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Abstract

Raman imaging offers unsurpassed sensitivity and multiplexing capabilities. However, its limited

depth of light penetration makes direct clinical translation challenging. Therefore, a more suitable

way to harness its attributes in a clinical setting would be to couple Raman spectroscopy with

endoscopy. The use of an accessory Raman endoscope in conjunction with topically administered

tumor-targeting Raman nanoparticles during a routine colonoscopy could offer a new way to

sensitively detect dysplastic lesions while circumventing Raman’s limited depth of penetration and

avoiding systemic toxicity. In this study, the natural biodistribution of gold surface-enhanced

Raman scattering (SERS) nanoparticles is evaluated by radiolabeling them with 64Cu and imaging

their localization over time using micropositron emission tomography (PET). Mice are injected

either intravenously (IV) or intrarectally (IR) with approximately 100 microcuries (μCi) (3.7

megabecquerel (MBq)) of 64Cu-SERS nanoparticles and imaged with microPET at various time

points post injection. Quantitative biodistribution data are obtained as % injected dose per gram

(%ID g−1) from each organ, and the results correlate well with the corresponding microPET

images, revealing that IV-injected mice have significantly higher uptake (p < 0.05) in the liver (5 h

= 8.96% ID g−1; 24 h = 8.27% ID g−1) than IR-injected mice (5 h = 0.09% ID g−1; 24 h = 0.08%

ID g−1). IR-injected mice show localized uptake in the large intestine (5 h = 10.37% ID g−1; 24 h

= 0.42% ID g−1) with minimal uptake in other organs. Raman imaging of excised tissues correlate

well with biodistribution data. These results suggest that the topical application of SERS

nanoparticles in the mouse colon appears to minimize their systemic distribution, thus avoiding

potential toxicity and supporting the clinical translation of Raman spectroscopy as an endoscopic

imaging tool.

1. Introduction

Since its discovery, Raman spectroscopy has proven to be a powerful analytical tool offering

many advantages including excellent sensitivity to small structural and chemical changes, its

ability to multiplex, and its resistance to both autofluorescence and photobleaching. More

recently, biomedical researchers have harnessed these unique properties associated with

Raman spectroscopy for analysis of cell populations, excised tissue samples, intact

preclinical animal models, and even clinical diagnosis.

The principle by which this novel diagnostic approach operates is based on the Raman

Effect. When light is scattered from a molecule, most photons are elastically scattered.

However, a small fraction of light is inelastically scattered at optical frequencies different

from and usually lower than the frequency of the incident photons. The process leading to

this inelastic scatter is termed the Raman Effect. However, this effect is very weak, only

producing one inelastically scattered photon for every 10 million elastically scattered

photons.[1]
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Thus far, several researchers have been able to utilize the intrinsic Raman scattering

signatures of tissue samples both ex vivo and in vivo to differentiate malignant from normal

tissues.[2–5] Due to the low depth of penetration associated with most optical techniques, a

Raman endoscope consisting of a flexible optical fiber bundle is often utilized for acquiring

these intrinsic Raman spectra from inside the body. Although, this technique has shown to

be clinically useful, the weak effect associated with intrinsic Raman scattering remains a

problem, leading to long exposure times, poor signal, and, as a result, suboptimal sensitivity.

We intend to overcome this limitation by utilizing surface-enhanced Raman scattering

(SERS) nanoparticles as tumor-targeting contrast agents. SERS is a plasmonic effect where

small molecules adsorbed onto a nanoroughened noble metal surface (e.g., gold) experience

a dramatic increase in the incident electromagnetic field, resulting in a several-orders-of-

magnitude-higher Raman effect, which has recently given us the capability to detect pm

concentrations of SERS Raman-active nanoparticles injected in living mice.[6]

Several different kinds of SERS nanoparticles have been recently developed for various in-

vitro applications, including evaluation of cell–cell interactions, tracking and imaging of

apoptosis, immunoassay platforms, and even anti-counterfeiting measures.[7–9] However,

only a select few have been utilized as tumor-targeting beacons in living animal

models.[6,10,11] Based on the results and experiences gained from our previous studies, we

have decided to evaluate the biodistribution properties of the Nanoplex Biotags

manufactured by Cabot Security Systems (formerly Oxonica). These SERS nanoparticles

have ideal properties for clinical translation, including an inert gold composition and

excellent Raman signal strength for ultrasensitive detection and multiplexing characteristics

with up to 10 unique spectral fingerprints.

