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Abstract 

Aim: To study the difference in biodistribution of gold nanoprisms and nanorods, PEGylated 

to ensure colloidal stability. Methods: Surface changes were studied for nanoparticles in 

different media, while the biodistribution was quantified and imaged in vivo. Results: Upon 

interaction with the mouse serum, nanorods showed more abrupt changes in surface 

properties than nanoprisms. In the in vivo tests, while nanoprisms accumulated similarly in 

the spleen and liver, nanorods showed much higher gold presence in the spleen than in liver; 

together with some accumulation in kidneys, which was nonexistent in nanoprisms. 

Nanoprisms were cleared from the tissues 2 months after administration, while nanorods 
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were more persistent. Conclusions: The results suggest that the differential biodistribution 

is caused by size/shape-dependent interactions with the serum. 

 

Keywords: gold nanoparticles, anisotropic nanoparticles, toxicity, elimination, distribution, 

polyethylene glycol, PEG, biological corona, protein corona, surface charge. 

1. Introduction 

After several decades of remarkable discoveries and development, nanotechnology has 

been used to tackle a number of subjects in the biomedical field. The clinical application of 

nanoparticles, like any other novel therapy, is filled with lights and shadows that motivate 

approaches as equally as they render fascinating challenges. The hectic pace in terms of 

scientific publications is an expression of the potential of nanotherapy but can also lead us 

to overestimate our true understanding of its implications. 

Prominent amongst the materials used for nanoparticle-based therapies, gold nanoparticles 

possess a number of interesting and unique physical properties   as well as a remarkable 

versatility and ease of surface modification. Interestingly, by modifying the size and shape 

of the inorganic core of gold nanoparticles, it is possible to tune their optical properties to a 

certain range of electromagnetic frequencies. This gives gold nanoparticles a wide versatility  

making them suitable as highly efficient mediators/transducers for photothermal therapy[1–

3], imaging (both thermal[4] and optoacoustic[5]) or surface enhanced resonance 

spectroscopy (SERS)[6], to name a few. 

Briefly, gold nanotherapeutic platforms consist of an inorganic metallic gold core surrounded 

by an outer layer of molecules of a wide variety of chemical forms that prevents the inorganic 

core from aggregating and also offers certain properties which can be targeted, drug delivery 

capabilities and fluorescence, among others. Gold is considered a noble metal that generally 
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does not react easily with the biological tissues, and thus requires a longer amount of time 

before it is cleared from biological systems. On another note, most of the studies published 

to date take advantage of the ease of surface modification of gold, with an exhaustive 

research being carried out on the interactions and outer functionalization of the particle shell 

with a wide range of fluorophores, ligands, polymers and other molecules of biological 

interest[7]. As a result, the biocompatibility and surface chemistry of the different therapeutic 

nanoplatforms, also known as ‘synthetic identity’, are generally well understood and 

addressed for each particular case. However, the  application of these therapies to human 

patients involves a long and cumbersome process and the extent of their efficacy generally 

fails to fulfill their expectations[8]. This is concluded from the number of different 

nanotherapeutic approaches that are designed every year and tested in pre-clinical studies, 

from which just a handful of them reach the clinical stage and approval by  different 

administrations for  human testing and subsequent treatment[9,10]. 

In addition to the outer shell, the in vivo therapeutic effects are strongly influenced by the 

size and shape of the inorganic core, which can lead to a lower reach of the pathological 

target or accumulation in off-target organs which in turn may lead to a lower therapeutic 

effect and/or a dangerous accumulation [11]. From the very first contact of the nanoparticle 

with the blood serum, a so called ‘biomolecule corona’ forms around it, the nature of which  

varies in time while the nanoparticle is exposed to different conditions along its way to the 

target (or off-target) tissues or cell types. As a result of this interaction the outer functional 

shell is progressively covered by proteins and other biomolecules from the vicinity of the 

nanoparticle forming this biomolecule corona around the nanoparticle [12], ‘screening’ the 

surface ligands from their targeting receptors [13], while keeping almost intact certain 

physical properties of the inorganic core like their photothermal heating capabilities [14]. 

Although there has been a discrepancy of results in the literature [15], there is increasing 



4 
 

evidence that points toward the decline of the specific targeting of this ‘biological identity’ of 

the nanoparticles acquired in vivo compared to their former ‘synthetic identity’. Furthermore, 

the biological identity can in turn suffer further changes from the moment the particles are 

injected until they are finally eliminated from the body [12,16]. The aforesaid notwithstanding, 

it is not an overstatement to say that after a certain time of exposure to the metabolism, the 

importance of the size and shape of the core in the long degradation profile of gold 

nanoparticles may become significantly more decisive than the gradually-decreasing 

specificity and targeting abilities of their shell chemistry [17,18]. 

There is an urgent need to understand the influence of the shape of the inorganic core, 

especially during longer times of exposure. It was not until recent years that the influence of 

the size and shape of the core had been studied in greater detail [3,11], revealing interesting 

and sometimes discouraging results that could, and should, lead to a deeper consideration 

of said characteristics during the design of a novel therapy. However, most studies tend to 

resort to further shell modifications and functionality, overlooking the biodistribution in the 

absence of a targeting molecule or uptake-enhancement ligand, and/or ignoring the long-

term fate of the remaining inorganic core. Consequently, there is a general lack of literary 

resources regarding the fate of these gold nanoparticles in the long run, and the specific 

routes of elimination for each particular size and shape of particle needs further investigation. 

This study revolves around the comparison of two very distinct shapes of gold nanoparticles, 

triangular gold nanoprisms (NPr)[19] and nanorods (NR)[20,21], as an attempt to shed light 

on the influence of the shape in  biodistribution, tissue accumulation and/or cleansing in vivo. 

Both nanoparticles have similar optical properties of absorption  in the NIR range, which 

makes them both potentially useful as therapeutic[22], imaging[5,23,24] and particularly 

theragnostic[25–27] nanoplatforms due to the minimum damage they generate in adjacent 

untreated tissues. 
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In a previous study, we assessed the in vitro behavior of the nanoparticles, studying their 

internalization, sub-cellular location, toxicity and PTT capabilities in an in vitro model[28]. In 

the present study, summarized in Scheme 1, the same nanoparticles are tested using a 

murine model, and comparing the differential biodistribution, toxicity and elimination of the 

nanomaterials, as an attempt to determine the in vivo patterns of clearance of the gold during 

mid-term and longer term  post-injection (up to two months). Both types of nanoparticles 

were prepared with a similar surface chemistry, coated using hetero-bifunctional 

polyethylene glycol to ensure their colloidal stability and increase their circulation times, 

favoring their biodistribution in the organism, yet allowing the interaction with biomolecules 

from the biological environment[15]. 

To the best of our knowledge, this is the first time that an in vivo biodistribution and long-

term elimination study is performed regarding the comparison of gold nanoprisms with gold 

nanorods (a well-studied nanoparticle shape). 

2. Materials and Methods 

Materials 

Sodium hydroxide, sodium thiosulfate pentahydrate (99%), gold(III) chloride, hydroquinone, 

hexadecyl trimethyl ammonium bromide (CTAB; ≥99 %) and Tris base were purchased from 

Aladdin®, Shanghai, China. Heterobifunctional polyethylene glycol (HS-PEG-COOH, MW = 

5000 g/mol (5 kDa)) was purchased from qiLab. Trichloroacetaldehyde hydrate (≥99.5 %), 

chlorhydric acid, boric acid, potassium iodide, sodium borohydride (≥96 %), 

ethylenediaminetetraacetic acid (EDTA), agarose, glycerol, 4 % paraformaldehyde and 

perchloric acid were purchased from Sinopharm Chemical Reagent Co., Ltd. Nitric acid and 

silver nitrate were purchased from Shanghai Lingfeng Chemical Reagent Co., Ltd. Sterilized 

0.9 % NaCl injectable solution was purchased from Shandong Hualu Pharmaceutical Co., 
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Ltd. Ethanol (96 %) for surface sterilization was purchased from Changshu Yangyuan 

Chemical Co., Ltd. All glassware was washed with aqua regia and rinsed with distilled water. 

