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ABSTRACT: Raman spectroscopy provides excellent specificity for in vivo preclinical imaging 

through a readout of fingerprint-like spectra. To achieve sufficient sensitivity for in vivo Raman 

imaging, metallic gold nanoparticles larger than 10 nm were employed to amplify Raman signals 

via surface-enhanced Raman scattering (SERS). However, the inability to excrete such large gold 

nanoparticles has restricted the translation of Raman imaging. Here we present Raman-active 

metallic gold supraclusters that are biodegradable and excretable as nanoclusters. Although the 

small size of the gold nanocluster building blocks compromises the electromagnetic field 

enhancement effect, the supraclusters exhibit bright and prominent Raman scattering comparable 

to that of large gold nanoparticle-based SERS nanotags due to high loading of NIR-resonant 

Raman dyes and much suppressed fluorescence background by metallic supraclusters. The bright 

Raman scattering of the supraclusters was pH-responsive, and we successfully performed in vivo 

Raman imaging of acidic tumors in mice. Furthermore, in contrast to large gold nanoparticles that 

remain in the liver and spleen, the supraclusters dissociated into small nanoclusters, and 73% of 

the administered dose to mice was excreted over 4 months. The highly excretable Raman 

supraclusters demonstrated here offer great potential for clinical applications of in vivo Raman 

imaging by replacing non-excretable large gold nanoparticles.    

 

 

KEYWORDS. Raman spectroscopy, metal nanoparticles, supraparticles, gold nanoclusters, 

surface plasmon resonance, in vivo imaging, excretion.   
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Raman spectroscopy identifies the unique spectral fingerprint of molecules, thus providing high 

specificity for biomedical imaging.1–3 There have been significant advancements for in vivo 

preclinical Raman imaging in various applications,4,5 from intraoperative imaging of microscopic 

tumors6–12 to multiplexed imaging in living subjects.13–16 Because the Raman scattering from 

molecules is generally weak, gold nanoparticles are employed to amplify the Raman signals 

through the localized surface plasmon-generated electromagnetic field, which is known as surface-

enhanced Raman scattering (SERS).17–19 Since the degree of the field enhancement is proportional 

to the size of metallic nanoparticles, larger gold nanoparticles over 50 nm in diameter have been 

utilized to achieve sufficient sensitivity for in vivo imaging.20 The large gold nanoparticles exhibit 

minimal or negligible toxicity after systematic administration.21 However, they remain intact in 

the reticuloendothelial systems of the liver and spleen for a long period of time.22 Such a long-

term exposure of nanoparticles could affect gene expression level, limiting their translation in 

humans.23 On the other hand, the glomerular filtration in the kidney allows clearance of 

nanoclusters smaller than 5 nm,24–27 but such small nanoclusters do not generate an 

electromagnetic field significant for SERS.  

In this work, we have addressed this limitation by assembling renally clearable gold 

nanoclusters into large metallic supraclusters (Figure 1a). These assembled supraclusters generated 

strong Raman scattering comparable to large metallic nanostructures but are efficiently cleared 

from the body after biodegradation to small nanoclusters (Figure 1b). Previously, gold 

supraclusters were developed28 to improve the delivery of radiosensitizing nanoclusters into 

tumors29,30 or to enhance near-infrared (NIR) absorption for photoacoustic imaging31,32 and 

photothermal therapy33,34 while facilitating their excretion. On the other hand, Raman scattering 

supraclusters have not yet been demonstrated. Since Raman scattering is particularly sensitive to 
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the characteristics of metallic substrates, it is critical to engineer highly excretable metallic gold 

supraclusters for translatable Raman imaging. The gold nanocluster building blocks are in the size 

range where both renal clearance and the transition from molecular state to metallic state occur, 

which necessitate precise synthetic control of the nanoclusters.35 While previously synthesized 

supraclusters composed of molecular gold nanoclusters showed significant improvement in 

excretion,30 little progress has been made in the design of excretable metallic supraclusters, which 

were intended to replace large gold nanoparticles.36,37 

Herein, we present Raman scattering gold supraclusters that provide not only high 

sensitivity as large gold nanoparticles-based SERS nanotags but also high excretion efficacy. The 

controlled synthesis of renally clearable metallic nanoclusters, their assembly into supraclusters, 

and the high loading of the NIR-resonant Raman dyes all contribute to Raman scattering as bright 

as the SERS nanotags. The supraclusters exhibit pH-dependent stability that enables in vivo Raman 

imaging of acidic tumor environments while disassembled and excreted from the liver, spleen, and 

kidneys. The Raman supraclusters demonstrated here thus have great potential for enabling 

translational in vivo Raman imaging.  

RESULTS AND DISCUSSION 

Synthesis of renally excretable metallic gold nanoclusters. In order to produce highly 

excretable, Raman scattering metallic gold supraclusters, we first prepared renally clearable 

glutathione (ester)-capped gold nanocluster building blocks (Figure 2 and Supporting Information 

Figure S1 and S2). The nanoclusters were controlled to establish a size window to endow metallic 

properties and enable efficient clearance. The small capping ligand glutathione maintained the 

physiological stability of gold nanoclusters while keeping their hydrodynamic diameters small.24  

We extended the choice of capping ligands for nanoclusters from glutathione to glutathione esters 
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to investigate the effect of negative charges on the synthesis and properties of supraclusters. For 

this purpose, we synthesized 3-mercaptobenzoic acid (3-MBA)-capped gold nanoclusters with 

modification of the method developed by Kornberg and his coworkers.38 Then, the surface ligand 

on the nanoclusters was exchanged with glutathione monoethyl ester (GSHE) or glutathione 

diethyl ester (GSHDE) afterward.39 We also synthesized glutathione (GSH)-capped gold 

nanoclusters using GSH instead of 3-MBA in the first synthetic procedure (Supporting Information 

Figure S2). The syntheses yielded uniform-sized gold nanoclusters with core diameters ranging 

from 1.3 to 2.7 nm (Figure 2a and Supporting Information Figure S2a). In this size range, the 

localized surface plasmon resonance (LSPR) band at the wavelength of 515 nm emerged above 

the core size of 2 nm, which is indicative of the transition from molecular to metallic nanoclusters 

(Figure 2b and Supporting Information Figure S2b).  

Along with the precise control of core diameter, the compact glutathione (ester) ligands on 

the surface kept the metallic nanoclusters physiologically stable and their hydrodynamic diameter 

(HD) below the threshold for renal clearance (Figure 2c-e). The surface ligand exchange from 3-

MBA to glutathione esters induced no significant change in the LSPR band, indicating that the 

metallic nanoclusters maintained their physiological stability without aggregation (Figure 2c). 

