that offers microscopic 

details of the gold-based SERS nanoparticle accumulation within histologically sectioned 

tissues. The results of all five methods demonstrate complete SERS particle clearance and 

no systemic uptake following oral administration. Consequently, these findings provide the 

strongest demonstration to date that SERS agents may gain regulatory approval for certain 

uses, thereby allowing potential clinical applications of Raman imaging in the future.

2. Methods

2.1 SERS nanoparticles

SERS nanoparticles were provided by Cabot Security Materials (formerly Oxonica 

Materials, Inc.) and comprised of a Au core of approximately 60-nm diameter coated with a 

monolayer of Raman-active organic molecule, Trans-1,2-Bis(4-pyridyl)-ethylene, and 

encapsulated with approximately 40-nm diameter thiolated silica shell, making the entire 

particle diameter on the order of ~140 nm (Supplementary Figure S1). The particular lot 

used in this study was the batch S440 that consists of a unique Raman active material and its 

associated spectrum, which can be seen in our previous work [14]. Toxicity studies on these 

particular nanoparticles have been previously published by our group [31, 32]. Additional 

particle characterization is provided in the supplementary information (Supplementary 

Figures S2–S5).

2.2 Chemical conjugation and radio-labeling of SERS nanoparticles

We tried several methods to radiolabel the thiolated silica coated nanoparticles including 

using various labeling techniques, incubation temperatures, buffers, pH levels, and blocking 

available binding sites to determine the best method to move forward with animal studies. 

We used a DOTA chelation technique; since there is high-affinity between Cu2+ ions and 

sulfur atoms, we assessed a non-linker based method with the thiolated nanoparticles as well 

[33, 34].

2.3 Conjugation with DOTA

For the DOTA conjugated group, the thiolated gold nanoparticles were functionalized with 

DOTA-maleimide to enable chelation of radioactive metal ions (in this case 64Cu, t1/2 = 12.7 

h). Specifically: DOTA-maleimide was covalently conjugated to the thiolated surface of the 
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SERS nanoparticles via the addition of maleimide-DOTA (0.9 mg, 1.3 μmol) in 0.5 mL MES 

buffer (pH = 7.2) to SERS nanoparticles. Solution was stirred at room temperature 

overnight. Excess DOTA was separated from functionalized nanoparticles by three rounds of 

centrifugation (10,000 rpm, 4 min), and resuspension in MES buffer (pH = 7.2). DOTA-

functionalized nanoparticles were finally suspended in deionized water (0.5 mL) for 

radiolabeling. An excess of n-ethyl maleimide was used to cap the excess thiol groups in one 

of the DOTA conjugated samples.

2.4 Protocol of SERS 64Cu labeling

To determine the optimum radiolabeling conditions, the SERS nanoparticles were 

radiolabeled with 64Cu by addition of 64CuCl2 in either 0.01 N NaOAc (pH 5.0) buffer (for 

DOTA scenarios), MES (pH 5.5) buffer, or HEPES (pH 8.8) buffer followed by a 60 min 

incubation with SERS nanoparticles at either room temperature or 60°C with gentle shaking 

at 5 min. DOTA-chelated SERS nanoparticles were incubated at room temperature and 

centrifuged at 2,500 g for 3–5 min and washed with deionized water to remove non-bound 

free copper. The labeling yield and specific activity of each radiolabeling scenario is shown 

in Table 1. Rinsed SERS nanoparticle were resuspended in either deionized water, HEPES 

or MES buffer by sonicating and vortexing.

2.5 Animal experiments

Female 8 week old nude mice (Charles River) were used for all microPET and 

biodistribution studies. All procedures performed on the animals were approved by the 

University’s Institutional Animal Care and Use Committee (APLAC #29179), and were 

within the guidelines of humane care of laboratory animals.