For the UV-Vis spectra characterization, a Cary 50 Conc and a Cary 5000 UV-Vis-NIR 

spectrophotometers (both from Varian), and a V670 spectrophotometer from Jasco were 

used, the first one was used for the gel purification of NPr, the second one for the 

characterization of NR and all the media stability tests, and the third one for the 

characterization of NPr. The centrifugation of nanoparticles was carried out in a MiniSpin 

and 5804R centrifuges (Eppendorf). For nanoparticle gold characterization, an iCAP™ 7600 

ICP-AES (Thermo Fisher Scientific) was used. For the measurements of the surface charge 

of the nanoparticles a NanoBrook Omni (Brookhaven) was used. The incubation of the 

nanoparticles during the characterization was performed using a ZHWY-100B orbital 

incubator (ZHCheng). The gold content in the tissues was measured by an iCAP™ Q ICP-

MS (Thermo Fisher Scientific). Both the H&E preparation and DAPI were made by “Servicio 

Científico Técnico Microscopía y Anatomía Patológica” of CIBA (IACS-Universidad de 

Zaragoza). H&E samples were imaged with a slide scanner microscope (ZEISS Axio 

Scan.Z1) and RCM was performed using a ZEISS LSM 880 Confocal Laser Scanning 

Microscope. 

2.1 Synthesis of nanoparticles 

Gold nanorods (NR) 

A seeded-growth method was used for the synthesis of NR, based on a previously reported 

protocol[28,29]. This method consists in the preparation of two solutions, a seed solution 

consisting of small nanoparticles that will serve as seeds upon being diluted into a growth 

solution consisting of a reduced Au. The seed solution was prepared by mixing 5 mL of 

HAuCl4 1 mM with 5 mL of CTAB 200 mM, and then supplemented with 460 µL of a solution 

containing 10 mM of NaBH4 and NaOH while shaking until the solution turns into a light-
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brown color, which occurs when the seeds have been formed. This solution was stored at 

room temperature before use (no more than 1 hour). The growth solution was prepared with 

50 mL CTAB 200 mM and the sequential addition of 50 mL HAuCl4 1 mM, 700 µL AgNO3 

100 mM, 1 mL Hydroquinone 500 mM in that order, followed by the addition of 1.6 mL of the 

previously prepared seed solution. All these additions were performed while mixing. The 

resulting solution was aged for 5 h at 26 ºC in a water bath without shaking. After 1 hour of 

aging the solution starts acquiring a slightly brownish-red color and reaches a maximum of 

absorbance in the NIR range after 5 h. After this, the nanoparticles were centrifuged at 

15,000 g for 15 min at 30 ºC and resuspended in 100 mL dH2O. The purpose of this washing 

step is to prevent the highly concentrated CTAB from crystallizing in the solution during the 

PEGylation of the NR. 

The PEGylation of the NR was performed in two steps. Each step consisted in the 

preparation of a solution of 4.925 mg of PEG (SH-PEG-COOH 5 KDa) diluted in 1 mL of 

dH2O, supplemented with 37 µL of NaBH4 for several minutes ice-cold, that is added to the 

solution containing the nanoparticles. The pH is then raised by adding 200 µL NaOH 1M. 

For the first PEG addition, the resulting solution containing NR and the PEG was incubated 

overnight at room temperature. After the incubation, the solution is centrifuged at 15,000 g 

for 10 min at 30 ºC and resuspended in dH2O. Then the second PEG addition was performed, 

but this time the resulting solution was sonicated for 15 min at 60 ºC. After the sonication, 

the resulting solution was washed twice by centrifugation at 15,000 g for 10 min and 30 ºC, 

the first time through resuspension in 75 mL of dH2O and the second time with 15 mL dH2O. 

After this last centrifugation the UV-Vis spectra and the SEM images were collected. Also 

the ζ-potential was measured at different conditions. 
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Gold nanoprisms (NPr) 

The synthesis was a slight modification of a previously reported protocol[19,28]. Firstly, three 

solutions were prepared: 220 mL of Na2S2O3 0.5 mM supplemented with 20 uL of KI 100 

mM (solution A), 100 mL of Na2S2O3 0.5 mM without KI (Solution B) and 200 mL of HAuCl4 

2 mM (solution C). Then the entire volume of solution C (200 mL) was mixed gently with 110 

mL of solution A for approximately 30 seconds, and incubated for 210 seconds without 

shaking. Then, the remaining 110 mL of solution A was added following the same approach 

and incubated for another 210 seconds. Finally, the entire volume (100 mL) of solution B 

was added to the mixture and incubated for 1 hour prior measurement of the UV-Vis spectra. 

All additions and incubations were performed at room temperature (~25 ºC) and without 

shaking. 

In order to coat the NPr to improve their colloidal stability and biocompatibility, a 

concentration of PEG (SH-PEG-COOH 5KDa) was added, in a 1:2 weight ratio (NPr:PEG) 

of the total gold added during the synthesis. The amount of PEG required was diluted in 1 

mL of dH2O and supplemented with an amount of NaBH4 at a 1:1 ratio in order to prevent 

the formation of S-S bonds between molecules of PEG. The resulting solution was added to 

the aforementioned volume containing the NPr and the pH was raised to 12 with NaOH 1 M. 

Then, the solution was sonicated at 60 ºC for 1 hour. Finally, the solution was concentrated 

by centrifugation at 6240 g for 30 minutes at room temperature and the by-products and the 

unreacted compounds were removed by washing through centrifugation at 6,000 rpm (2415 

RCF) for 9 minutes and resuspending the pellets in dH2O three times. The resulting solution 

containing gold nanoparticles was measured by UV-Vis and imaged by SEM. 

Agarose gel purification of gold nanoprisms 

After the first characterization, NPr revealed a high amount of pseudo-spherical 

nanostructures that could not be removed by centrifugation. In order to separate the two 
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distinct types of nanoparticles 2.5 % agarose gels were prepared using TBE 0.5X. A big well 

was prepared and loaded with 500 µL of nanoparticles at 23.2 OD/mL (approximately 0.8 

mg/well of gold using a previously described constant of 1 OD = 29 mL mg-1 cm-1) (Alfranca, 

Artiga et al. Nanomedicine 2016). The nanoparticles were also supplemented with glycerol 

at a final concentration of 5.7 %, to increase the density of the solution facilitating the loading 

of the well. Various conditions of voltage and exposure time to current were tested. After 

each run, the gels were incubated in the well with the power off for 60 min in order to allow 

the NPr retained in the wall of the well to diffuse back to the buffer. After the procedure, the 

pseudo-spherical nanostructures were retained in the gel while the NPr remained mostly in 

the well, allowing them to be easily collected with a Pasteur pipette. The resulting jade-green 

colored solution consisting of NPr at high purity was rePEGylated following the same 

protocol of PEGylation used after the synthesis, and characterized by UV-Vis, SEM and ICP-

AES. Also the ζ-potential was measured at different conditions. The efficiencies were 

obtained by measuring the total volume and the OD at the LSPR peak (~1100 nm) of the 

resulting solution after the purification considering the OD of the peak of the stock as 100% 

value. 