Briefly, our clinical diagnostic strategy would involve chemically modifying these SERS

nanoparticles with tumor-targeting ligands and then topically administering them to the area

of interest (i.e., the colon) during endoscopic, laparoscopic, or surgical procedures, in the

hope of avoiding adverse toxicity effects (that may arise from systemic exposure) and also

increasing targeting efficiency. After enough time has passed for sufficient binding to occur

and rinsing of the unbound nanoparticles has been completed, a Raman endoscope will be

used to acquire spectra from the area of interest within the body in order to determine

effective tumor targeting.

We intend to use colon cancer to demonstrate this general approach as the first target for

reasons of tumor-targeted peptide availability, reduced toxicity, and a need for improved

detection. It was recently reported that flat lesions in the colon were five times more likely

to contain cancerous tissue than polyps detected by conventional colonoscopy.[12] In

addition, we believe that by administering these gold nanoparticles directly into the bowel

we will be able to avoid the systemic exposure and thus any adverse toxicity effects.

Before proceeding with tumor-targeting studies, however, it is first important to fully

characterize the localization and accumulation of these SERS Raman nanoparticles in small

living subjects. In this study, we have radiolabeled our SERS nanoparticles with 64Cu in

order to assess their natural bio-distribution using both micropositron emission tomography
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(PET) imaging and gamma counting followed by Raman imaging and transmission electron

microscopy (TEM) of removed tissues for confirmation of their localization. Two routes of

administration were evaluated: to compare the differences in distribution between systemic

administration and topical application, either intravenous (IV) or intrarectal (IR) injections

were given. After IV injection, we would be able to follow the natural distribution of these

SERS nanoparticles once they have been introduced into the blood stream. IR

administration, on the other hand, would give us a better idea of what happens to these

nanoparticles once they have been topically applied, in this case to the colon.

2. Results

2.1. SERS Raman Nanoparticles

All experiments described herein were conducted using SERS nanotags (Cabot Security

Systems formerly Oxonica Materials Inc., Mountain View, CA).[13,14] The SERS

nanoparticles we used to evaluate biodistribution in this study consisted of a unique Raman

active molecular layer, trans-1,2-bis(4-pyridyl)-ethylene, adsorbed onto a 60 nm-diameter

Au core coated with silica, making the entire diameter of the nanoparticle on the order of

120 nm (Supporting Information (SI), Figure S1).[15] The Au nanoparticle core acts as a

substrate for SERS and can increase the effective Raman scattering efficiency by several

orders of magnitude,[16] allowing for more sensitive detection and making it ideal for early

detection diagnostic imaging. Upon excitation with a 785 nm laser, the SERS nanoparticles

display a unique spectrum based on the inelastic Raman scattering of the incident laser light

that comes from interacting with the molecular structure of the adsorbed Raman active layer

trans-1,2-bis(4-pyridyl)-ethylene.[15] Like most optical techniques, this strategy is depth-

limited, which is why we intend to eventually utilize a fiber optic-based endoscopic

approach to overcome this depth issue while still taking full advantage of Raman’s

ultrasensitive properties and multiplexing characteristics. However, before we can

implement this unique strategy for patient studies, we must first thoroughly understand the

distribution and localization of our SERS nanoparticles after being administered to the body,

preferably by using an imaging modality such as PET that is not vulnerable to depth. In

order to fully assess the biodistribution properties of these SERS nanoparticles both

longitudinally and noninvasively, a relatively long-lived (half life = 12 h) positron emitting

radioisotope, 64Cu, was conjugated to their surface (SI, Figure S2, and see Experimental

Section for more details), enabling us to monitor/localize them using microPET.