Previously, the supracluster approach utilized either hydrophobic or polymeric capping ligands in 

nanocluster building blocks that would induce poor dispersion in biological media or afford larger 

hydrodynamic size31–34. In contrast, gel filtration chromatography showed that the glutathione 

(ester)-capped 2.7 nm nanoclusters retained average HDs in the range from 5.2±0.6 nm to 6.0±0.7 

nm in phosphate-buffered saline (Figure 2d, Supporting Information Figure S1, and Supporting 

Information Table S1). Dynamic light scattering (DLS) further confirmed that the average HD of 

the nanoclusters was comparable to the threshold for renal clearance of 6 nm (4.8±1.6 nm from 
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number distribution and 6.5±2.1 nm from intensity distribution for the GSHE-capped gold 

nanoclusters, Figure 2e). We further confirmed their clearance capability by intravenously 

injecting the nanoclusters into nude mice and analyzing collected urine by inductively coupled 

plasma-mass spectrometry (ICP-MS), which revealed that 10~20% of nanoclusters were rapidly 

eliminated through the renal clearance pathway within 2 days (Supporting Information Table S1). 

This result indicates that the synthesized nanoclusters are in the size range below the renal 

clearance cutoff.  

Overall, we successfully produced metallic gold nanocluster building blocks with a size 

larger than the threshold to produce LSPR-generating metallic nanoclusters but smaller than the 

renal clearance cutoff. Note that the 2.7 nm core glutathione (ester)-capped gold nanoclusters have 

already reached the upper end of the renal clearance window below the HD of 6 nm. The results 

indicated that the size window for gold nanoclusters to meet all the criteria described above was 

very narrow within one nanometer (2~3 nm).  

Synthesis and Raman spectroscopy of gold supraclusters. Next, we synthesized metallic 

supraclusters through the reaction of the glutathione (ester)-capped gold nanoclusters with 

bis(sulfosuccinimidyl) 2,2,4,4-glutarate (BS2G) crosslinker via the N-hydroxysuccinimide (NHS) 

coupling (Figure 3a). The supraclusters were synthesized with sizes and shapes varied upon the 

choice of the GSH, GSHE, and GSHDE-capped gold nanoclusters (GSH-Au, GSHE-Au, and 

GSHDE-Au nanoclusters, Figure 3b and c). In general, larger and more complex supraclusters 

were generated when the negative surface charge of the supraclusters was reduced by converting 

carboxylic acids in the ligand to esters from -46±3 mV (GSH-Au supraclusters) to -35±3 mV 

(GSHE-Au supraclusters) and -22±2 mV (GSHDE-Au supraclusters, Figure 3b and 3d). The GSH-

Au and GSHE-Au nanoclusters produced supraclusters with spherical shapes with average 
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diameters of 49(±9) nm and 192(±35) nm, respectively. When GSHDE-Au nanoclusters were used 

for synthesis, highly branched supraclusters with 249(±162) nm in length and 39(±10) nm in width 

were produced. The supraclusters formation resulted in a red shift of the LSPR wavelength from 

515 nm (black, Figure 3e) to 555 nm (blue, Figure 3e) and a change in color of the colloidal 

solution from red to purple (inset, Figure 3e), which indicates plasmonic coupling of the 

nanocluster building blocks within the supraclusters.31,40–43 The LSPR wavelength was further red-

shifted to 590 nm with broader band absorption at the NIR wavelength when more BS2G 

crosslinker was added in the supracluster synthesis (green, Figure 3e). Meanwhile, the DLS 

measurement revealed that it was accompanied by an increase in average size from 180 nm to 500 

nm and broader size distribution with an increase in the polydispersity index (PDI) from 0.10 to 

0.15 for the supraclusters (Figure 3f). When the synthetic conditions were adjusted to yield a PDI 

value of ~0.1, the LSPR wavelength remained constant at 555 nm for all supraclusters of GSH-

Au, GSHE-Au, and GSHDE-Au (Figure 3g), while their average HD ranged as 100 nm, 180 nm, 

and 370 nm, for the GSH-Au (black), GSHE-Au (blue), and GSHDE-Au supraclusters (red), 

respectively (Figure 3h).  

To make the supraclusters Raman scattering, we added NHS-functionalized NIR resonant 

Raman dyes during the supracluster synthesis to simultaneously proceed with their conjugation 

with the supraclusters. We tested the NIR non-fluorescent quencher molecules of SQ740 (SETA 

BioMedicals) and Tide QuencherTM 7WS (TQ7WS, AAT Bioquest) as Raman dyes to benefit from 

their NIR-absorption for resonant Raman scattering while reducing the fluorescence background 

(Figure 4 and Supporting Information Figure S3). 

Despite the intrinsic fluorescence quenching effect of the Raman dyes, the free Raman dyes 

of SQ740 in an aqueous solution (black, Figure 4a) and the SQ740-conjugated GSHE-Au 
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nanoclusters (green, Figure 4a) showed fluorescence background that was still dominant over 

Raman scattering when excited at 785 nm. However, when the Raman dyes were conjugated to 

the GSHE-Au supraclusters, the contribution from Raman scattering increased, and fingerprint-

like Raman peaks became more prominent (orange, Figure 4a). It turned out that, among the 

supraclusters, the GSHDE-Au supraclusters displayed the most prominent Raman spectra of the 

Raman dyes with significant fluorescence suppression (red, Figure 4a).  

We compared the Raman scattering brightness of the SQ740 (red, SQ740-Supraclusters, 

Figure 4b) and TQ7WS (blue, TQ7WS-Supraclusters, Figure 4b)-conjugated GSHDE-Au 

supraclusters to that of the commercially available 60 nm gold nanoparticles-based SERS nanotags 

of trans-1,2-bi-(4-pyridyl) ethylene (black, BPE-SERS Nanotags, Oxonica Materials, Inc, Figure 

4b). Both supraclusters exhibited the Raman peak intensity that is twice as high as that of the BPE-

SERS nanotags at 1 pM, and the brightness of the supraclusters, which was defined by the 

spectrally integrated Raman intensity, was one order of magnitude higher than the BPE-SERS 

nanotags (Figure 4b).  The sensitivity and the limit of the detection for the Raman scattering 

brightness for the supraclusters were one order of magnitude higher (14.9±4.6 fM for TQ7WS-

Supraclusters, blue, and 15.3±4.4 fM for SQ740-Supraclusters, red, Figure 4c and Supporting 

Information Figure S4) than the BPE-SERS nanotags (154±93 fM, black, Figure 4c and Supporting 

Information Figure S4), which demonstrates the potential for the supraclusters to replace large 

gold nanoparticles-based SERS nanotags for in vivo Raman imaging application.    