2.6 Animal injections

Mice were divided into two injection groups to evaluate differences in biodistribution 

between administering SERS nanoparticles intravenously (IV) versus orally (OR). Each 

group contained subgroups where mice were further separated to evaluate biodistribution at 

various time points post SERS nanoparticle administration. Three mice from each group 

were sacrificed at 2 h, 5 h, or 24 h to evaluate accumulation of SERS nanoparticles within 

specific organs of interest. We also included a group at 48 h that consisted of one mouse per 

administration route to confirm complete clearance of SERS nanoparticles from the GI tract 

after oral delivery. Mice in the IV group were given a 150 μL injection of approximately 100 

μCi of 64Cu-SERS nanoparticles (at a concentration of 0.8 nM) via the tail vein using a 26 

gauge needle. Mice in the OR group also received a 150 μL administration of approximately 

100 μCi of 64Cu-SERS nanoparticles (at a concentration of 0.8 nM) using a disposable oral 

feeding needle with a standard oral gavage delivery technique.

2.7 MicroPET imaging

On the day of imaging, each mouse was anesthetized with 2.5–3% isoflurane delivered by 

100% oxygen at 2 liters per minute through an isoflurane vaporizer. MicroPET imaging 

commenced immediately after injection of the 64Cu-SERS nanoparticles. The mice were 

placed prone on the microPET bed and imaged with an Inveon MicroPET system 
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manufactured by Siemens. Dynamic microPET imaging commenced immediately post 

nanoparticle administration over the course of 2 hours (Supplementary Figure S6) and then 5 

minute static images were acquired at 2h, 5h, 24h, and 48h. The images were then 

reconstructed using a three dimensional ordered subset expectation maximization (3D-

OSEM) algorithm with a spatial resolution of 1.63 mm at the center of the field of view [35] 

and analyzed using Siemens Inveon Research Workplace software.

2.8 Biodistribution

After imaging, mice were then euthanized by cervical dislocation under deep isoflurane 

anesthesia. In each injection group (IV and OR) mice were sacrificed at 2h (n=3), 5h (n=3), 

24h (n=3) and 48 h (n=1). Tissues were harvested, weighed and placed in scintillation vials 

for gamma counting. All harvested tissues were counted for 30 seconds in a Cobra II γ-

counter (Packard/Perkin Elmer). An aliquot from the stock 64Cu activity was also counted 

for data normalization. Results in Figure 3 are expressed as % injected dose per gram tissue 

(%ID/g).

2.9 Raman spectroscopic imaging in excised tissues

Tissues harvested at 2 h post nanoparticle administration (either IV or OR) were imaged 

using a Renishaw Raman microscope system. These images were acquired to verify the 

presence of SERS nanoparticles within specific organs of interest as indicated from 

microPET and gamma counting experiments. Organs from both IV and OR mice were 

separated into groups and imaged including organs responsible for systemic clearance of 

nanoparticles (i.e., liver, spleen, kidney etc.) and organs within the GI tract (i.e., stomach, 

small intestine, cecum, large intestine). A semiconductor diode near-infrared laser operating 

at λ=785 nm was used as the excitation source with a laser power of approximately 40 mW 

measured at the surface of the tissues. Raman images were obtained by using a Raman point 

mapping method. A computer-controlled x-y translation stage was used to raster-scan the 

tissues creating an intensity mapped image by measuring the Raman spectrum of each 

individual pixel in the area of interest with a 1 mm step size. Integration times of 1 seconds 

per step were acquired for each tissue Raman map. The objective lens used was 12x in a 

dimly-lit room.

2.10 Raman spectral analysis

The direct classical least squares (DCLS) method, also known as the linear un-mixing and 

K-matrix methods, was used in these experiments to perform analysis of Raman 

spectroscopy [36, 37]. DCLS finds the linear combination of spectra from the pure 

components within the sample that most closely matches the Raman spectrum of the sample. 