2.2. MicroPET Imaging

A series of dynamic microPET images were acquired over the first 13 min post IV injection

(see video provided in the SI), and revealed immediate uptake of SERS nanoparticles within

the liver and spleen, the two major organs that comprise the reticuloendothelial system and

are responsible for breaking down nanoparticles on the order of 120 nm. Rapid

accumulation of SERS nanoparticles was observed within the first 2 min post IV injection in

both the liver and spleen followed by continuous localization for the remainder of the 13

min dynamic imaging series (SI, Figure S3). Although the majority of accumulation was

seen in the liver and spleen, the lungs also showed minimal accumulation of SERS

nanoparticles with a maximum uptake at approximately 15 s post injection, most likely due

Zavaleta et al. Page 4

Small. Author manuscript; available in PMC 2014 September 02.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



to the first pass of the SERS nanoparticles encountering the lungs after being administered

as a bolus IV.

Static microPET images acquired at various time points post injection over 24 h revealed

clear differences in the distribution patterns of SERS nanoparticles injected IV versus IR

(Figure 1). Mice injected IV showed immediate accumulation of 64Cu–SERS nanoparticles

in the liver and spleen after IV injection with continuous localization in the liver and spleen

over 24 h (spleen not visible in coronal slices shown in Figure 1). In contrast, the mice

receiving an IR injection, displayed an initial uptake of 64Cu–SERS nanoparticles localized

in the colon, followed by a rapid decrease in uptake over the 24 h period (see SI, Figure S4),

where the majority of the SERS nanoparticles appear to have cleared the colon and thus the

body, likely via fecal excretion.

2.3. Biodistribution Data

Tissues were harvested from mice for gamma counting at necropsy 2, 5, and 24 h either post

IV or IR injection to quantitatively assess the biodistribution of SERS nanoparticles within

various organs and to correlate their localization with their respective microPET images.

Quantitative biodistribution (%ID g−1) data obtained from each organ correlated well with

the corresponding microPET images, and revealed significant uptake of SERS nanoparticles

in several organs of mice injected IV as opposed to those injected IR as seen in Figure 2. For

instance, mice injected IV had significantly higher uptake (p < 0.05) in the liver (2 h =

11.35% ID g−1; 5 h = 8.96% ID g−1; 24 h = 8.27% ID g−1), as opposed to mice injected IR

(2 h = 0.55% ID g−1; 5 h = 0.09% ID g−1; 24 h = 0.08% ID g−1). This significant increase in

SERS nanoparticle uptake in mice receiving IV injections as opposed to IR injections was

also seen in several other organs including the spleen, kidneys, stomach, and lungs.

Mice injected IR, however, showed localized SERS nanoparticle uptake in the large

intestine (2 h = 123.72% ID g−1; 5 h = 10.37% ID g−1; 24 h = 0.42% ID g−1) with minimal

uptake (less than 0.13% ID g−1) in every other organ at 24 h. Quantitative microPET

analysis also reveals that this minimal uptake seen in other organs (i.e., liver) after IR

injection correlates well with free 64Cu as seen over the 24 h period thus suggesting the

activity is likely due to the dissociation of the 64Cu from the SERS nanoparticles (SI, Figure

S5). SERS nanoparticle uptake was also observed in the cecum at 2 and 5 h post IR

injection. This was likely due to the slight size variability between mice and the volume of

SERS nanoparticles that was estimated to fill the entire colon, therefore during IR injection

slight overflow from the large intestine into the cecum may have occurred.

Overall, SERS nanoparticles appear to be retained in several organs, even at 24 h post IV

injection, whereas mice receiving ‘topical’ IR injections showed localized accumulation

initially in the cecum/colon with minimal retention at 24 h and no signs of SERS

nanoparticle accumulation in any other organs throughout the entire study.