To elucidate the origin of bright Raman scattering of the supraclusters, we first estimated 

the enhancement factor (EF) by comparing the Raman intensity when the concentration of the 

supraclusters-loaded dyes was matched with that of free dyes (Figure 4d and e). The enhancement 

factor determined for the supraclusters was 3.26±0.85 for the SQ740 dyes (Figure 4d) and 
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12.44±2.91 for the TQ7WS dyes (Figure 4e), which were not as large as that for the large gold 

nanoparticles-based SERS nanotags (~10,000).44 Furthermore, no Raman signals were detected 

when the supraclusters were excited at the wavelength of 532 nm, which is in the resonance of the 

localized surface plasmon for the supraclusters, indicating that there was no significant 

contribution of the local electromagnetic field enhancement to the brightness of the supraclusters. 

Note that the size of the nanocluster building blocks of 2.7 nm, which was limited by the threshold 

for renal clearance, also limited the strength of plasmonic coupling.45 On the other hand, previous 

reports suggested that even slightly larger nanocluster building blocks over 5 nm allowed strong 

plasmonic coupling within the supraclusters that resulted in the broad SPR band at NIR, which 

would further increase the enhancement factor. However, this will sacrifice the clearance efficacy 

of the nanocluster building blocks.37   

On the other hand, the GSHDE-Au supraclusters demonstrated ultrahigh loading capability 

of bright resonant Raman dyes and suppression of fluorescence background by the large metallic 

supraclusters. The number of Raman dyes loaded in the supraclusters was determined from the 

extinction spectra by fitting with the unconjugated GSHDE-Au supraclusters (Figure 4f and g), 

which yielded 5.9(±2.2)×105 dyes (SQ740, Figure 4f) and 10.0(±2.8)×105 dyes (TQ7WS, Figure 

4g) per supracluster. This loading capacity outperformed the estimated maximum loading capacity 

of the BPE dyes on 90 nm gold nanoparticles (14,000 dyes per nanoparticle)46 by up to 70-fold. 

Furthermore, the large supraclusters provided a significant reduction of fluorescence background 

(×6) for the SQ740 supraclusters, which further enabled facile identification of the Raman spectral 

fingerprint (Figure 4a). We interpret the fluorescence quenching due to efficient charge transfer 

between the supraclusters and the Raman dyes.47 The fluorescence quenching benefits from the 

supracluster formation since larger nanoparticles allow a reservoir for efficient charge transfer with 
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resonant dyes.48 Note that fluorescence quenching was most prominent for the GSHDE-Au 

supraclusters, which provided the most reduced negative surface charge among the supraclusters 

(Figure 3d) and would facilitate more efficient charge transfer. 

Considering the Raman cross-section of NIR-resonant Raman dyes is typically ~10-25 

cm2/molecule, which is four orders of magnitude brighter than the non-resonant Raman dyes of 

BPE (~10-29 cm2/molecule),49,50 overall, we elucidate that the contribution of high loading (×70) 

of bright NIR-resonant Raman dyes (×104), a small enhancement factor (×10) along with 

fluorescence quenching by the large metallic supraclusters were sufficient to make the 

supraclusters as bright as the large gold nanoparticles-based SERS nanotags with large local 

electromagnetic field enhancement (×104~106). This demonstration of SERS-compatible Raman 

scattering brightness of supraclusters is of significant importance since it enables combining the 

biodegradable design of supraclusters and the in vivo imaging utility of SERS imaging.  

In vivo Raman imaging of tumors. We also investigated the pH stability of the supraclusters 

within the range of pH 3.0 to 7.4. The supraclusters were stable in acidic conditions of pH ranging 

from 3 to 5.5 but disassembled into nanocluster building blocks at pH above 6, as shown in the 

transmission electron microscope (TEM) images and blue shift of the LSPR peak from 555 nm to 

515 nm (Supporting Information Figure S5a and b). Along with the disassembly above pH 6.0, the 

Raman intensity was reduced by half, and the contribution of the fluorescence background to 

overall emission increased at pH 7.4 (Supporting Information Figure S5c). Such pH-responsive 

disassembly indicates imperfect covalent crosslinking between the nanoclusters, and we attribute 

the supracluster formation to both covalent crosslinking of the nanoclusters with both ends of 

BS2G and van der Waals interaction among the BS2G-conjugated nanoclusters on one side 

(Supporting Information Figure S6a). Then, the deprotonation of the carboxylic acid on the BS2G-
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conjugated nanoclusters at a higher pH would result in negative surface charge and repulsive forces 

between the nanoclusters for disassembly (Supporting Information Figure S6b).51  

Since cancer provides acidic cellular pH and in vivo tumor microenvironment,52 we utilized 

the pH-response of the Raman supraclusters for in vivo imaging of the acidic tumor environment. 

We prepared 4T1 subcutaneous tumor xenograft models in nude mice, and 20 L of 30 pM SQ740-

supraclusters in saline solution were administered intratumorally (n=3) in the same way as the 

BPE-SERS nanotags that were previously utilized for in vivo Raman imaging after intratumoral 

injection.15 The subcutaneous tumors were scanned with a Raman microscope under 785 nm 

excitation while the mice were under anesthesia (Figure 5a). For a control experiment, we also 

performed in vivo Raman imaging of the normal tissue region where the supraclusters were 

administered subcutaneously. 

Figure 5b shows the representative emission spectra of the tumors and normal tissue 

regions after the injections. While both regions displayed dominating fluorescence over Raman 

scattering, indicating that a significant amount of the supraclusters were dissociated, the Raman 

spectral peaks of the SQ740 supraclusters were clearly identified in tumors (red, Figure 5b).  