A pure component reference spectrum of the SERS nanoparticles used in this study was 

acquired for 1 s from a pure 5 μL sample aliquoted onto a piece of quartz under the 

microscope and used as the reference spectrum for the Raman analysis of the tissues 

harvested from the mice.
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2.11 ICP-MS analysis

Organs of interest such as the liver, spleen, stomach, large intestine, and blood were further 

analyzed using ICP-MS. Before analysis the tissues were digested using a Mars Express 

microwave digester manufactured by CEM Inc. Organs were placed in Teflon microwave 

digestion tubes with 2 ml of hydrochloric acid and 5 ml of nitric acid. The tubes were evenly 

dispersed in the microwave digestion cylinder and set for 1600 W at 100% power for 25 min 

at 180 degrees C. The samples were then diluted and prepared for ICP-MS analysis. A 

standard curve was prepared using AuCl measured from 100 ppb down to 3.125 ppb (limit 

of detection). Samples were measured for the element gold (Au) on a Thermo Scientific* 

XSERIES 2 ICP-MS machine.

2.12 Hyperspectral microscopy imaging

All hyperspectral microscopy with adaptive detection (HSM-AD) was performed as 

described previously by SoRelle et al [38]. Briefly, mice treated either IV or orally with 

particles were euthanized at 2 or 24 hours, after which relevant tissues were resected and 

fixed in 10% formalin. Control tissues from uninjected mice were also collected and fixed. 

Fixed tissues were then embedded in paraffin, sectioned into 5 μm-thick slices, and mounted 

on microscope slides. Slides were de-paraffinized and imaged with a custom dark-field 

microscope with a hyperspectral camera (CytoViva, Auburn, AL). Acquired hyperspectral 

images were processed and analyzed using customized detection algorithms to identify 

particles in tissues by their unique scattering spectra. HSM-AD images depict tissue 

scattering intensity in grayscale and maps of particle accumulation (i.e., image pixels that 

display the unique particle spectrum) in green. Extensive details regarding this alternate 

biodistribution assessment method can be found in SoRelle et al [38].

2.13 Statistical analysis

The data collected from this study were analyzed for statistical differences using a 95% 

confidence interval (p < 0.05). A student’s t-test was used to compare the data of the IV 

group to the data of the OR group. An equality of variances test was performed and revealed 

little variance between the IV and OR groups. Therefore, a one-tailed t-test assuming equal 

variances was performed to determine statistical significance because it was hypothesized 

that the OR group would have localized uptake in the large intestine and perhaps some 

leakage into the cecum with little to no uptake in any other organ, whereas the IV group 

would have higher uptake in all organs subjected to systemic delivery. The values herein are 

reported as mean ± standard error of mean (SEM). The data from each of the time points 

correlated well with each other, therefore, a Bonferroni correction was not indicated as it 

was too conservative, and there was little chance of getting a significant result from multiple 

t-testing.

3. Results

3.1 Radiolabeling optimization

The Raman nanoparticles evaluated in this study consist of a gold core, a Raman active layer 

adsorbed onto the gold core, and a thiolated silica shell totaling a diameter of approximately 
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140 nm (Supplementary Figure S1). The nanoparticle size was determined using dynamic 

light scattering (DLS) (Supplementary Figure S2), and their zeta potential was determined to 

be approximately −31.6 mV (Supplementary Figure S3). Further nanoparticle 

characterization and elemental analysis was determined using high resolution TEM, Energy-

dispersive x-ray scattering (EDS), and Scanning Transmission Electron Microscopy (STEM) 

(Supplementary Figures S4–S5). We set up various radiolabeling experiments to evaluate 

which radiolabeling method would give us high labeling efficiencies while demonstrating 

good stability over time (minimal leaching effects after a 24 hour period). 64Cu was chosen 

due to its sufficiently long half-life (12.7 hours), which lent itself well to 48 hour microPET 

biodistribution studies and its amicable binding chemistry.

Chelators such as DOTA are commonly used to attach metal-based radioisotopes to target 

surfaces or molecules [39–42]. However, the lower pH required to complete the DOTA 

conjugation can destabilize the colloidal SERS nanoparticles. Therefore, we assessed an 

alternative thiol based binding method that would minimize perturbation of the native 

thiolated nanoparticle surface chemistry. Since there is a high affinity between Cu2+ ions 

and sulfur atoms, the thiolated surface of the SERS nanoparticle is a perfect platform for 

radiolabeling with 64Cu [33, 34]. We compared the effects of temperature, pH, and buffer 

composition to optimize the binding of 64Cu to the sulfur atoms present on the SERS 

particles (Figure 1) [34, 43].