2.2 In vivo studies 

Female Balb/c mice 8 weeks old were recruited and divided into 5 groups, representing each 

of the 5 time points studied (24 h, 70 h, 1 week, and 1 and 2 months, respectively). Each of 

these time groups was subdivided into 3 sub-groups, corresponding to NPr (n = 6), NR (n = 

5) and control (n = 3). Before the injection, the required volume of nanoparticles required for 

a dose of 224 µg/mouse of gold was aliquoted in 1.5 mL Eppendorf tubes and centrifuged 

for 9 min at a specific speed (4,000 rpm for NPr and 13,400 rpm for NR, 1073 and 12045 

RCF respectively), the pellets were diluted to a final volume of ~200 µL in sterilized injectable 

solution (NaCl 0.9 %). Each Eppendorf was then sonicated for 10-20 seconds immediately 
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before the injection. For the injection, each mouse was immobilized, and the injection was 

performed via the tail vein directly into the blood stream. Each nanoparticle sub-group was 

injected with the same amount of gold in each dose. The control sub-groups were injected 

with nanoparticle-free saline solution. One individual from each control sub-group was 

selected to form the control group for the ICP-MS analysis, with an extra mouse taken from 

the control sub-group of the 2 months time group, for a total of 6 mice. No anesthesia was 

employed during the injection of the nanoparticles. 

2.3 Sample Preparation and Analyses.  

Mice of each group were anesthetized and euthanized by cervical dislocation after the 

required time (24 h, 70 h, 1 week, 1 month and 2 months). The blood was directly extracted 

from the heart after the mouse was anesthetized with a sub-lethal dose of 8 % (w/v) 

trichloroacetaldehyde hydrate, immediately prior to euthanasia. The organs from the 

euthanized mice were then extracted, and both the organs and the blood were then weighted 

and stored at -20 ºC for further analysis.  

ICP-MS sample preparation 

For the ICP-MS of the organs, each sample was digested by adding 6 mL of nitric acid and 

incubated overnight. After this, the resulting liquid containing the half-digested organ was 

transferred to a beaker and then another 3 mL of nitric acid and 2 to 3 mL of perchloric acid 

was added. The resulting solution was incubated at room temperature for one hour and then 

heated in a heat plate up to boiling temperature until all the visible debris was completely 

digested and the sample resulted in a clear solution containing the dissolved gold with a 

total volume of ~1 mL. The volume was then diluted to a total of 10 mL in 2.5 % aqua regia, 

filtered using a 0.22mm filter and measured by ICP-MS. 
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RCM sample preparation and visualization 

A small portion of each organ was fixed in 4% paraformaldehyde (PFA) and processed to 

perform two different staining methods: hematoxylin/eosin staining for tissue morphology 

and DAPI staining for RCM. Samples for RCM were prepared from the organs of mouse 

number 1 from each time group in which the maximum level of gold was observed by ICP-

MS. A fraction of the tissue was collected, fixed in paraffin and sliced prior to staining. The 

nuclei were stained with DAPI, and no other fluorophore nor reporter molecule was used. It 

must be acknowledged that the nanoparticles were illuminated with a 488 nm laser and 

observed in a separated channel that collects light at that same wavelength, avoiding the 

need for any other fluorophore or reporter of any kind located in the nanoparticles. The 

controls for each time and tissue were used to adjust the configuration of the channel for 

nanoparticle visualization, and the intensity and LUTs were configured in such a way that 

the control gave the minimum background signal, ensuring that the configuration allowed for 

a proper visualization of the inorganic aggregates in the tissue that belong to the 

nanoparticles, and not to the intrinsic structure contained in either the tissue or the 

preparation. 

STEM sample preparation and visualization 

For the STEM sample preparation, two more animals were tested. Note that these animals 

did not belong to any of the groups present in the rest of the study and were dedicated only 

for this particular technique. The animals were injected with a dose of NPr or NR. The 

animals were euthanized 70 h post injection, a sample of each organ (liver, spleen, kidney 

and lung) was collected and stored at 4 ºC in 4 % paraformaldehyde before being fixed. A 

standard procedure of tissue fixation was applied to said samples and stained using osmic 

acid. The samples were sliced with an ultramicrotome and placed in their respective copper 

grids. 
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STEM images were obtained using a Tecnai F30 (FEI) Field Emission Gun Transmission 

Electron Microscope operated at 300 kV and equipped with a Gatan Ultrascan CCD camera. 

Scanning-Transmission imaging with a High Angle Annular Dark Field detector (STEM-

HAADF) was performed in order to improve the contrast in the image. X-Ray spectroscopy 

(EDX) was performed to verify the presence of gold in the tissues. 

Statistical analysis 

All the statistical analysis has been made using the GraphPad Prism v7.0 software. The 

data is represented as the average ± SD. To calculate the p value, the tests used were either 

two tailed t-test or one-way ANOVA followed by Bonferroni multiple comparison post hoc 

test. For the ICP analysis, the values of the controls measured for each tissue and each time 

group were grouped into one single value of control (n = 6 in liver and n = 4 in the rest of the 

organs), and thus for each independent organ both types of nanoparticles and time groups 

share one single control measurement. All groups compared contained the same sample 

size (n = 5 for liver treated with NPr; n = 4 for the rest of the groups). It is worth mentioning 

that although liver groups initially contained 6 samples for NPr and 5 from NR, due to the 

presence of outliers and in order to minimize the type I error one sample was subtracted 

from each group in order to get n = 5 and 4 respectively. It goes without saying that those 

sub-groups that showed an obvious significance with their respective control sub-group were 

not tested against their controls in order to allow for an in-detail comparison with other time 

groups within the same organ while minimizing the statistical error. 
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3. Results 

3.1 Synthesis, purification and characterization of nanoparticles 

A seeded-growth approach was used to synthesize the NR[28,29], while the NPr were 

synthesized using a sequential addition of reducing agent[19,28]. Both types of 

nanoparticles were coated using hetero-bifunctional polyethylene glycol (PEG) of a length 

of 5 KDa (SH-PEG-COOH) as the only organic shell and used in the in vivo models with no 

further conjugation. After the synthesis both types of nanoparticles were characterized by 

UV-Vis spectroscopy and SEM, revealing a high presence of pseudospherical gold 

nanostructures as a byproduct of the synthesis of NPr, which were eliminated by agarose 

gel separation (see Supporting Information). NR needed no further purification and were 

used as they resulted after the synthesis. After this, the particles were further characterized 

by Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES) and their ζ-

potential was also assessed.  

Characterization of nanoparticles 

The dimensions of each nanoparticle were measured by image analysis of the SEM images. 

Figure 1 shows representative images of each type of nanoparticle. The NPr showed a clear 

triangular shape, with a wide variety of sizes together with other aberrant shapes (pseudo-

hexagons, truncated prisms… etc.), and presented an average of 352±136 nm of edge and 

19±6 nm of height. The height of the NPr was obtained from SEM images in which the 

nanoparticles were lying on the sides (Figure S1). The NR showed a much more 

homogeneous shape, with 77±11 x 11±2 nm (aspect ratio of ~6), and no significant presence 

of other shapes or byproducts, except in the case of a small fraction of pseudospherical 

structures. The fraction of other byproduct structures was around 5% of the total count of 

observed nanostructures in the case of NPr (after the purification), and 7% in the case of 
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NR. The median diameter of the pseudospherical structures remaining after the pure ready-

to-use NPr and NR were 64 and 28 nm, respectively. 