The Raman images were generated through a least square analysis of the Raman spectra, 

applying the spectrum of the SQ740-supraclusters as a basis and displaying its correlation with the 

in vivo Raman spectrum at each pixel from 0 to 1. Figure 5c demonstrates that the Raman spectral 

image of a tumor exhibited a high correlation with the spectrum of the SQ740 supraclusters, with 

5 to 95% of the pixel intensities to be within the range of 0.25~0.71 with an average value of 

0.50±0.12 (upper panel, Figure 5c and e). On the other hand, the Raman image of a normal tissue 

exhibited that the in vivo spectra match with the spectrum of supraclusters only within the intensity 

range of 0.09~0.32 and with an average value of 0.17±0.06 (upper panel, Figure 5d and e). The 
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representative in vivo Raman spectra of the tumor also shows that the Raman spectrum of the 

supraclusters dominantly contributed to the in vivo Raman spectra of the tumor, in which all the 

major peaks of SQ740 Raman spectrum can be identified (lower panel, Figure 5c). The average 

Raman intensity of the supraclusters at the tumor site was 11 times higher than that of the 

background in vivo Raman spectra at the tumor site without supraclusters administration, 

demonstrating the supraclusters provide sufficient sensitivity for in vivo tumor imaging (Figure 

5f). In contrast, at the normal tissue region, the Raman intensity of the supraclusters decreased 

below that of the background Raman spectra (lower panel, Figure 5d). For in vivo Raman images 

obtained from the 4T1 tumor xenograft mouse models (n=3), the contribution of the Raman 

spectrum of the supraclusters to the in vivo Raman images reflected to the average pixel intensity 

was 2.2 times greater in tumors (0.44±0.17) than in normal tissues (0.20±0.04) (P=0.043, Figure 

5g). The contrast of the Raman response in tumors and normal tissues (×2.20) was similar to the 

previously reported in vivo photoacoustic imaging with pH-sensitive “smart” gold nanomaterials 

composed of 10 nm gold nanoparticles (×1.96).53 Our results demonstrate that while the narrow 

pH window for the bright Raman scattering inevitably reduced the Raman intensity of the 

supraclusters at the physiological condition in vivo, it was sufficient enough to perform in vivo 

Raman imaging of tumors that provide more acidic environments.52  

Pharmacokinetics of the supraclusters. Finally, we evaluated the long-term pharmacokinetics 

of the gold supraclusters after systemic administration to nude mice. We intravenously 

administered the supraclusters at the dose of 160 g gold (8 mg per kg body weight), which was 

equivalent to 6 fmol of the supraclusters (200 L × 30 pM). For comparison, we also administered 

60 nm PEGylated gold nanoparticles in the same dosage of gold to the control group of mice. Then, 

the biodistribution of supraclusters and nanoparticles in the heart, lung, liver, spleen, and kidney 
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were tracked with inductively coupled plasma-optical emission spectroscopy (ICP-OES) and TEM 

(Figure 6 and Supporting Information Figures S7 to S9). The supraclusters and the nanoparticles 

were mostly accumulated in the liver, spleen, and kidney, which is in accordance with the previous 

reports on the pharmacokinetics of large nanoparticles.22,30,36,37 They were not detected in the heart 

and lung over the period of analysis. 

While the 60 nm gold nanoparticles did not exhibit apparent signs of clearance from the 

liver and spleen, the supraclusters were excreted slowly over 4 months (Figure 6a). In the initial 

period of 1 and 3 days post-injection, TEM images revealed lots of supraclusters within the liver 

were located near blood vessels in either form of intact supraclusters (upper panel, Figure 6b) or 

dissociated nanoclusters (lower panel, Figure 6b). We also observed the supraclusters were 

internalized in the liver and spleen, dissociated into nanoclusters, and distributed through the 

tissues, resulting in a decrease in the local density of the dissociated gold nanoclusters in the tissues 

during the first 7 days after injection (Figure 6c and Supporting Information Figure S7). Such 

dissociation and redistribution of the nanoclusters were reflected in the rapid decrease of gold 

content within the tissues in the ICP-OES result (Figure 6a). After the first week, no significant 

change was observed in the TEM images (Supporting Information Figure S7), but the ICP-OES 

result showed slow and steady excretion of the gold content. As a result of the steady clearance, 

75% (248 (3 days post-injection) to 63%ID/g) and 92% (147 (1 day post-injection) to 14%ID/g) 

of the initially internalized gold supraclusters were removed from the liver and spleen, 

respectively, over a period of 4 months. The level of gold excretion from the liver was superior to 

the previous results of metallic supraclusters (~50%), which were designed to replace large gold 

nanoparticles.36,37 It is also notable that all the previously developed supraclusters demonstrated 

less efficient splenic than hepatic excretion30. In contrast, our supraclusters exhibit more efficient 
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and nearly perfect excretion from the spleen. By far, little has been known about the splenic 

clearance mechanism of nanoparticles, which has been even less studied than hepatic excretion. 

We hypothesize that the physiologically stable glutathione esters-capped nanoclusters after the 

supracluster dissociation may undergo different splenic excretion mechanisms from either 

hydrophobic or physiologically unstable nanoclusters, which were previously used for 

supraclusters assembly. The biodistribution analysis also shows the complete clearance of the 

supraclusters from the kidneys within a month (Figure 6a). Compared to the liver and spleen, the 

TEM examination rarely identified the supraclusters in the kidneys but primarily at the glomerulus 

basement membrane and the intercellular space within proximal convoluted tubules as a form of 

dissociated nanoclusters, which suggests a contribution from the renal clearance pathway 

(Supporting Information Figure S8).  

To achieve high excretion of the supraclusters, which is critical for the translation of this 

research, we precisely controlled the size of the nanocluster building blocks below the renal 

clearance threshold. It has not been determined to what extent the renal clearance of the 

nanoclusters contributes to the hepatic and splenic excretion of the supraclusters.54 However, it is 

clear that reducing the size of the nanocluster building blocks is also critical for faster hepatic 

clearance.55 Previous work on the excretion of 5 nm plasmonic nanoclusters-assembled 

supraclusters showed inefficient excretion compared to 1 nm molecular nanoclusters-assembled 

supraclusters.37 While a reduction in the size of the nanoclusters down to 1 nm led to more efficient 

excretion, this led to a loss of metallic properties for the gold nanoclusters. Overall, our result is 

the first to demonstrate significant excretion of metallic gold structures from all three RES organs 

of the liver, spleen, and kidney.  
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In contrast to the efficient dissociation and excretion of the supraclusters, the TEM images 

of the intravenously administered PEGylated 60 nm gold nanoparticles taken up by the liver and 

spleen displayed no morphological change over the same period of 4 months, which is in 

accordance with the previous reports (Supporting Information Figure S9).22  

We examined the histopathology of the supraclusters-administered mice from the first day 

and week to the fourth month after the injection. The hematoxylin and eosin (H&E) stained tissues 

of the liver, spleen, kidney, heart, and lung revealed no evidence of inflammation and tissue 

damage at both the early and late stages of supracluster uptake (Supporting Information Figure 

S10). This result suggests good long-term in vivo biocompatibility of the supraclusters and further 

strengthens their translatability in addition to their efficient excretion. 