2.4. Serum Stability of SERS Nanoparticles and Raman Imaging of Excised Tissues

Serum stability studies on the SERS nanoparticles revealed consistent Raman signal

associated with the active molecular layer, trans-1,2-bis(4-pyridyl)-ethylene on the SERS

nanoparticle over 24 h incubation. The spectral fingerprint was found to be unaffected and
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no differences in signal intensity were observed as compared to SERS nanoparticles

incubated with distilled water or phosphate buffered saline (PBS, see SI for details). Raman

maps were acquired of various excised tissues, particularly those mentioned above

displaying an increased 64Cu uptake, to confirm the presence of SERS nanoparticles

injected. Raman imaging revealed the exact spectral fingerprint associated with the SERS

nanoparticles administered IV within the liver, spleen, lungs, and kidneys across all time

points (Figure 3). However, mice injected IR only displayed enough SERS nanoparticle

accumulation in the colon to produce an adequate Raman signal at 2 and 5 h post injection

with no other detectable accumulation in the liver, spleen, lungs, or kidneys over the entire

24 h (SI, Figure S6).

2.5. Histopathology via TEM Imaging of SERS Accumulation

Another group of mice were evaluated separately where mice were injected either IV or IR

using the same administration technique implemented above. The mice were sacrificed at 5

min and 2 weeks post injection in order to microscopically assess the presence or absence of

these SERS nanoparticles within the liver, the main organ responsible for the trapping and

degradation of these size nanoparticles. TEM of fixed liver tissues revealed several clusters

of our gold SERS nanoparticles within the liver at both 5 min and 2 weeks post IV injection,

whereas mice that were administered IR injections revealed no trace of gold SERS

nanoparticles at either 5 min or 2 weeks post injection (Figure 4). Of the hundreds of cell

sections within the 81 000 μm2 area examined for each tissue, not a single SERS

nanoparticle was found in the liver after IR injection.

3. Discussion

SERS nanoparticles possess extraordinary spectral properties, including their ability to be

sensitively detected and multiplexed, making them ideal to be utilized as tumor targeting

molecular imaging agents. Several novel nanoparticle constructs with great potential for

either diagnostic or therapeutic applications are currently being investigated.[17–20]

However, two major obstacles have kept most of them from being clinically translated: 1)

effective delivery to tumor site, and 2) toxicity issues. Since most nanomedicines, to date,

are administered systemically, several factors (e.g., size, surface charge, hydro phobicity)

need to be considered during their development in order to help overcome these obstacles.

Size, for instance, plays an important role in determining where these nanoparticles will

accumulate in the body over time and how they will be broken down and eventually cleared

(via liver/ spleen or kidney). Nanoparticle size has also been shown to significantly

influence both their circulation half life and their ability to extravasate into the tumor space,

both of which determine tumor targeting efficiency. Although most nanocarriers rely on the

enhanced permeability and retention effect to extravasate through leaky tumor vasculature

and selectively accumulate in the tumor tissue, it has recently been reported that not all

tumors display the same degree of ‘leakiness’,[21] making it even more difficult to

effectively deliver these nanoparticles out of the vasculature to their targets within a tumor.

With this in mind, we have devised a way to circumvent these obstacles of delivery and

toxicity by topically administering our nanoparticles to an area of interest (i.e., colon). That

way the nanoparticles won’t have to extravasate out of the vasculature in order to find their
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target, since they will be directly applied to the area of interest (i.e., colon) and adverse

systemic toxicity affects could potentially be avoided as well by avoiding IV administration.