The profile of the UV-Vis-NIR spectra of each type of nanoparticle was compared and their 

maximum absorbance peaks were characterized. NPr revealed their Localized Surface 

Plasmon Resonance (LSPR) maximum peak at ~1140 nm (Figure 1e). On the other hand, 

as shown in Figure 1f, gold NR revealed two clear absorbance peaks at ~509 nm and ~1054 

nm, corresponding to their transversal and longitudinal surface plasmon resonance peaks, 

respectively; the peak located in the NIR region (1054 nm) was ~3 times larger than that 

located at 509 nm. 

The gold element of the nanoparticles was also assessed by ICP-AES. The stocks 

measured in this manner were the ones that were used in the final injectable preparation. 

Using the value of concentration obtained by ICP, and correlating it with the OD of the 

nanoparticles at a specific wavelength (the maximum LSPR peak in the case of NR and 

1050 nm in the case of NPr), it was possible to calculate a coefficient (ε) of 25.9 mL mg-1 

cm-1 of NPr and 92.6 mL mg-1 cm-1 of NR. These results also allowed for calculating the 

efficiency of the whole process of synthesis and purification, considering as 100% the total 

gold added to the solution at the beginning of the synthesis, giving a final efficiency of 7.4 % 

in the case of NPr and 25.6 % for NR. 

Assuming that the density of gold is the same for both types of nanoparticles (19.3 g/cm3), 

that the NR are perfect cylinders with 77 nm in height and 11 nm in diameter and that the 

NPr are perfect prisms of 19 nm in height and which bases are equilateral triangles of 352 

nm in edge, the surface area of the nanoparticles is 20 m2/g for NR and 6 m2/g for NPr. 

Following these assumptions, the volume ratio is ~139 nanoparticles forming NR per each 

nanoparticle forming NPr. 
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Surface changes of the nanoparticles in different media 

In order to test the stability and surface changes of the nanoparticles in the different media, 

both types of nanoparticles were incubated at 37 ºC in saline (0.9 % NaCl sterile injectable 

solution) and mouse serum.  

Their LSPR and ζ-potential was monitored for 24 h. As shown in Table 1, NPr had no 

significant changes in their LSPR, while the tested NR had a significant red-shift of ~43 nm 

after 24 h incubation in serum. The ζ-potential of both particles turned more negative when 

in serum, with a higher drop in the case of NR (from -13.1 to -26.0 mV) than of NPr (from -

13.6 to -19.9 mV) after 24 h incubation. Also, SEM images were collected, showing no 

significant changes in the shape after the incubation (data not shown). 

3.2 Biocompatibility 

The lack of toxicity of the nanoparticles was studied in vitro in our previous research 

(Alfranca, Artiga et al., 2016) as well as collaborators[30]. During the in vivo studies 

described herein, the low toxicity was further confirmed by monitoring the changes in the 

weight of the mice, by hematoxylin-eosin staining (H&E) of the tissues and also by 

monitoring the changes in weight of the organs collected. Changes in the behavior and other 

external distress signals were also monitored, showing no significant indicatives of distress, 

toxicity, pain or discomfort of the animals, such as irregular respiration, loss of hair, ataxia 

or other motor disabilities, or death. The animals from which the toxicity was tested were the 

same individuals as in the rest of the study, and were thus injected with a single dose of 

nanoparticles by tail vein intravenous injection (see biodistribution section). 

During the first week, the changes in weight of the animals were controlled daily, and for 

longer periods of time it was controlled biweekly. As observed in Figure 2b, there were no 

significant differences observed in the weight values in any of the three groups (NPr, NR 
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and control) at any time during the study (p>0.05), which is an early indication of good 

biocompatibility.  

H&E preparations were visualized for each of those tissues in which the maximum levels of 

gold were detected by ICP-MS. All tissues analyzed were compared with the other type of 

particle and also with their respective gold-free control. Figure 2a shows one representative 

image for each tissue at the maximum level of gold observed. The results showed no 

morphological changes compared to the control that can lead to inflammation and/or other 

pathological changes derived from the nanoparticles. However, a considerable 

microvesicular steatosis was observed in the liver at the groups with the maximum gold 

signal, both for NPr and NR, but no other signs of damage were observed at the cellular 

level neither by H&E nor by STEM imaging. No significant changes in the weight of the 

organs were observed at any time during the study, except from a significant splenomegaly 

of both NPr and NR during the first 24 h after the injection, that disappeared in the 70 h 

group and onwards (Figure 2c). 

3.3 In vivo biodistribution and removal from the tissues 

The assays were performed starting from 24 h after the injection. The levels of gold in each 

organ were analyzed 24 h, 70 h, 1 week, 1 month and 2 months after the injection. The final 

gold content was correlated with the weight of the organs (weight of gold/weight of the organ, 

see Figure 3). Note that in the biodistribution analysis both nanoparticle types are compared 

individually for each type, and only the patterns of biodistribution and elimination are used 

to do a comparison between the two nanoparticle types. 

Differential gold biodistribution patterns of NPr and NR 

The results revealed that each type of nanoparticle follows a differential pattern in the levels 

of gold distributed in the different tissues measured. Furthermore, there is also a different 

tendency for each time group measured. In general, the decrease in the gold content inside 
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the tissues is not significant until 2 months after the injection, which is more obvious in those 

organs with the highest gold accumulation. Figure 3 shows the gold pattern observed for 

each type of nanoparticle. From these graphs, it is worth mentioning that the NPr show their 

highest levels of gold in both liver and spleen, which are kept high for up to 1 month post 

injection; the case of the NR is interestingly different, with also high levels both in liver and 

spleen, hence a notably higher level in the latter, and also a significantly level of gold in 

kidneys. Gold levels in the blood were not significant for any of the animals regardless of the 

type of nanoparticle tested (p>0.05, data not shown). 

As mentioned before, the main difference between the gold distribution of NPr and NR was 

observed in the kidneys, where the levels of NPr were indistinguishable from the control 

sub-group for all time groups tested. The NR, however, revealed a significant amount of gold 

when compared with the control sub-group 70 h post-injection, reaching the maximum level 

of gold at this point. A significant drop in the gold levels was observed when comparing the 

1 week group with the levels of gold 2 months after injection. 

The gold signal measured in the spleen revealed that the NPr accumulate to their maximum 

within the first 24 h post-injection and show no statistically significant difference during the 

first month, dropping after 2 months post injection. On the other hand, NR reached a 

maximum 70 h post injection and then started a clear decrease in the gold signal. A statistical 

significance was detected between 1 week and 2 months post injection, suggesting a 

progressive drop in the gold levels during that time, which matches with the results observed 

in the kidneys. 

The ICP-MS measurements of the liver showed that the NPr accumulated up to the first 

month. After this moment, the levels dropped dramatically. The maximum level was 

observed 1 week after the injection, but there was no statistical significance between 

different time groups during the first month. In addition, it must be acknowledged that the 
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levels of gold 70 h post injection were so varied between individuals that it was not possible 

to obtain statistical significance with any of the other groups except with the control. On the 

other hand, the levels of gold in the group injected with NR revealed an increasing tendency 

up to a maximum found 1 month after the injection. A significant decrease in the levels of 

gold from 1 month to 2 months was also observed, suggesting that the nanoparticles are 

being cleared out from the liver. However, the levels of gold 2 months post injection were 

still high compared with the control, which suggests a much longer resilience of the NR in 

the liver. It is worth mentioning that the dispersion in the measurements in liver for both types 

of nanoparticles was surprisingly high, which prevented a robust, in-detail statistical analysis; 

this is especially noticeable in the case of those animals treated with NPr. 