CONCLUSION 

In conclusion, we have demonstrated gold supraclusters that show high excretion efficacy 

with greater than 75% hepatic excretion within 4 months and nearly complete clearance from the 

spleen and kidney while displaying prominent Raman scattering as bright as the large gold 

nanoparticle-based SERS nanotags.  Therefore, this work lays a new strategy for designing gold 

nanomaterials for clinical applications. The demonstration of the in vivo Raman imaging described 

here further expands the translational utility of biodegradable gold supraparticles in addition to the 

previously reported computed tomography,29,30 photoacoustic imaging,31,32 and photothermal 

therapy.33,34 While the translation of in vivo Raman imaging has been attempted only in the 

colonoscopy setting since it can bypass the hepatic and renal clearance pathway,56,57 the Raman 

supracluster approach described here will broaden clinical applications beyond the gastrointestinal 

tract by enabling the systemic administration of gold nanomaterials.  
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MATERIALS AND METHODS 

Synthesis of gold nanocluster building blocks. The gold nanoclusters were synthesized with the 

adoption and modification of the Kornberg method. To obtain glutathione monoethyl ester (GSHE, 

Cayman Chemical) and glutathione diethyl ester (GSHDE, BACHEM)-coated gold nanoclusters 

(GSHE-Au and GSHDE-Au nanoclusters), 3-mercaptobenzoic acid (3-MBA, Sigma-Aldrich)-

capped gold nanoclusters (3-MBA-Au nanoclusters) were synthesized first. 0.047 g of gold 

chloride and 0.1295 g of 3-MBA were each dissolved in 10 mL of methanol. Then, the gold 

chloride solution was added to the 3-MBA solution, and 50 mL of deionized water and 6 mL of 

1N sodium hydroxide solution were sequentially added, which produced a transparent yellow gold-

mercaptobenzoic acid complex stock solution. The stock solution was held overnight, and its color 

changed to colorless transparent. 70 mL of methanol and 190 mL of deionized water were added 

to the overnight aged stock solution, and freshly dissolved 25 mg of sodium borohydride in 1 mL 

water was added to initiate the nanocluster growth. After 4.5 hours of reaction, 1.96 g of sodium 

chloride in 10 mL aqueous solution and 600 mL of methanol were added to precipitate the 

nanocluster powder overnight. The nanocluster powder was washed with methanol several times, 

dried in the air, and dispersed in 0.1M HEPES buffer (pH=7.3). For the ligand exchange of 

nanoclusters from 3-MBA to glutathione (ester), 100 mg of glutathione monoethyl ester or 

glutathione diethyl ester was added to the nanoclusters in HEPES buffer solution and reacted 

overnight. The ligand-exchanged nanoclusters were purified with a Microcon(R) centrifugal filter 

(Millipore, molecular weight cutoff of 3kDa) and with PD-10 desalting columns. For control 

experiments, the size of the gold nanoclusters was controlled by changing the 3-MBA to gold 

chloride ratio from 3 to 7 and the added amount of 1N sodium hydroxide solution from 2 mL to 6 

mL. For the synthesis of glutathione (GSH)-coated gold nanoclusters (GSH-Au nanoclusters), 
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0.082 g of gold chloride was dissolved in 10 mL of methanol, and 0.26 g of GSH was dissolved in 

10 mL of deionized water, respectively, and the gold chloride in methanol solution was added to 

the GSH in water solution. Then, all the other synthetic procedures were kept the same as the 3-

MBA-Au nanoclusters. All the nanoclusters were filtered with a 0.02 m syringe filter (Whatman) 

before further use. For Supporting Information Figure S2, the average size of the GSH-Au 

nanoclusters was controlled by changing the molar ratio of gold chloride to GSH from 2 to 6. 

Synthesis of Raman supraclusters. For the synthesis of the Raman supraclusters, 1.4 mg 

(equivalent to 7 mol gold ion and approximately 7 nmol of gold nanoclusters) of GSH, GSHE, 

and GSHDE-capped gold nanoclusters dispersed in 10 mL of 0.1M HEPES buffer (pH=7.3) were 

mixed with 1 mg of Bis[Sulfosuccinimidyl] glutarate (BS2G, Thermo Fisher Scientific) in 1 mL 

of 0.1M HEPES buffer solution and incubated at room temperature for 3 hrs. Then, 0.1 mg of NIR-

resonant Raman dyes of SQ-740-NHS (SQ740, SETA Biomedicals) or Tide QuencherTM 7WS 

succinimidyl ester (T7WS, AAT Bioquest) was added to the incubating solution and held at room 

temperature overnight. After the overnight reaction, the supraclusters were retrieved via the 

centrifuge at 1,500g for 15 min, while unreacted nanoclusters remained as supernatant. The 

retrieved supraclusters were washed with deionized water four times.  

Characterizations of nanoclusters and supraclusters. The size and morphology of the gold 

nanoclusters and supraclusters were characterized using transmission electron microscopy (TEM, 

JEM 1400, JEOL, 120 kV with LaB6 emitter) and high-resolution TEM (FEI Tecnai G2 F20X-

Twin microscope at 200 keV). With the TEM images, the size distribution of the nanoclusters was 

analyzed with ImageJ software (NIH). For hydrodynamic size measurements of the nanoclusters, 

Biozen SEC-2 size exclusion chromatography column (Phenomenex) was employed in the high-

performance liquid chromatography (HPLC) setup, and the nanocluster size was derived by eluting 
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20.0 L of the sample with PBS buffer at a flow rate of 0.5 mL/min and calibrating the 

chromatograph with that of the protein standards (Bio-Rad). The hydrodynamic size and zeta 

potential of supraclusters were determined using a Zetasizer NANO ZS-90 instrument (Malvern). 

The concentration of the supraclusters was determined using Nanoparticle Tracking Analysis 

(NanoSight, Malvern). The UV-VIS-NIR spectra of the nanoclusters and supraclusters were 

obtained using a 96-well microplate reader.  