We observed the highest 64Cu binding efficiency and retention over a 24 h period using a pH 

of 8.8, which is the native pH of the nanoparticles themselves (Figure 1). When we tried to 

use a DOTA chelation strategy the required pH of 5.5 disrupted the nanoparticles, causing 

them to stick to the walls of the tube and even precipitate out at times. As seen in Figure 1, 

we achieved a labeling efficiency as high as 96% with only 4% free 64Cu leaching after 

EDTA addition and 24 hours incubation at room temperature in HEPES buffer at pH 8.8.

3.2 MicroPET imaging

After determining the most stable and efficient radiolabeling technique, we proceeded with 

administering the radiolabeled nanoparticles to follow their distribution throughout the body 

using microPET and gamma counting. Female nude mice were given either an IV or oral 

dose of SERS nanoparticles, at a concentration of 0.8 nM, labeled with approximately 

100μCi (3.7 MBq) of 64Cu in a 150 μL volume. Dynamic microPET imaging commenced 

immediately post nanoparticle administration, allowing us to track the uptake within the 

liver over the first 2 hours. The liver was a focal point for this experiment since it is the 

primary organ by which nanoparticles of this size are cleared from the blood and therefore 

serves as an indicator for systemic entry after nanoparticle administration.

Region of interest (ROI) analysis on the microPET images demonstrated rapid accumulation 

of SERS nanoparticles in the liver within the first five minutes post IV injection followed by 

continuous localization for the remainder of the 2 h dynamic imaging series (Supplementary 

Figure S6). In contrast, mice receiving an oral dose of SERS nanoparticles revealed no 

accumulation within the liver over the 2 hour dynamic scan, consistent with no systemic 

entry of the orally administered nanoparticles during this time period. Free 64Cu doses were 

also administered both intravenously and orally in a separate group of mice to account for 
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any potential leaching of the radioactive agent from the nanoparticles. Static microPET 

images were also acquired at 2h, 5h, 24h, and 48h (Figure 2).

MicroPET images after oral administration reveal a consistent pattern of initial accumulation 

in the stomach at 2 hours before proceeding through the small intestine, cecum, and large 

intestine. By 24 hours the signal is barely detectable in mice that were orally dosed. Mice 

injected IV show a very different distribution of nanoparticles, with high initial uptake in the 

liver and spleen and retention of signal throughout the entire 48 hour imaging time course.

3.3 Gamma counting

After 2, 5, 24, or 48 hours, the mice from all groups (IV SERS, oral SERS, and free 64Cu) 

were sacrificed and the organs were harvested for gamma counting to determine percent 

injected dose per gram (%ID/g) of nanoparticles within each tissue. Gamma counting 

revealed the majority of the nanoparticles were confined to the digestive system for mice 

receiving oral administration including stomach, small intestine, cecum and large intestine. 

By comparison, the IV injected mice displayed the most significant uptake in the liver and 

spleen, which persisted throughout the 48 hour period (Figure 3). By 24 hours post oral 

administration, the gamma counted organs revealed that most of the nanoparticles had been 

cleared via the rectum/feces. Additional biodistribution data from other organs can be found 

in Supplementary Figure S7 within the supplementary information.

Supplementary Figure S8 illustrates the difference in biodistribution between radiolabeled 

SERS nanoparticles and free 64Cu after both oral and IV administration up to 24 hours. We 

see evidence of distinct biodistribution patterns between the data sets with IV administered 

materials being dominantly taken up and retained in the liver and spleen, while all orally 

administered materials tending to remain mostly confined to the organs of the intestinal 

tract, the stomach, small intestine, cecum and large intestine.

A point of interest was the larger variability observed between mice in the oral group 

(Figures 3, Supplementary Figure S8). This variability was particularly notable in the earlier 

time points (2 h and 5 h) post nanoparticle administration. As seen in Figure 3, this 

variability is localized to organs within the GI tract and is likely a result of the different 

digestion stages of the mice during nanoparticle administration. The mice were not fasted 

prior to nanoparticle administration and were likely on different eating cycles, which gave 

rise to this variability.