Lungs showed low concentrations of gold at all time points tested, with the highest levels 

observed for NPr during the first 24 h, moment from which the levels of gold apparently 

dropped progressively. However, when compared with the control, the only statistically 

significant value in the case of NPr was the 24 hour time group. The levels of gold in the 

NPr-injected animals after 24 h became undistinguishable from the control group. The lungs 

of those animals injected with NR showed no significant levels of gold for any time group 

tested. 

3.4 Nanoparticle visualization in the tissues 

The tissues were visualized using Reflectance Confocal Microscopy (RCM) and Scanning 

Transmission Electron Microscopy (STEM). RCM of the tissues allowed visualizing particles 

only in the liver of both NPr and NR. No other tissues revealed a reflection signal under the 

conditions tested (Figure 4). STEM imaging of the tissues showed the presence of 

nanoparticles (Figure 5). Using the same equipment to image the tissues, EDX was 

performed confirming the presence of gold thanks to their specific X-ray emission of the gold 

element (Figure S2). Spleen and kidney showed the nanoparticles mostly located in sub-



19 
 

cellular vesicles, mainly around the inner side of the membrane. Liver samples, however, 

did not show clearly where the particles were contained, apparently not inside vesicles. The 

NPr also showed a noticeable altered shape compared to their characterization before the 

injection. This may be caused either by the damage that the particles may have suffered 

through a combination of their bigger size and the narrow thickness of each cut (<100 nm) 

during the sample preparation, by the degradation of the NPr over time, or by a combination 

of both effects (see discussion). NR did not show any noticeable alteration in their shape, 

size or level of aggregation inside the tissues. In addition to all of the above, a study of the 

degradation of the nanoparticles at low pH was carried out showing no changes in the 

nanoparticle morphology (Figure S3). 

4. Discussion 

4.1 Synthesis, purification and characterization of nanoparticles 

Both NPr and NR were successfully synthesized and coated using SH-PEG-COOH as the 

only organic shell. The PEG was added in several steps for each type of nanoparticle using 

saturating concentrations as a means to ensure that both nanoparticles contained the 

maximum amount of PEG possible. This serves three purposes: i) ensures the maximum 

colloidal stability of the nanoparticles; ii) allows for obtaining the closest similarities in terms 

of surface physicochemical properties; and iii) slows the removal from circulation caused by 

unspecific interactions of the nanoparticles with the mononuclear phagocyte system (MPS) 

without preventing the nanoparticles from interacting with the biomolecules that form the 

aforementioned biomolecule corona[15,31]. The use of a PEG molecule with a large chain 

length (5 KDa) allows for the appropriate colloidal stability of both NR[32] and NPr[19]. After 

the synthesis and PEGylation, the nanoparticles were characterized in terms of shape and 

optical properties, as well as their surface changes under different media. 
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By analyzing the optical properties of both nanoparticles by UV-Vis-NIR spectroscopy it was 

determined that both absorb in the NIR range (Figure 1). The UV-Vis spectra of NR showed 

the two characteristic peaks corresponding to the longitudinal and transversal surface 

plasmon resonances. Both nanoparticles revealed a very distinct absorbance profile, most 

notably the higher spread of the peak in the case of NPr, probably caused by a higher 

variability of sizes and also by the different contributions to the longitudinal plasmon 

resonance caused by the triangular base of the prism. 

The SEM images not only confirmed the characteristic shape of each type of nanoparticle, 

but also allowed for the determination of their distinct size and surface area. It is generally 

accepted that the size of the nanoparticles govern their biodistribution and elimination 

routes[33–35]. We expect our gold particles to be no different. However, the differential 

shape and their surface area may also play a role to some extent, which is generally less 

studied in the literature[3,36]. This differential size and shape between NPr and NR raises 

the question of what would influence the most in both biodistribution and tissue elimination. 

The excretion pathways, key aspects for the clinical application of nanotherapies, were not 

assessed in this research and certainly require more attention in future studies. 

ICP-AES was used to determine the concentration of the final stock of nanoparticles that 

were injected. From this data it was also possible to determine the correlation between the 

gold content and the absorbance at 1050 nm of each type of nanoparticle, which resulted in 

a much lower value in the case of NPr. Also, the final efficiency of the whole process of 

synthesis (and also purification in the case of NPr) showed that the amount of gold that 

ended up forming nanoparticles is much higher in the synthetic method used for NR (more 

than 3 times more efficient than NPr). These results are not surprising, as the extra 

purification step and PEGylation required to obtain pure and stable gold NPr inevitably lead 

to a loss of nanoparticles during the process and thus to a much lower efficiency. 
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It must be acknowledged that, although the optimal way to compare the biodistribution of 

two types of nanoparticles would be to compare the number of individual colloidal forms, the 

characterization of the nanoparticles prevents using this approach. To the best of our 

knowledge there is not yet a reliable method to compare two different shapes of 

nanoparticles by their monomeric structures. In addition, both the surface area and the size 

comparison of the number of nanorods for each nanoprism are rough estimates, carried out 

by approximating both nanoparticles to homogeneous geometrically-perfect shapes. We 

consider that comparing between nanoparticle types using this approximation would 

produce a considerable error due to this estimation. The amount of gold, on the other hand, 

provides a more direct measurement and is not directly influenced by other factors of the 

nanoparticles, as the shape variability, degradation or fragmentation. 

LSPR and ζ-potential of nanoparticles in saline and mouse serum 

The particles were incubated with saline and mouse serum in order to study the changes of 

their surface by monitoring their LSPR (optical properties) and ζ-potential (colloidal 

properties). The LSPR of gold nanoparticles is affected by both their size and shape, and 

also by their interactions with the surrounding environment. Upon interaction with biological 

compounds this peak can shift, which may be indicative of a modification in the surface of 

the nanoparticle[37]. One of the key aspects that can influence the biodistribution of a colloid 

in vivo is its surface charge. ζ-potential measurement is one of the most widely used values 

during the characterization of the surface charge of a colloidal solution; this potential gives 

an estimation of the net charge surrounding each colloid within the media, that is contributed 

by both the surface charges in contact with the colloid and also the ions and other molecules 

present in the media. For the same nanoparticle, this potential may change dramatically 

depending on the different media in which the nanoparticle is suspended in, and is 
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influenced by the concentration and nature of ions in the solution, and the temperature or 

the presence of proteins or other colloids and nanoparticles. 

It is accepted that upon entering the blood stream, plasma biomolecules that form the corona 

contribute to changing certain properties of the nanoparticles such as aggregation, surface 

charge and, as a consequence, also their targeting capabilities [16]. Generally, the formation 

of the biomolecule corona is considered to minimize specific targeting of the nanoparticles, 

forming a separation between the targeting ligands and their surrounding media[13,38]. In 

addition, some studies claim that the optimal surface charge of a nanoparticle conceived for 

in vivo applications should be close to neutral, as it would increase the circulation time[38] 

as well as improve tissue penetration while avoiding the MPS [39,40], with the resulting 

improved passive retention of tumors in the case of cancer treatments [40]. Regarding the 

elimination from an in vivo model, two elimination pathways are generally accepted: renal 

and hepatobiliary excretion. A higher surface polarity (determined by the surface potential) 

and lower diameter of the nanoparticles is usually considered to lead to a renal elimination, 

while larger structures are said to lead to a hepatobiliary excretion through the liver[7]. The 

ζ-potential observed when the nanoparticles are exposed to the serum is described in the 

literature to become more negative (ie from -10 to -20 mV) [16]. 