Raman spectroscopy of supraclusters. The Raman spectra of the supraclusters were obtained 

by illuminating the Raman supraclusters solution in a 96-well plate using a confocal Raman 

microscope with 785 nm NIR-diode laser excitation (InVia Qontor, Renishaw), of which the 

incident power was 150 mW from the objective lens (×5, NA=0.15). The spectra were collected 

with an integration time of 1 second from the CCD spectrometer with a grating of 1200 

groove/mm, which provides a spectral resolution of 1.07 cm-1. To obtain multiple numbers of 

spectra within the same solution for statistical analysis, the 96-well plate filled with the Raman 

supraclusters was scanned with the microscope with a step size from 100 to 200 m to obtain 300 

points per well. 

The enhancement factor (EF) of the supraclusters was calculated using the following equation:  

𝐸𝐹 =
Isupraclusters Cdyes 

IdyesCdyes−supraclusters
 

, where Isupraclusters and Cdyes-supraclusters are the Raman intensity, and the concentration of the Raman 

dyes which were conjugated in supraclusters, respectively, and Idyes and Cdyes are the Raman 

intensity and the concentration of the free Raman dyes in aqueous solution, respectively. Cdyes-

supraclusters was determined by fitting the UV-VIS spectra of the Raman dyes-conjugated 

supraclusters with the unconjugated supraclusters to extract the Raman dye component. We 
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hypothesized that the absorption coefficients of dyes within the supraclusters were the same as the 

free Raman dyes.  

For the sensitivity measurement of the supraclusters, surface-enhanced Raman scattering (SERS) 

nanotags of S440 (Oxonica Materials, Inc.) were used as a control, in which trans-1,2-bis(4-

pyridyl)-ethylene (BPE) was coated onto 60 nm gold nanoparticles and encapsulated with 35 nm-

thick silica shell (BPE-SERS nanoparticles). The brightness of Raman scattering was determined 

from the area under the curve values of the Raman spectra by integrating the Raman intensity (y-

axis) over wavenumber (x-axis). The limits of detection for the concentration of the supraclusters 

were calculated from the extrapolation of the sensitivity plots to the points, which intersect four 

times the standard deviation of the background Raman signals (Supporting Information Figure 4). 

Animal experiments. All procedures performed on the animals were approved by the Institutional 

Animal Care and Use Committee at Stanford University (APLAC #14465) and followed the NIH 

guidelines for the humane care of laboratory animals. Female 8-week-old nude mice (Envigo) were 

used for all in vivo studies.  

In Vivo Raman imaging of supraclusters in tumor xenograft nude mice. Subcutaneous tumor 

xenograft models were prepared by inoculating 4T1 breast cancer cells (2×106 cells/mouse) into 

the hind leg of the nude mice (n= 3). We performed in vivo Raman imaging when the tumor size 

was grown to ~1 cm3, as determined by caliper measurements.  

For the in vivo Raman imaging, 20 L of the 30 pM Raman supraclusters in saline solution was 

intratumorally administered into the subcutaneous tumors in the tumor xenograft nude mice (n=3).  

1 hr after injection, the tumor-bearing mice were placed on the Raman microscope stage and put 

under anesthesia with 2~3% isoflurane delivered in 100% oxygen for noninvasive Raman imaging 

(Figure 5a). The subcutaneous tumors were scanned with 785 nm diode laser equipped in the 
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confocal Raman microscope, of which the incident power was 20~80 mW from an objective lens 

(×5, NA=0.15), for 10 seconds duration time per 500 m steps. The imaging generally took an 

hour to scan the entire area of a subcutaneous tumor. 

The Raman images were generated through the least squares component analysis of the in vivo 

Raman spectrum at each pixel using the spectrum of the SQ740-supraclusters as a basis, 

normalization with a mean center, scale to unit variance, and color coding of the normalized 

intensities using WiRE 5.5 software (Figure 5c and d). The generated Raman images were 

processed with ImageJ for statistical analysis (Figure 5e and g).  

 

Biodistribution and animal study. 160 g of the supraclusters or nanoclusters were 

systematically administered to nude mice. As a control experiment, the same dose of 60 nm gold 

nanoparticles capped with mercapto-poly(ethylene glycol) was administered to the nude mice. 

Mice were sacrificed after 1, 3, 7, 14, 28 (1 month), 60 (2 months), and 120 (4 months) days, and 

liver, spleen, kidney, heart, and lung were collected and fixed with 4% paraformaldehyde. The 

organs were digested with 70% nitric acid, and the gold concentration was determined from 

inductively coupled plasma optical emission spectroscopy (ICP-OES). For the TEM analysis, the 

paraformaldehyde-fixed tissues were post-treated with 2% osmium for 40 min. The samples were 

dehydrated in a series of ethanol dilutions ranging from 50 to 100% and then kept in a series of 

absolute ethanol and Epon resin mixtures in ratios of 2:1, 1:1, and 1:2, followed by pure Epon 

resin overnight. The embedded resin was cured in a 60 °C oven for 48 hours. The samples were 

then cut into 80 nm ultrathin sections and mounted on a copper grid. The final samples were stained 

with uranyl acetate and lead citrate and examined under TEM (JEM-2100F, JEOL) at an 

accelerating voltage of 200 kV in the Korea Basic Science Institute, Chuncheon.  
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For the renal clearance test of the nanoclusters, 160 g of the nanoclusters was injected into nude 

mice via tail vein. Then, the mice were placed in the metabolic cages.  The urine was collected for 

24 hrs and 48 hrs, dissolved in 70% nitric acid, and gold content was analyzed with inductively 

coupled plasma mass spectrometry (ICP-MS, n=4).  

Histological Analysis. Histological examination of the organs was performed based on the tissue 

sections of the liver, spleen, kidneys, heart, and lung, which were collected from the nude mice 1 

day, 1 week and 4 months after the administration of 6 fmol of the supraclusters and stained with 

hematoxylin and eosin (H & E). A veterinary pathologist conducted the blind test for the H & E 

stained tissues.  