Notably, the only organ with significant signal post oral administration outside of the 

intestinal tract is the liver. This is likely due to some free 64Cu that has leached from the 

SERS particles entering the bloodstream and being retained in the liver, as this is the primary 

excretion site for Cu ions in the bloodstream [40, 44, 45]. The observation that no significant 

signal is observed in the spleens of the orally dosed mice lends further credence to this 

explanation for the observed liver signal, especially considering the ratio of liver/spleen 

signal observed in the IV injected mice. However, in order to accurately determine the origin 

of this liver signal in orally dosed mice, additional analysis techniques are required. In this 

case we utilized ex vivo Raman imaging (Figure 4), ICP-MS (Figure 5), and a new 

hyperspectral imaging technique called HSM-AD (Figures 6,7), all of which indicated that 
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there was no presence of gold within the livers or spleens of mice that received oral doses of 

SERS particles.

3.4 Raman imaging

Organs were harvested from mice 2 hours post nanoparticle administration and mapped 

using our Raman imaging system to validate the microPET and biodistribution data at the 

same 2 hour time point. The Raman images reveal nanoparticle accumulation within the 

liver and the spleen of the IV injected mice, whereas the orally injected mice show no trace 

of nanoparticle accumulation in these organs (Figure 4). The mice given an oral dose of 

nanoparticles showed localization within the GI tract, particularly within the stomach and 

small intestine at the 2 hour time point. These Raman images reaffirm that the orally-

administered nanoparticles are not detectable within organs associated with blood clearing at 

this time point, as would be expected if the SERS particles were entering the blood stream.

3.5 ICP-MS data

Since the nanoparticles largely consist of gold, we used ICP-MS to detect their presence 

within harvested tissue samples at various time points post nanoparticle administration. Due 

to the lack of endemic gold within the mice, ICP-MS was an ideal technique to determine 

the fate of the SERS nanoparticles of both administration routes. Whole organs harvested 

from mice at each time point were digested and analyzed for Au content with a detection 

threshold of ≈3 ppb. The ICP-MS data correlated well with the microPET and gamma 

counting analysis. Gold was localized to the liver and spleen of the mice injected 

intravenously (Figure 5). Whereas the mice injected orally showed initial accumulation in 

the stomach and large intestine, with no gold detected in either the liver or spleen throughout 

the 24 hour time period. Given that no gold traces are observed in the liver or spleen, this 

result supports the notion that the low but noticeable liver signal in orally dosed mice under 

gamma counting analysis was due to disassociated free 64Cu that had become unbound from 

the SERS nanoparticles and made its way to the liver. At the 24 hour time point, no 

significant gold signal could be detected in any organ for the orally administered mice. This 

also supports the concept that these particles undergo complete clearance within 

approximately 24 hours.

3.6 Hyperspectral microscopy imaging

To confirm ICP and radioisotope biodistribution results with high sensitivity and the added 

benefit of histological detail, tissue samples from each experimental condition were 

analyzed using hyperspectral microscopy with adaptive detection (HSM-AD) [38]. HSM-

AD was used to identify particles in histological sections with high specificity and single-

particle sensitivity based on detection of their unique plasmonic resonance peak at 550 nm 

(Figure 6). As expected, tissues resected from control mice exhibited virtual absence of 

particle signal. By The images shown in Figure 6 are a subset of all analyzed images; a more 

complete and quantitative representation of the data is provided in Supplementary Figure S9 

within the supplementary information. As a note, the hyperspectral images in Figure 6 

visually convey the spatial distribution of particles in tissue, however the images alone do 

not directly correlate to quantitative uptake in each organ because they do not visually 
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represent signal intensity (this is the basis for the apparent, but not actual, greater uptake of 

particles in the spleen versus liver). Signal intensity is taken into account in Supplementary 

Figure S9, the results of which agree well with quantification from ICP-MS. Substantial 

particle presence was observed in liver and spleen tissue at 2 and 24 hours after IV injection 

as well as in sections of stomach and large intestine of mice 2 hours after oral 

administration. Notably, particles were not detected in the stomach or large intestine 24 

hours after oral administration, indicative of complete clearance via excretion. While orally-

administered particles were able to access the surface of the stomach and large intestine 

epithelium, it was observed that particles were absent from the tissue proper at both 2 and 24 

hours. Moreover, no nanoparticles were identified in liver or spleen tissue after oral 

administration. These results provide strong evidence that orally-delivered particles do not 

translocate from the lumen into gastrointestinal tissues, nor do they leak into systemic 

circulation. This data corroborates both the ICP-MS and gamma counting results that no 

presence of the SERS nanoparticles is detectable outside of the intestinal system when orally 

administered.