In our study,  a significant difference was observed after 24 h incubation at 37 ºC depending 

on the type of particle. NPr seem to have fewer changes (if any) in both LSPR (barely 5 nm 

variation) and ζ-potential (from ca. -14 to -20 mV), whereas NR have a more abrupt change 

in both parameters, turning their potential twice as negative in serum than in saline (from ca. 

-13 to -26 mV), and showing a red-shift of about 40-50 nm in their LSPR (Table 1). In addition 

to these tests, no changes in morphology or shape of the inorganic core were observed 

when the nanoparticles were visualized by SEM (data not shown). 
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This is evidence of a differential interaction with the mouse serum for each type of particle 

and may indicate that each particle interacts with different serum proteins and other 

biomolecules. These differences can be easily explained by hypothesizing about the 

formation of a different biological identity for each type of particle. With regard to the 

influence of the surface in the biodistribution, although the synthetic identity of both particles 

is similar (hetero-bifunctional PEG), a differential biological identity upon interaction with the 

serum components may drastically change the distribution within the different tissues and 

organs. For instance, specific serum opsonins give different affinities for Kupffer cells and 

splenic cells[41] which in our study may contribute, among others, to the differences 

observed in the biodistribution of NPr and NR (see biodistribution section). Another example 

is albumin, as it is described that this serum protein is able to initiate transcytosis in the 

endothelial cells[38,42]. A study by Walkey et al.[43] suggested that a higher curvature in 

the nanoparticle increases the protein adsorption due to changes in the PEG-PEG steric 

interactions; however, their study did not take into account the weak interactions of the 

serum proteins that occur in the terminal groups of the PEG, which may also play an 

important role in the biodistribution. It goes without saying that more studies are required in 

order to elucidate any differences in the components that form the biomolecule corona for 

each specific type of nanoparticle. 

4.2 Biocompatibility 

Changes in the metabolism, tissue damage, distress and other factors can contribute to loss 

of weight in the individuals. The loss of weight is one of the easiest and most straightforward 

symptoms that can indicate the toxic effects of a new drug or treatment. Also, the 

morphology of the tissues can drastically change in terms of shape, structure and staining 

capabilities, which are clear indicators of the toxicity of a drug or the consequence of an 

uncontrolled accumulation of a certain molecule within the tissue. In addition to these two 
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gold-standard methods of biocompatibility, the weight of the organs was also tested in 

search for any abnormal changes, as well as other changes regarding behavior or signals 

of distress in the animals. 

Thus, the biocompatibility of the nanoparticles was tested by monitoring the weight of the 

animals and also by H&E staining of those tissues where the maximum levels of gold were 

detected by ICP-MS (see biodistribution section). Both the visualization of the tissues by 

H&E staining (Figure 2a) and the weight monitoring (Figure 2b) showed neither significant 

changes in terms of weight, nor drastic microscopic alterations in the organ morphology 

compared with the control groups. However, a considerable microvesicular steatosis was 

observed in the liver at the groups with the maximum gold signal, which was also observed 

in a previous study[30]. Moreover, these microscopic alterations were correlated with a 

significant splenomegaly during the first 24 h post injection. This splenomegaly disappeared 

in the 70 h group and onwards. A recent study by collaborators Pérez-Hernández et al. did 

not show an enlarged spleen, but bigger kidneys in the first 72 hours compared with the 

control group, which disappeared in longer exposure times; it must be acknowledged that 

although their study used PEGylated gold nanoprisms, they were further functionalized with 

a target molecule (a glucopyranoside derivative) and a fluorescent die, which may degrade 

via kidneys and thus produce said increase in the size of the organ[30]. No macroscopic 

alterations were observed in the morphology of the organs of any of the animals tested 

during the entire study, discarding any macroscopic symptom of cirrhosis. Microvesicular 

steatosis generally indicates acute liver stress and can be an indicator of the onset of liver 

damage. Liver stress is usually associated with splenomegaly, further confirming this 

correlation. Few studies describe these symptoms as part of a treatment containing gold 

nanoparticles, but a high accumulation of nanoparticles is sometimes correlated with 

microvesicular steatosis of the target tissue, mainly in liver and in the kidneys[44–46]. 
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However, the aforementioned study by collaborators determined that the apparition of this 

microvesicular steatosis is not due to glycogen deposits, and also proved that the NPr do 

not affect the health of the animals[30]. Regarding the toxicity of NR, there are several 

studies describing their toxicity in the literature. In a recent study[47], the toxicity of gold 

nanorods synthesized with a very similar method was thoroughly tested both in vivo and in 

vitro revealing no toxicity; however, this study used poly(allylamine hydrochloride) instead 

of PEG for the stabilization of the colloids, which can cause differences in terms of surface 

chemistry. Besides, given the immunological function of the spleen, non-pathological 

splenomegaly can occur when the animals are exposed to antigenic particulates like 

microorganisms or nanoparticles. 

It is worth mentioning that other than the ones listed above, no other stress signals were 

detected in the animals. 

4.3 In vivo biodistribution 

During preliminary studies it was observed that the nanomaterials accumulated mainly in 

the liver and spleen, and to a lesser extent in other organs. Both the liver and spleen were 

analyzed during our studies, together with blood, lungs and kidneys. In addition, other than 

the two methods described in vivo for the elimination of colloids from the organism, there 

has been a third one recently described that consists on the excretion by the gastric parietal 

cells and the intestinal goblet cells[48]. During the previous tests TEM images showed a 

possible presence of NR-like structures in the stomach, however the results of ICP-MS 

showed no gold presence in this organ and thus the stomach was discarded for further 

analysis (data not shown). 

The nanoparticles were cleared out from the blood circulation before 24 h post injection, 

indicating that both particles already reached their main destinations. According to the 

literature, the circulation time of highly PEGylated gold is about 24 hours[31,49,50]. The 
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observed removal from the blood is not surprising, as it is considered that non-spherical 

nanoparticles have a potentially higher extravasation capability than conventional 

nanoparticles with spherical shape due to the more favorable fluid dynamics and their 

potentially higher number of binding points thanks to their shape[38]. However, there is 

some controversy in this regard, as some studies revealed that rod-shaped nanoparticles 

have a slightly longer circulation time than spherically-shaped particles[50], and also a lower 

cell uptake the higher their aspect ratio is[51]. The half-life of PEGylaled NR has been 

studied in the literature, showing values from 1 h[52] to a few hours[50] in mice, or up to 16-

25 h in rats[53]. In this current study, due to the longer times selected, no values of the half-

life of the nanoparticles in the blood were recorded. In a previous study using NPr, the half-

life of the circulating nanoparticles was not addressed for this same reason, and the specific 

time of circulation of this kind of particle requires further investigation[30]. 

Some of the target organs were common between both types of particles. It is accepted that 

nanoparticles bigger than 200 nm tend to locate in the liver and spleen[38]. Notably, the liver 

and spleen seem to be the main accumulation points where both nanoparticles tend to 

gather. However, the extent of this accumulation is not equal for each nanoparticle. Our 

observations revealed a differential biodistribution depending on the type of particle: while 

NPr showed a level in the spleen and in the liver within the same range, the accumulation 

of NR was much higher in the spleen than in the liver. 

The biomolecules that determine the biological identity can influence in the opsonization and 

clearing out by the MPS. The nature of this biomolecule corona is probably different for each 

type of nanoparticle, as indicated by their differential changes of LSPR and ζ-potential 

(Table 1). The fact that two main organs involved in the MPS show a different pattern of 

accumulation gives more strength to the idea of a different nature in the biomolecule corona 

depending on the type of particle. Interestingly, NR also revealed a significant accumulation 
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in kidneys which was inexistent in the case of NPr. The main arguments for these differences 

are: the differential size and/or shape, as the NR could reach the renal tissue deeper than 

the NPr; and the differential interaction with the MPS either due to morphology of the 

inorganic core, or due to a distinct biological identity.  