Statistical Analysis. The Raman intensity data were obtained from multiple points scanning 

measurements, and the mean and the standard deviation were derived from the multiple points 

data. The error bars in the normalized standard curves of the Raman intensities are the standard 

deviations (Figure 4c). The generated in vivo Raman images were processed with ImageJ software 

(NIH) for statistical analysis of the pixel intensities (Figures 5e and g). The standard deviation of 

average pixel intensities and their standard deviations were obtained from multiple measurements 

of three different tumor xenograft nude mice (n=3, Figure 5g). Unpaired t-test was performed to 

compare the two groups of tumors and normal tissues. Biodistribution of the supraclusters was 

derived from the ICP-OES analysis of the supraclusters-uptaken tissues with the errors bar 

representing the standard deviations of the gold content in organs measured from three different 

nude mice per period (n=3, Figure 6a).  
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Figure 1. (a) A schematic comparison of a gold nanoparticle and a supracluster. (b) A scheme of 

spherical and branched gold supraclusters that are biodegradable and excretable as nanoclusters in 

the liver and spleen and perform in vivo Raman imaging of tumors.  
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Figure 2. Synthesis of excretable gold nanocluster building blocks. (a) Transmission electron 

microscope (TEM) images of 3-mercaptobenzoic acid (3-MBA)-capped gold nanoclusters. Scale 

bar: 50 nm. (b) UV-VIS spectra of the gold nanoclusters displaying the emergence of localized 

surface plasmon resonance upon the size control over 2 nm. (c) UV-VIS spectra of the 2.7 nm gold 

nanoclusters before (3-MBA-Au NCs, black) and after ligand exchange with glutathione diethyl 

ester (GSHDE-Au NCs, red) and glutathione monoethyl ester (GSHE-Au NCs, blue). (d) Gel 

filtration chromatography of the glutathione (ester)-capped nanoclusters, showing that the 

hydrodynamic diameters (HDs) were controlled below the threshold of renal clearance. The size 

regime above the threshold is marked as yellow (see Supporting Information Figure S1 for 

standard calibration and Supporting Information Figure S2 for the information on glutathione-

capped gold nanoclusters (GSH-Au NCs)). (e) Dynamic light scattering of the 2.7 nm GSHE-Au 

NCs exhibiting a similar HD as the size exclusion chromatography in (d).   

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 21, 2022. ; https://doi.org/10.1101/2022.10.18.512314doi: bioRxiv preprint 

https://doi.org/10.1101/2022.10.18.512314
http://creativecommons.org/licenses/by-nc-nd/4.0/


 24 

 

Figure 3. Synthesis of plasmonic supraclusters. (a) A reaction scheme for Raman supracluster 

synthesis. (b) Representative TEM images of supraclusters composed of glutathione-capped gold 

nanoclusters (GSH-Au supraclusters, left), glutathione monoethyl ester-capped gold nanoclusters 

(GSHE-Au supraclusters, middle), and glutathione diethyl ester-capped gold nanoclusters 
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(GSHDE-Au supraclusters, right). (c) High-magnification images of spherical GSH-Au 

supraclusters (left) and branched GSHDE-Au supraclusters (middle and right). (d) Zeta potentials 

of GSH-Au supraclusters (black, GSH-Au SC), GSHE-Au supraclusters (blue, GSHE-Au SC), and 

GSHDE-Au supraclusters (GSHDE-Au SC, red). (e) UV-VIS-NIR spectra of the GSHE-Au 

nanoclusters (GSHE-Au NC, black) and GSHE-Au supraclusters (GSHE-Au SC, blue and green) 

exhibiting the localized surface plasmon resonance peak red-shifted with the increase of BS2G 

crosslinker from 0.5 mg (blue) to 3 mg (green) in the supracluster synthesis. The inset shows the 

color change of the colloidal solution before (left) and after supraclusters formation (right). (f) 

Dynamic light scattering (DLS) of the supraclusters displaying the average size and the PDI of the 

supraclusters increased with the increase of the BS2G crosslinker in the synthesis. (g, h) UV-VIS-

NIR spectra (g) and dynamic light scattering (h) of the GSHDE-Au supraclusters (red, GSHDE-

Au SC), GSHE-Au supraclusters (blue, GSHE-Au SC), and GSH-Au supraclusters (black, GSH-

Au SC) when the size distribution was controlled with the PDI value of 0.1.   
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Figure 4. Raman spectroscopy of supraclusters. (a) The emission spectra of SQ740 Raman dyes 

in aqueous solution (black, free dye) and the SQ740-conjugated GSHE-Au nanoclusters (green, 

GSHE-NC), GSHE-Au supraclusters (orange, GSHE-Au SC), and GSHDE-Au supraclusters (red, 

GSHDE-Au SC). (b) Raman spectra of the SQ740-conjugated GSHDE-Au supraclusters (red, 

SQ740-Supraclusters), TQ7WS dyes-conjugated GSHDE-Au supraclusters (blue, TQ7WS-

Supraclusters), and the SERS nanotags of 1,2-bis(4-pyridyl) ethylene (black, BPE-SERS 

Nanotags) at the same nanoparticle concentration 1 pM. (c) Normalized standard curves of 
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integrated Raman intensities of the SQ740-Supraclusters (red), TQ7WS-Supraclusters (blue), and 

the BPE-SERS Nanotags (black). The limit of detections (LODs) calculated from the curves were 

15.3±4.4 fM (red), 14.9±4.6 fM (blue), and 154±93 fM (black) concentration of the nanoparticles, 

respectively (see Supporting Information Figure S4). The Raman intensities in the plot was 

normalized to the integrated Raman intensity of SQ740-Supraclusters measured at 10 pM. (d, e) 

The estimation of the enhancement factor (EF) of the supraclusters. Comparison of Raman spectra 

of the SQ740-Supraclusters and free SQ740 Raman dyes in aqueous solution when the 

supracluster-loaded dye concentration was matched the same as the free Raman dyes (d). 

Comparison of Raman spectra of the TQ7WS-Supraclusters and free TQ7WS Raman dyes in 

aqueous solution when the supracluster-loaded dye concentration was matched the same as the 

free Raman dyes (e). (f, g) UV-VIS-NIR spectra of the SQ740-Supraclusters (SQ740-SC, f) and 

the TQ7WS-supraclusters (TQ7WS-SC, g), which were fitted with non-conjugated GSHDE-Au 

supraclusters to derive the loaded amount of the Raman dyes per supracluster. For Figures 4b to e, 

the fluorescence backgrounds were removed, and only the Raman components were taken into 

account. The error bars (c) represent the standard deviations of the Raman intensities collected 

from multiple points (n=300) scanning per measurement.  
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Figure 5. In vivo Raman imaging of supraclusters in tumors. (a) A schematic photo of in vivo 

Raman imaging of a tumor xenograft nude mouse under a Raman microscope. The regions of 

interest (ROIs) were defined as rectangles for the tumor site (tumor) and normal tissue (control). 