In this study, we have evaluated the biodistribution of our SERS nanoparticles (≈120 nm)

after both IV and IR administration. The SERS nanoparticles were radio-labeled with 64Cu

using a DOTA chelator (Experimental Section and SI, Figure S2). These studies were

performed under the assumption that the DOTA–SERS nanoparticles behave identically to

SERS nanoparticles alone, in terms of biodistribution, and that the DOTA, being a small

entity, does not contribute significantly to the natural biodistribution of the nanoparticle as

previously described by Schipper et al.[22] In addition, our results show a different

biodistribution pattern than that of free 64Cu (mostly accumulating in the kidney and bladder

due to its natural route of excretion) suggesting minimal dissociation of the 64Cu from the

SERS nanoparticles. Furthermore, the minimal %ID g−1 uptake seen in other organs (Figure

2) besides the cecum/large intestine after IR administration is most likely due to the

dissociation of 64Cu from the SERS nanoparticles. The distribution patterns of free 64Cu

behave similarly to 64Cu-labled SERS nanoparticles in other organs outside the large

intestine (i.e., liver; see SI, Figure S5) suggesting that the uptake represents the free

dissociated 64Cu and not the accumulation of the actual SERS nanoparticles themselves.

After thorough microPET and tissue uptake analysis, the results clearly show a difference in

nanoparticle distribution after administration between the IV and IR groups, where mice

receiving a ‘topical’ IR administration showed localized accumulation of our SERS

nanoparticles within the colon and its neighboring organ, the cecum. No absorption of the

SERS nanoparticles was observed within any other organ over the 24 h microPET imaging

sequence, and the liver was clear of SERS nanoparticles out to 2 weeks post IR

administration via TEM imaging. Additionally, the SERS nanoparticles cleared the colon

relatively quickly (SI, Figure S4) where less than 1% ID g−1 was left in the large intestine

after 24 h post IR injection. Mice injected IV, on the other hand, revealed immediate

accumulation of our SERS nanoparticles, in the lungs, liver, and spleen, with continued

uptake in both the liver and spleen over the entire 24 h microPET imaging sequence. TEM

imaging also confirmed the presence of our SERS nanoparticles within the liver at both

early and late stage time points post IV injection (Figure 4). These results support the use of

these SERS nanoparticles as a topically applied contrast agent within the colon for the

potential earlier detection of colon cancer.

Although beyond the scope of this paper, it should be noted that further studies are ongoing

in our lab to determine the effect that functionalized (tumor targeting) Raman nanoparticles

may have after IR injection. Thus far, no significant differences in biodistribution patterns

have been observed between mice injected IR with functionalized Raman nanoparticles

versus nonfunctionalized Raman nanoparticles. In fact, preliminary analysis using

inductively coupled plasma to measure gold content has shown gold levels below the limit

of detection within the two sentinel organs (liver and colon) in all mice (n = 10) 3 days post

IR injection.

Thus far, the use of Raman nanoparticles as imaging contrast agents for clinical utility has

never been demonstrated before, predominantly due to the weak signal generally associated
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with Raman spectroscopy and the limited depth of penetration that comes from using an

optical technique. With this in mind, we propose to exploit the SERS effect, a metal based

phenomenon that utilizes surface plasmon resonance, to significantly enhance the Raman

signal coming from our contrast agent (i.e., SERS nanoparticles). In addition, we will

employ an endoscopic imaging device, modified for acquiring Raman spectra within the

colon, to localize the accumulation of our tumor targeting SERS nanoparticles in order to

overcome the limited depth of penetration issue.

Other localized routes of administration have recently been investigated including the fate of

various sized gold nanoparticles after either intratacheal instillation or inhalation into the

lungs.[23,24] Their finding suggest no detectable amounts of gold on the order of 40 and 100

nm in diameter get translocated from the lungs to the systemic circulation in mice, and that

only trace amounts of gold nanoparticles on the order of 2 nm are found in the blood when

instilled directly into the trachea.[23] However a larger degree of nanoparticles, on the order

of 20 nm, get translocated into the blood stream when inhaled by rats.[24] These studies

show promise for our Raman nanoparticles (≈120 nm) to be directly instilled into the lung

for tumor targeting and detection during bronchoscopy without causing adverse systemic

toxicity effects.