High-magnification HSM-AD images reveal unique patterns of particle accumulation in 

tissues 2 hours following intravenous and oral administration. IV administered particles 

accumulate in high density within the Kupffer cells of the liver (Figure 7a) and in the splenic 

marginal zone found between blood-filtering red pulp and lymphocyte-containing white pulp 

follicles (Figure 7b). Stomach and large intestine sections (Figure 7c, 7d) exhibit substantial 

presence of particles within the space of the gastrointestinal lumen, however negligible 

particle signal was observed within columnar epithelial tissue itself. As noted previously, 

particle detection was negligible 24 hours after oral delivery in both the GI lumen and 

epithelium.

4. Discussion

This study set out to determine the fate of orally administered SERS nanoparticles so as to 

mimic the topical application of such materials to epithelial targets within the oral cavity or 

any region of the gastrointestinal tract. To accomplish this, five separate techniques were 

utilized to overcome the real world difficulty of accurately and quantitatively localizing the 

uptake and bio-distribution of these nanoparticles in a living animal model. On their own, 

each of these techniques has failings and difficulty with absolute certainty as to the real 

biodistribution, however together they produce a strong library of cross referenced data to 

discuss.

It is clear from each of the results in Figures 2–7 that the accumulation profile that occurs 

after IV administration is significantly different from particles given orally. IV injection 

leads to rapid uptake in the liver and spleen (Supplementary Figure S2) where the particles 

remain throughout the 48 hour time period. Considering that the primary organs responsible 

for clearing nanoparticles from the blood include both the liver and spleen, these results fit 

with expectations that particles of this size (~140 nm) would be rapidly cleared from the 

blood. This also means that any particles that breached the gut lumen after oral 

administration would quickly find themselves trapped in the liver or spleen, where the 
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accumulation would lead to a steady increase in detectable liver signal over time; however, 

this result was not observed.

A key point of interest is the value of the HSM-AD analysis, which not only provides highly 

sensitive and specific detection of gold within tissue sections but also reveals 

microscopically where within tissues the particles are being retained. As can be observed in 

Figure 7, HSM-AD confirms that, in the case of oral administration, the particles are 

contained within the GI lumen and that the lumen wall provides a sufficient barrier to retain 

the particles. Clear definition can be observed between the external and internal tissue 

regions (Figure 7c, 7d). SERS particles occupy the internal space of the gut and stick to the 

walls of the epithelium, but no significant signal can be observed outside of the luminal 

space. Liver and spleen sections of mice after IV administration clearly show sub organ 

localization specific to Kupffer cells in the liver and within the marginal zone of the spleen 

(Figure 7a, 7b). Perhaps the most compelling finding from HSM-AD analysis is that 

nanoparticles can access the gastrointestinal epithelium without undergoing non-specific 

accumulation. In theory, this would enable future high-specificity identification of 

nanoparticles targeted to specific epithelial biomarkers expressed in certain gastric, 

colorectal, and esophageal cancers. The application of targeted variants of the nanoparticles 

tested herein for cancer biomarker detection is one focus of our current and future research.