Regarding the interaction of the nanoparticles with macrophages, the mechanism in which 

PEG-coated nanoparticles are internalized by these cells is not yet clear. Some recent 

evidence regarding the uptake routes by the cells, is pointing in the direction of a 

combination of several uptake mechanisms that are different for each nanoparticle type. 

Most notably, rod-shaped nanoparticles are said to be internalized both by clathrin-mediated 

and caveolae/lipid raft-mediated endocytosis[54] while other authors hypothesize that it may 

consist in a two-step process starting with a ligand-mediated endocytosis, followed by an 

aggregation-mediated macropinocytosis[55]. In the case of NPr, multiple pathways of 

endocytosis seem to intervene, most notably clathrin-mediated endocytosis and dynamin-

dependent pathway, combined with a rearrangement in the cytoskeleton[54]. In addition, 

some authors see a correlation between internalization of the particles and their size and 

PEG density, which, together with the shape, are all related to the nature of the biomolecule 

corona formed around the particle[43]. The understanding of the influence of the PEG 

density in the biodistribution is out of the scope of this study, but it is certainly interesting for 

future research. In addition, the thickness of the protein corona formed around each 

nanoparticle on their way to their target can  widely influence the interactions of the 

nanoparticles with their surrounding media, the MPS and the targeting capabilities of such 

particles[13,38] 

Both types of particles decreased their concentration in the tissues progressively showing 

the lowest values 2 months post injection. A complete elimination of the NPr from the tissues 

was observed, while the NR revealed a higher persistence. Further studies are required to 
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determine the reasons why the bigger triangular-shape particles are eliminated faster, but 

one of the reasons of their quicker clearance might come from the way they interact with the 

MPS. In our previous study, we observed a much higher internalization of NPr compared 

with NR in vitro[28] suggesting a much easier recognition of the NPr, which may lead to a 

faster intracellular processing; while other studies located the nanoprisms mainly inside 

macrophages[30]. 

The biodistribution and subsequent elimination of the NPr showed a clear pattern. The gold 

accumulated equally after the first 24 h, and in the case of liver and spleen there was no 

statistically significant changes at least during the first month. As mentioned before, although 

the NR accumulated mainly in spleen and liver, the levels of gold per gram of organ in spleen 

are significantly higher than those found in liver for most time groups. These observations 

indicate that the spleen tissue can accumulate larger concentrations of nanoparticles. At first 

glance, the apparent elimination route seems to be similar than that of NPr, as the NR also 

showed a general decrease in the levels of gold in all tissues over time. However, the 

presence of NR in kidneys, which in our study was only detectable for this kind of particle, 

seems to be characteristic for NR of this size and aspect ratio. Robinson et al.[3] described 

the accumulation of NR in kidneys with a peak at 24 h of 1.8 % of the injected dose, although 

their NR were much smaller (60 x 2 nm) and covered by methoxy-PEG. Another study by 

De Jong et al. that focused on the biodistribution of nanopsheres of different diameters have 

revealed that a diameter of 50 nm or higher is enough to prevent almost any accumulation 

in the kidneys[35], which is consistent with other studies[56]. These two studies suggest that 

a rod-like shape can facilitate the penetration of the nanoparticles in the renal tissue, but 

there is no strong evidence that this kind of particle is being eliminated via urine. 

NR revealed a much slower rate of elimination when compared with NPr. This is evidenced 

by the statistically significant presence of NR both in liver and kidneys for at least two months, 
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and thus suggests a comparatively higher suitability for in vivo applications of NPr over NR. 

The study by collaborators[30] also revealed that the nanoprisms located in the liver 

decreased at a much faster rate than those in the spleen, which lead them to the conclusion 

that the liver is able to degrade the nanoparticles at a faster rate than other organs; however, 

the nanoparticles in their study seem to have a much higher persistence than ours, possibly 

due to their additional surface modifications. With regard to the elimination of NR from the 

tissues, there is some evidence that points towards the anisotropy of the nanoparticle which 

apparently increases the excretion rate from macrophages, possibly facilitating in this way 

the elimination via hepatobiliary excretion[57]. 

4.4 Intracellular visualization of the nanoparticles  

In order to confirm the presence of the nanoparticles with a different technique and as a way 

to gather more information in the way the nanoparticles locate inside the tissues, two 

imaging techniques were used: Reflectance Confocal Microscopy (RCM) and Scanning 

Transmission Electron Microscopy (STEM). 

RCM consists of the use of a confocal microscope to image the backscattering of the incident 

photons, which depends upon the structures the photons interact with on their way to the 

detector. The contrast is produced by the variations of the size and refractive indices of said 

structures[58,59]. It is particularly useful in order to detect inorganic colloids and aggregates, 

like gold nanoparticles, as these structures reflect light in a very efficient manner. The use 

of a confocal microscope in RCM allows us to visualize a particular narrow layer of the tissue 

within specific z coordinates, blocking the light that comes from upper and lower layers. This 

is of particular importance in our study as it prevents any artifacts in the coverslips or other 

areas of the preparation from being collected by the reflection channel. The clear signal 

observed in the reflection channel for both NPr and NR confirmed the presence of these 

particles in the liver. However, no other tissue allowed for a proper visualization. This is 
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noticeable in the case of the spleen, as the gold levels measured by ICP-MS in this organ 

were equal to (for NPr) or higher than (for NR) the levels of gold in the liver. This is another 

indication of the differential state of the particles in the organs, as only those that are in the 

right level of aggregation and/or size can be observed properly by RCM. However, there is 

a chance that the distribution of the nanoparticles throughout the organ is not homogenous, 

and that the areas observed do not contain the maximum local concentration of colloids. 

Nonetheless, this technique allows the visualization of nanoparticles in certain organs better 

than others and, depending on the nanoparticle concentration, with high resolution and 

without the need for any other external sample treatment, labeling of the nanoparticles or 

modification of the preparations other than standard tissue staining. 

STEM was used to study the subcellular location of the nanoparticles and also to evaluate 

their possible conformational changes. In addition to STEM, EDX analysis was used in order 

to confirm the presence of gold. Although some of the NPr appeared to be partially degraded 

inside the cells, which correlates with the observations from a previous study of our 

collaborators[30], the incubation of NPr at a pH range from 3 to 7.4 for 1 month did not show 

any significant changes in their shape or size (Figure S3). These experiments do not discard 

any other processes of degradation that the nanoparticles may be exposed to, as the 

presence of thiols, the redox environment or the enzymatic activity. In addition, the 

macrophage-mediated degradation of gold structures has also been described 

extracellularly[60], which can give a possible explanation of the degradation of gold 

nanoparticles either located inside or outside of the cells. On the other hand, the changes in 

the shape of the bigger NPr (~352 nm of edge) may happen during the preparation of the 

samples for STEM, as in those parallel to the <100 nm thick cut shape is better preserved 

than in those perpendicular to it. Thus, there are two hypothesis that could explain these 

observations: either the nanoparticles are being degraded by pH-independent processes in 
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vivo, which would be supported not only by the degradation of the particles in the STEM 

preparations, but also by the higher persistence of the NR in the tissues seen by ICP-MS; 

or that the shape of the NPr was altered as the blade cut through the bigger NPr, and that 

the gold structures observed in the samples are nothing but fragments of formerly bigger 

NPr. However, although a slow degradation of the nanoparticles by, for example, thiols from 

glutathione is theoretically possible, it would also favor the degradation of those 

nanoparticles with a higher surface area, as more area of gold would be exposed to the 

degrading agents[12]. In this case we observed a much faster degradation of the NPr over 

NR, which reflects that in our particular setting other pH-independent processes than thiol 

degradation are more likely to govern both the decrease in the gold signal and the changes 

in shape observed. A sample was prepared using a cut of 200 nm instead of the optimum 

<100 nm, in which it was not possible to distinguish proper cellular structures of the tissues, 

let alone nanoparticles (data not shown). 