The issue of nanoparticle induced toxicity has generated quite a bit of interest amongst the

biomedical community, especially now with the approval of several nanoparticle constructs

for clinical use.[25] Several reports have recently been published discussing the toxicity

effects of various nanoparticles after being administered intravenously,[18,25–30] all with

similar concerns as to exactly how long these nanoparticles seem to stay in the body (i.e.,

liver, spleen, and kidneys), with some reports claiming up to several months post IV

injection.[27,31–33] A huge advantage to administering these nanoparticles topically is their

ability to be cleared without crossing into the systemic circulation and thus avoiding the

issue of prolonged retention in vital organs like the liver, spleen, and kidneys.

Another major advantage to utilizing SERS nanoparticles as tumor targeting contrast agents

is their unique ability to multiplex. We currently have 10 different batches of SERS

nanoparticles, each displaying a unique spectral fingerprint when imaged, thus giving us the

capability to interrogate several different targets simultaneously.[15] Several colon cancer

biomarkers have recently been identified along with their associated tumor targeting

ligands.[34,35] If one were to conjugate each batch of SERS nanoparticles with different

colon cancer targeting ligands this multiplexing technique could enable us to evaluate the

targeting efficiency of several tumor targeting SERS nanoparticles simultaneously, thus

offering us increased specificity as to which biomarker is overexpressed on different regions

of the diseased colon. No other imaging modality has the capability of offering this kind of

multiplexed information to the degree of being able to spectrally unmix and identify 10

unique individually dispersed nanoparticles.

Although we intend to initially interrogate colon cancer to demonstrate this novel approach,

for reasons of tumor targeted ligand availability, reduced toxicity, and the need for improved

detection, this technique is in no way limited to diseases of the colon. In fact, several tissues

could be interrogated for cancer detection utilizing this procedure including skin, bladder,
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lungs, esophagus, cervix, and vagina; all of which are easily accessible and can be imaged

with a Raman endoscopic device.

4. Conclusion

In conclusion, this novel endoscopic approach which utilizes the ultrasensitive detection and

multiplexing properties of Raman spectroscopy in conjunction with SERS nanoparticles has

great potential for clinical utility, not only for colon assessment but also for other

endoscopic applications (i.e., esophagus, cervix, and bladder). Although more thorough

toxicity testing needs to be performed on these SERS nanoparticles, which is currently

ongoing in our lab, these initial biodistribution results hold significant promise in translating

this novel technique to the clinic, with the hope of improving early cancer detection and thus

the prognosis for cancer patients.

5. Experimental Section

5.1. Chemical Conjugation and Radio-Labeling of SERS Nanoparticles

SERS Nanoparticles—SERS nanotags were provided by Cabot Security Systems

(formerly Oxonica Materials Inc., Mountain View, CA) and comprised a 60 nm-diameter Au

core coated with a monolayer of the Raman-active organic molecule, trans-1,2-bis(4-

pyridyl)-ethylene, and encapsulated with a 30 nm-diameter silica shell, making the entire

particle on the order of ≈120 nm. The particular lot used in this study was the S440 batch,

which consists of a unique Raman-active material and its associated spectrum, which can be

seen in our previous work.[15] Reproducibility of experiments conducted with these SERS

nanoparticles was previously evaluated in our lab, revealing a 1.9% coefficient of variance

among multiple sample measurements.[6]

Preparation of Pegylated SERS Nanoparticles—To stabilize the gold nanospheres

against aggregation under various conditions, both long- and short-chain polyethylene glycol

(PEG) molecules were conjugated to the nanosphere’s silica surface (in a molar ratio of 1:5,

long:short). Specifically; a solution of maleimide-PEG5000-N-hydroxysuccinimide ester

(Mal-PEG5000-NHS, 2 mg, 0.4 μm) and maleimide-PEG2000-methoxy (Mal-PEG2000-OCH3,

4 mg, 2 μm) in 2-morpholinoethanesulfonic acid (MES) buffer (pH = 7.2) was added to

thiolated SERS particles (0.5 mL, 0.02 nm) and stirred at room temperature for 1 h. Excess