The other primary result observable in Figures 2–7 is that each tracking modality used (radio 

labeling, gold elemental analysis, Raman, and hyperspectral imaging) consistently 

demonstrate that SERS nanoparticles administered orally are cleared from the body within 

approximately 24 hours. This is an important factor when considering the translation of 

nanoparticle-based imaging strategies to a clinical setting. Reliable clearance significantly 

reduces concerns regarding toxicity or long term retention that complicate the risk 

assessment when developing nanoparticle-based clinical approaches to disease. There are 

several clinical diseases which could be investigated using this imaging approach since 

multiple tissue/organ sites occupy the length of the GI tract. As previously noted, these sites 

include the oral cavity, esophagus, stomach, small intestine, and large intestine. All of these 

regions can be easily targeted post-ingestion with these tumor targeting SERS nanoparticles 

and most are readily accessible for imaging using a fiber optic based Raman endoscopic 

probe [19, 22, 24].

SERS nanoparticles also have great potential to be used as tumor targeting contrast agents to 

guide surgery in real time. Oral cancer surgery suffers from poor tumor margin delineation 

which results in lengthy and repeat surgeries. Complete removal of the primary tumor is the 

most important prognostic factor, since patients with “positive” surgical margins have a 

statistically significant decrease in survival [46]. One of the biggest challenges faced by 

oncologic surgeons in the operating room is determining where the tumor they are resecting 

begins and ends. These tumor targeting SERS nanoparticles could be applied topically to the 

oral cavity in the form of a rinse and, when used with a handheld Raman imaging device 

[16, 17, 19, 22, 24], provide surgeons with a molecular imaging map that offers objective, 

actionable information in real-time to guide tumor resection and thereby improve patient 

outcomes.
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Because these nanoparticles are made of gold they also have the potential to be used 

therapeutically, in conjunction with an external laser excitation source, for photothermal 

ablation of targeted cancer tissues. After continued research and further development, this 

theranostic technique has great potential to improve clinical patient care.

It is conceivable that other nanoparticles, particularly in this size range, may have similar 

distribution properties within the GI tract post ingestion and should be studied for both 

imaging and therapeutic potential. A number of nano-based chemotherapeutic drugs are 

currently being used clinically to help localize therapy and reduce systemic toxicity after IV 

injection [47, 48].

Consistent with the findings reported herein, oral administration of these nano-based 

chemotherapy drugs could offer a better alternative to treating cancers affecting the 

epithelial wall of the GI tract and further reduce systemic toxicity to the patient. Thus, 

further investigation of these clinically approved nano-based drugs should be conducted to 

study their distribution and therapeutic effect after oral dosing.

5. Conclusion

Our findings reveal that the SERS Raman nanoparticles evaluated in this study remain 

localized in the digestive system and do not enter the bloodstream after oral administration. 

Additionally, the results indicate that the orally administered nanoparticles leave the body 

within 24 hrs. Five independent techniques corroborate these statements of clearance time 

and biodistribution. The data suggests that there would be no significant systemic toxicity 

since the orally administered nanoparticles do not enter the bloodstream or accumulate in the 

primary organs (liver or spleen) responsible for filtering this size of nanoparticle after 

systemic entry. In addition to providing the first oral biodistribution data for Raman contrast 

agents, our findings have the potential to accelerate the regulatory process to promote a 

molecular imaging strategy that utilizes a topical administration of tumor targeting 

nanoparticles to the oral cavity or GI tract. Such regulatory approval is vital for realizing the 

clinical translation of tumor targeted nano-based contrast agents in conjunction with 

molecular imaging for the sensitive detection of various oral and GI cancers.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Appendix A. Supplementary data

Supplementary data related to this article can be found separately.

Abbreviations

SERS surface enhanced Raman scattering

MRI magnetic resonance imaging

SPECT single photon computed tomography

PET position emission tomography

DCLS direct classical least squares

HSM-AD hyperspectral microscopy with adaptive detection

IV intravenously

OR orally

GI gastrointestinal

64Cu Copper-64

%ID/g percent injected dose per gram

ICP-MS inductively coupled plasma mass spectrometry

3D OSEM three dimensional ordered subset expectation maximization

ROI region of interest

APLAC administrative panel on laboratory animal care

SEM standard error of mean

TEM transmission electron microscopy

EDS energy-dispersive x-ray scattering

STEM scanning transmission electron microscopy
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Figure 1. 
Labeling efficiency of Cu to Raman nanoparticles using various labeling strategies, 