(b) The representative in vivo spectra after intratumoral (red) and subcutaneous (green) injections 

of the SQ740-Supraclusters into 4T1 tumor xenograft live nude mice. * indicate the spectral peaks 

corresponding to the SQ740-Supracluster Raman spectrum.  (c, d) In vivo Raman images of 

supraclusters in the tumor site (c, tumor in a) and the normal tissue (d, control in a). The Raman 
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images were generated through the least square analysis of the Raman spectra in each pixel to 

match with the pure Raman spectrum of the SQ740-supraclusters, followed by the normalization 

with mean center and scale to unit variance, the color-coding of the normalized intensities, and the 

visualization of the intensities corresponding to 5 to 95% of the distributions (upper panels). The 

pixel value closer to 1 means a higher correlation of the spectrum with the supracluster Raman 

spectrum. Scale bar: 2 mm. The representative four points Raman spectra were obtained from the 

Raman images in the upper panels (lower panels). * indicate the spectral peaks corresponding to 

the SQ740-Supracluster Raman spectrum. (e) The pixel intensity distributions in the Raman 

images of the tumor site (c) and the normal tissue region (d). (f) The representative Raman 

spectrum of tumors with (red) and without supraclusters injection (black). (g) The average pixel 

intensities extracted from the in vivo Raman images of tumors (red) and normal tissues (green) of 

the tumor xenograft nude mice (P=0.043, n=3). The error bars represent the standard deviations of 

the average pixel intensities collected from multiple mice.  
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Figure 6. In vivo excretion of supraclusters. (a) In vivo biodistribution of the supraclusters (left) 

and nanoparticles (right) determined by quantifying gold ions in the liver, spleen, and kidneys with 

the ICP-OES (n=3). 160 g of supraclusters or nanoparticles were intravenously administered, and 

the liver, spleen, and kidneys were collected at different time points. (b) TEM images of the 

GSHE-Au supraclusters (upper row) and dissociated nanoclusters (lower row) in the region of the 

liver near blood vessels. The regions identifying supraclusters or nanoclusters were highlighted as 

squares and enlarged in the next columns. (c) TEM images of supraclusters-uptaken spleens at 3 

hours, 24 hours, 3 days, and 7 days after systematic administration of the GSHDE-Au 

supraclusters. The images were displayed in ascending order of magnification from left to right. 

The regions of supraclusters accumulation were highlighted as squares, enlarged in the next 

columns, and marked with yellow triangles in the third column. The fourth column is the high-

resolution TEM images identifying dissociated nanoclusters.   
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Table of Contents. A schematic of gold supraclusters that are biodegradable and excretable as 

nanoclusters and perform in vivo Raman imaging of tumors. 
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Figure S1. (a) Gel filtration chromatography of protein calibration standards. (b) Standard curve 

derived from (a) to estimate the hydrodynamic diameters (HDs) of the nanoclusters in Figure 2 

(main text).  

 

 

Figure S2. (a) A representative TEM image of 2.7±0.2 nm, glutathione-capped gold nanoclusters 

(GSH-Au NCs) utilized for supracluster synthesis in Figures 2 and 3 in the main text. (b, c) UV-

VIS spectra (b) and gel filtration chromatography (c) of the GSH-Au NCs with their average size 

control from 1.8 nm to 3.1 nm. The localized surface plasmon resonance peak emerges when the 

average size of the nanoclusters increases over 2.2 nm (b). Gel filtration chromatography of the 

GSH-Au NCs shows that the hydrodynamic diameter (HD) varies with the core diameter changes 

below the threshold of renal clearance (c). Note that the size of the GSH-Au NCs was controlled 

by changing the relative ratio of glutathione to gold chloride from 2 (1.8 nm, black) to 6 (3.1 nm, 

green).  
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Figure S3. The emission spectra of SQ740-conjugated (red, left panel) and TQ7WS-conjugated 

(blue, right panel) GSHDE-Au supraclusters.  

 

 

Figure S4. Limit of detections (LODs) calculated from the low concentration regime of the 

standard curves. (a to c) Linear plots of the Raman intensities at the low concentration regime (see 

Figure 4c in the main text) vs. concentration for the Raman scattering of the SQ740-Supraclusters 

(a), the TQ7WS-Supraclusters (b), and the BPE-SERS nanotags (c). The limits of detections 

(LODs) were calculated from the extrapolation of the linear plots to the points, which intersect 

four times the standard deviation of the background signals (horizontal line in each plot). The error 

bars represent standard deviations of the Raman intensities collected from multiple points (n=300) 

scanning per measurement. 
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Figure S5. (a) TEM images of the GSHDE-Au supraclusters at pH 4, 5, 6, and 7.4. (b) UV-VIS-

NIR spectra of the GSHDE-Au supraclusters under different pH from 3 to 7.4. The localized 

surface plasmon resonance (LSPR) peak shift from 555 nm to 515 nm at pH over 6 indicates 

dissociation of the supraclusters into the nanocluster building blocks. (c) Raman spectra of the 

SQ740-conjugated GSHDE supraclusters with the same pH variation as (b). 
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Figure S6. Schematics of the suggested mechanism of (a) supracluster formation and (b) 

disassembly at high pH.   
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Figure S7. TEM images of supraclusters-uptaken livers at 1 day, 3 days, 7 days, and 30 days after 

systematic administration of the GSHDE supraclusters. The images were displayed in ascending 

order of magnification from left to right. The regions of supraclusters accumulation were 

highlighted as squares, enlarged in the next columns, and marked with yellow triangles in the third 

column. 
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Figure S8. (a, b) TEM images of the dissociated nanoclusters which were found in the region of 

kidneys at the glomerulus basement membrane (a) and intercellular space within proximal 

convoluted tubule (b).  

 

Figure S9. (a) TEM image of 60 nm PEGylated nanoparticles used as control. (b) TEM images 

of the liver, spleen, and kidney, 4 months after systematic administration of the gold nanoparticles. 

The regions identifying nanoparticles were highlighted as squares and enlarged in the next 

columns. 
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Figure S10. Histological examination of liver, spleen, kidney, heart, and lung tissues treated 

with hematoxylin and eosin obtained at 1 day (left column), 1 week (middle column), and 4 months 

(right column) post-injection of supraclusters (n = 4). Scale bar: 50 μm. There is some red pigment 

within portions of the spleen, which is suspected as hemosiderin, a normal breakdown product of 

red blood cells. Overall, the examination confirms that there are no gross damages, inflammation, 

or necrosis of those organs particularly related to the administered supraclusters.  
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Table S1. Core diameter, hydrodynamic diameter, and renal clearance efficiency on the first and 

second day after injection for the GSH-Au, GSHE-Au, and GSHDE-Au nanoclusters used for 

Raman supracluster synthesis. 
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