PEG molecules were separated from pegylated nanoparticles by three rounds of

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

Conjugation with DOTA—Pegylated gold nanospheres were functionalized with DOTA

(1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid) to enable chelation of radioactive

metal ions (in this case Copper-64, half life = 12.7 h). Specifically; primary amine-DOTA

was covalently conjugated to NHS ester terminated long-chain PEG molecules on gold

nanoparticles via the addition of p-NH2-Bn-DOTA (0.9 mg, 1.3 μmol) in 0.5 mL MES

buffer (pH = 7.2) to pelleted pegylated particles. 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-
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functionalized nanoparticles were finally suspended in deionized water (0.5 mL) for

radiolabeling.

Protocol of SERS Copper-64 Labeling—The SERS nanoparticles were radiolabeled

with 64Cu by addition of 185–259 MBq (≈5–7 mCi) 64CuCl2 [1 pmol SERS nanoparticles

per 1.62 GBq 64Cu] in 0.01 n NaOAc (pH 5.0) buffer followed by a 1 h incubation at 37 °C

with gentle shaking. SERS nanoparticles were centrifuged and washed with deionized sterile

water three times to remove nonchelated copper. Labeling yield is ≈20–30%, therefore the

resulting specific activity was 324–486 MBq per 1 pmol SERS nanoparticles (8.76–13.14

mCi pmol−1). Rinsed SERS nanoparticles were resuspended in 400 μL of PBS by sonicating

and vortexing. According to N-succinimidyl-3-(2-pyridyldithio) propionate (SPDP)

spectrographic analysis[36] of our 64Cu-tagged SERS nanoparticles this method attaches

≈60 000 64Cu molecules per nanoparticle (≈1 64Cu molecule per 3 nm2 surface area).

5.2. Animal Experiments

Female 8-week-old nude mice (Charles River) were used for all biodistribution studies. All

procedures performed on the animals were approved by the University’s Institutional

Animal Care and Use Committee, and were within the guidelines of humane care of

laboratory animals.

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

between administering SERS nanoparticles intravenously (IV) versus intrarectally (IR).

Each group contained subgroups where mice were further separated to evaluate

biodistribution at various time points post injection. Three mice from each group were

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

specific organs of interest. Mice in the IV group were given a 200 μL injection of

approximately 100 μCi of 64Cu-SERS nanoparticles via the tail vein using a 26 gauge

needle. Mice in the IR group also received a 200 μL injection of approximately 100 μCi

of 64Cu-SERS nanoparticles using the hollow flexible portion of a 25 gauge angiocatheter

inserted via the rectum.

5.3. MicroPET Imaging

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

100% oxygen as the carrier gas at 2 L min−1 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 a Rodent R4 MicroPET system

manufactured by CTI Concorde Microsystems (Knoxville, TN). Five minute static images

were acquired at various time points post injection: immediately, 30 min, 2 h, 5 h, and 24 h.

The images were then reconstructed using a 2D ordered subset expectation maximization

(2D-OSEM) algorithm with a spatial resolution of 1.66 to 1.85 mm[37] and analyzed using

both Amide[38] and AsiPRO image processing software. No attenuation correction or partial

volume correction were applied.
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5.4. Biodistribution

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

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

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

gamma counting. Organs of interest such as the liver spleen and colon were placed in vials

containing a 2:1:1 solution of 0.2 m sodium cacodylate buffer: 10% glutaraldehyde: 8%

paraformaldehyde (EMSdiasum) for transmission electron microscopy (TEM) analysis. All

tissues harvested were counted for 1 min in a Cobra II γ-counter (Packard/Perkin Elmer).

Results in Figure 2 are expressed as % injected dose per gram of tissue (%ID g−1).