incubation temperatures, and pH buffers.
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Figure 2. 
Static microPET images at 2, 5, 24 and 48 hour time points post IV or oral administration of 

radiolabeled SERS nanoparticles. Scale bar indicates % injected dose per gram (%ID/g) of 

tissue.
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Figure 3. 
Biodistribution of 64Cu-labled Raman nanoparticles post IV vs oral administration. Gamma 

counting of individual organs revealed a significant difference in nanoparticle accumulation 

between IV and oral groups. Mice receiving IV injection of nanoparticles had significantly 

higher accumulation in most organs (*depicts p < 0.03), particularly those involved in the 

systemic clearance of nanoparticles (i.e., liver, spleen). Additional organs with considerably 

less uptake can be seen in Supplementary Figure S7 within supporting information. Error 

bars represent standard error of the mean.
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Figure 4. 
Raman imaging confirms the localization of the Raman nanoparticles in the liver and spleen 

of the intravenously injected mice, whereas the orally injected mice show no sign of 

nanoparticles within the systemic organs imaged.
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Figure 5. 
ICP-MS of gold within tissues of mice injected orally vs intravenously. Notice the consistent 

levels of gold found within the liver and spleen of the IV injected mice indicating 

nanoparticle accumulation. Gold was confined to the stomach and large intestine of the 

orally dosed mice at 2 hours and then completely cleared by 24 hours.
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Figure 6. 
Hyperspectral detection of particle presence in ex vivo tissue sections following intravenous 

and oral administration. As expected, little to no particle signal was observed in liver, spleen, 

stomach, and large intestine tissues collected from control mice (far left column). For mice 

intravenously injected with particles, particle uptake was localized in liver and spleen tissue, 

while no particle accumulation was apparent within stomach and large intestine tissue 2 

hours post-injection (mid-left column). Similar results were observed at 24 hours post-

injection, indicating prolonged residence of particles in major clearance organs after 

intravenous delivery (middle column). By contrast, liver and spleen tissues from mice that 

received oral particle administration exhibited no particle presence at 2 hours, while stomach 

and large intestine sections displayed significant particle accumulation (mid-right column). 

At 24 hours post-oral delivery, particles were not discernible in any of the four tissues 

analyzed, indicating no translocation to systemic clearance organs as well as virtually 

complete elimination from the gastrointestinal tract (far-right column). For a quantitative 

representation of the data please refer to Supplementary Figure S9 within the supporting 

information. Tissue is depicted in grayscale and particles (identified by their unique spectra) 

are shown in green for all images presented. Note that these images do not visually convey 

signal intensity—please refer to Figure S9 for quantitative analysis that does take signal 
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intensity into account. The scale bar at the bottom right represents 100 μm and applies to all 

images.
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Figure 7. 
Histological detail of particle uptake at 2 hours. a, IV administered particles accumulate 

within Kupffer cells in the liver and are mostly absent from other hepatic cell types and 

blood vessels. b, In the spleen, IV administered particles localize mostly within the marginal 

zone between white pulp follicles and red pulp. While some uptake is observed in the red 

pulp, virtually no particles are found within the white pulp. c, Orally administered particles 

were observed within the lumen of stomach, however virtually no particles were found 

within the stomach tissue itself (columnar epithelium). d, As in stomach tissue, particles 

were found exclusively within the waste contents of the gastrointestinal lumen rather than in 
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the tissue proper. Along with results from 24 hours, these results indicate virtually complete 

elimination of particles delivered via oral administration.
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Table 1

Labeling efficiency and specific activity of varying radiolabeling techniques.

Radiolabeling Scenario Labeling Efficiency Specific Activity Specific Activity

Percent (%) mCi/pmol MBq/pmol

MES pH 5.5 Room Temperature 87.12 14.38 532

MES pH 5.5 60 degrees Celsius 70.31 11.25 416

HEPES pH 8.8 Room Temperature 94.66 15.50 574

HEPES pH 8.8 60 degrees Celsius 94.70 15.63 578

Nanos with DOTA 48.37 11.13 412

Nanos with DOTA and blocked (n-ethyl maleimide) 67.58 15.38 569
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