It is important to note that the STEM technique allows to scan local areas of a specific 

fraction of a sample. Thus, it requires longer times to observe larger areas of tissue and 

even in those cases, the chances of finding nanoparticles are not too high as they depend 

upon the distribution of the particles along the tissue. Nevertheless, STEM imaging 

confirmed the presence of NR in all organs, including the kidneys. During their 

characterization, the byproducts derived from both types of nanoparticles showed an 

average diameter of about 30 nm or higher. This would imply a different type of 

accumulation/elimination other than renal excretion, which is almost inexistent for structures 

higher than 11 nm[33]. This is also true in the case of NPr. On the other hand, the width of 

the NR (~11 nm) lies in a range that could still be considered near the range in which renal 

elimination is possible. However, the studies in the literature focus mainly in spherical 

nanoparticles; thus future studies should be performed in order to test the influence of the 
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different spatial dimensions of anisotropic nanoparticles, especially when one of those 

dimensions are within the range considered able to pass through different tissue 

architectures, as it is the case of our NR. 

5. Conclusion 

Up until now, the amount of effort seems to be focused on the development of different 

modifications of the surface of gold nanoparticles, instead of understanding the barebones 

of the gold core and the interactions of these structures with the living organism. Fortunately, 

there seems to be an increasing interest in the understanding of the effect that the shape of 

the core has in the biodistribution and elimination, as it is revealed by several recent 

publications. 

Two very different shapes were compared, and this added a new layer of difficulty as when 

changing the shape, it is difficult to assess to what extent shape or size affects the way the 

particles behave in vivo. The two types of particles tested (gold nanorods, NR, and gold 

nanoprisms, NPr), despite a few common points, showed a distinct pattern of accumulation 

and elimination. Although both accumulated mainly in liver and spleen, NR accumulated in 

spleen at a much larger extent than in liver, while NPr seem to target both organs equally. 

This, combined with the differential changes in the LSPR and ζ-potential, may indicate that 

the components of the blood serum attach to each particle differently, which would give them 

different affinities for different macrophages or other cell types. However, a deeper study on 

the components of this differential biological corona is necessary. 

From the way the levels of gold in both nanoparticles were changing over time, it was 

possible to conclude that NR are more resilient to elimination from the organism, which 

would make them less useful in future in vivo applications. The drop in the gold signal of NPr 

observed by ICP-MS combined with their altered shape observed by STEM supports the 
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hypothesis that the NPr are being degraded at a much faster rate than the NR. On a side 

note, NR showed some accumulation in the kidneys. 

To sum up, the size and shape of inorganic nanoparticles play a key role in their 

biodistribution and elimination routes that should never be underestimated while designing 

novel therapeutic platforms. Future studies should dig deeper into the understanding of the 

differences observed from one particle to another, particularly the type of proteins and other 

biomolecules that attach to each type of nanoparticle when they are exposed to the 

biological environment. 

Future perspective 

Although this study delves into the effects that the shape and size have on the biodistribution 

of gold nanoprisms and nanorods, we could only shed light on a tiny fraction of a way wider 

and more complex problem. Thus, there are many questions yet to be answered. 

By observing how both nanoprisms and nanorods differ widely in their properties after being 

exposed to the mouse serum, one interesting line of research would study how the shape, 

size and coating density influences the biological identity of the nanoparticles. In addition, 

the nature of this differential biomolecule corona is yet to be characterized, together with 

studies that determine how each particle interacts with the serum, and if this corona changes 

over time while the nanoparticles distribute in the different organs. Finally, the details on how 

the particles are being localized in the organs, how they interact with the different cells and 

tissues they target, and the mechanisms of elimination of each nanoparticle are not yet 

studied in detail. One way to tackle a few of these questions would be to analyze the nature 

of the particles in each organ, as well as how their properties evolve over time as they 

interact with the different environments they encounter on their travel, both in vitro and in 

vivo. 
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Summary Points 
 

 Synthesis, characterization and stability: 

• Both nanoparticles were synthesized, stabilized with bifunctional HS-PEG-

COOH (5 KDa), purified by gel electrophoresis and characterized. No further 

modifications were performed. 

• Studies of the interaction of the nanoparticles in different media revealed that, 

when exposed to mouse serum, nanorods suffer much more dramatic changes 

in their ζ-potential and LSPR peak than nanoprisms, suggesting a differential 

interaction with the components of the serum. 

 In vivo biodistribution patterns 

• Both nanoparticles accumulated mainly in the liver and spleen. 

• Nanoprisms accumulated equally in the liver and spleen, while nanorods showed 

a much higher accumulation in the spleen than in the liver. 

• Nanorods also revealed accumulation in the kidneys, at lower levels than the 

liver and the spleen. 

• Nanoprisms were eliminated after two months, while nanorods were more 

resilient. 

 In vivo biodistribution imaging 

• STEM imaging and EDX of the tissues located both nanoparticles mainly inside 

intracellular vesicles. 

• Apparently, nanoprisms alter their shape, while nanorods were not altered in 

vivo. 

• There is some evidence of aggregation of the nanoparticles in the liver, but 

further studies are required. 
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Figures 

 

Scheme 1 – Schematic illustration showing a summary of the nanoparticles and their in 

vivo behavior. 
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Figure 1 – SEM imaging of (a) pure gold nanoprisms (NPr); and (b) pure gold nanorods 

(NR), both scale bars are 200 nm. Histograms of (c) NPr, and (d) NR. UV-Vis-NIR spectra 

of (e) NPr and (f) NR.  
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Table 1 – ζ-potential and LSPR of the nanoparticles after 24 hours at 37 ºC in mouse 

serum and saline (NaCl 0.9 %) media. ζ-potential is expressed in average ± standard 

deviation from three independent measurements. 
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Figure 2 – a) Representative images of the tissues stained with hematoxylin-eosin, 

corresponding to those time groups with the maximum level of gold detected for each 

organ (spleen 24 hours post injection, liver and kidney 70 hours post injection). All scale 

bars are 20 µm except in the case of kidney, which is 200 µm. b) Monitoring of the 

changes in weight of the animals throughout the experiments. Results are represented as 

the mean ± standard error of the weight of all animals in each group. c) Whole organ 

weight showing a splenomegaly during the first 24 hours, that was not detected 70 hours 

post injection. Results are represented as the mean ± SD. All other organs showed no 

significant weight changes (p>0.05).  
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Figure 3 – ICP-MS measurements of the gold content in the different tissues. Results are 

represented in (a) mean ± SE (grey error bars) and (b) mean ± SD (black error bars). (* 

p<0.05; ** p<0.005; *** p<0.0005). For each tissue both particles share the same control 

group (‘C’).   



50 
 

 

Figure 4 – Reflectance Confocal Microscopy (RCM) of the tissues. Blue channel 

corresponds to the cell nuclei visualized using DAPI. Green channel (red arrows) 

corresponds to inorganic aggregates, probably aggregated nanoparticles. 
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Figure 5 – STEM imaging of organs containing nanoparticles 70 hours post injection. 

Scale bars are 200 nm for all the images and 50 nm for all the insets. 
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