TEM Analysis—Organs of interest such as the liver, spleen, and colon were fixed and

prepared for TEM analysis in order to verify the microscopic location of the SERS

nanoparticles after either IV or IR administration. Ten grid spacings corresponding to a 81

000 μm2 area were examined. Each section was 150 nm thick corresponding to a total of 12

500 μm3 of material examined for each tissue sample. More details on the methods of

sample preparation are provided in SI Text.

Raman Spectroscopic Imaging in Excised Tissues—Raman measurements on

excised tissues were performed with a Renishaw microscope system to verify the presence

of SERS nanoparticles within specific organs of interest. A semiconductor diode NIR laser

operating at λ = 785 nm was used as the excitation source with a laser power of 60 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 a spectral image by measuring the Raman spectrum of each individual pixel

in the area of interest with a 750 μm or 1 mm step size. Integration times of 3 s per step were

acquired for each tissue Raman map. The objective lens used was a 12× open field in a

dimly lit room.

Spectral Analysis—The direct classical least squares (DCLS) method, also called linear

unmixing and K-matrix methods, was used in this work to perform analysis of Raman

spectroscopy.[39,40] For more details see SI Text.

Statistical Analysis—The data collected from these experiments were analyzed for

statistical differences using a 95% confidence interval (p < 0.05). More details provided in

SI Text.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
MicroPET images of the accumulation of 64Cu–SERS nanoparticles post IV injection (top

panel) versus post IR injection (bottom panel). The images represent a coronal slice of a

single mouse taken at various time points; immediately, 30 min, 2 h, 5 h, and 24 h after

either IV or IR injection. Notice the significant difference in the accumulation of 64Cu–

SERS nanoparticles in mice receiving an IV injection, where uptake is localized to the liver,

versus mice receiving an IR injection, where uptake is localized to the colon. Colored scale

bar to the right of each image represents 64Cu–SERS uptake where red represents most

uptake and black represents no uptake in units of %ID g−1.
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Figure 2.
Biodistribution data taken from various excised organs after either IV or IR injection of

SERS nanoparticles at a) 2 h, b) 5 h, and c) 24 h post injection. Notice significant

differences represented by * (p < 0.05) between each of the injection groups, particularly in

the accumulation of SERS nanoparticles in almost all tissues after IV injection, as compared

to those mice injected IR. This data shows that mice injected IR had localized accumulation

of SERS nanoparticles to predominantly the large intestine and cecum out to 5 h post

injection. However, by 24 h post injection, most of the SERS nanoparticles had cleared,

presumably via the feces, whereas the mice injected IV still showed uptake in most tissues

as seen in the bottom graph.
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Figure 3.
Raman images of various excised tissues at 2 h post injection a) spleen IV injected, b)

kidney IV injected, c) lung IV injected, d) liver IV injected, e) colon IR injected. These

organs were chosen to image with Raman mapping based on the increased accumulation of

SERS nanoparticles seen from the biodistribution data. These Raman intensity maps confirm

the presence of SERS nanoparticles within these tissues of interest. Scale bar to the right

represents Raman intensity, where white represents the highest Raman signal and black

represents no associated Raman signal.
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Figure 4.
TEM images of SERS nanoparticle accumulation in liver tissue at 5 min and 2 weeks post

injection of SERS nanoparticles. a) Bright-field scanning TEM (STEM) image of liver tissue

from mouse injected IR at 5 min. b) Bright-field STEM image of liver tissue from mouse

injected IV at 5 min. Inset is a magnified view of the SERS nanoparticles boxed in the

STEM image (scale bar = 250 nm). c) Bright-field STEM image of liver tissue from mouse

injected IR at 2 weeks. d) Bright-field STEM image of liver tissue from mouse injected IV

at 2 weeks. Inset is a magnified view of the SERS nanoparticles boxed in the STEM image

(scale bar = 250 nm). Notice the absence of SERS nanoparticles in the liver tissue from the

mice that received an IR injection, as shown in panels (a) and (c).
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