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Abstract

Nanoparticles’ enhanced permeation and retention (EPR) variations due to tumor heterogeneity in 

naturally occurring brain tumors are commonly neglected in preclinical nanomedicine studies. 

Recent pathological studies have shown striking similarities between brain tumors in humans and 

dogs, indicating that canine brain tumors may be a valuable model to evaluate nanoparticles’ EPR 

in this context. We recruited canine clinical cases with spontaneous brain tumors to investigate 

nanoparticles’ EPR in different brain tumor pathologies using surface-enhanced Raman 

spectroscopy (SERS). We used gold nanoparticles due to their surface plasmon effect that enables 

their sensitive and microscopic resolution detection using the SERS technique. Raman microscopy 

of the resected tumors showed heterogeneous EPR of nanoparticles into oligodendrogliomas and 

meningiomas of different grades, without any detectable traces in necrotic parts of the tumors or 
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normal brain. Raman observations were confirmed by scanning electron microscopy (SEM) and 

X-ray elemental analyses, which enabled localization of individual nanoparticles embedded in 

tumor tissues. Our results demonstrate nanoparticles’ EPR and its variations in clinically relevant, 

spontaneous brain tumors. Such heterogeneities should be considered alongside routine 

preoperative imaging and histopathological analyses in order to accelerate clinical management of 

brain tumors using nanomedicine approaches.

Graphical Abstract
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Neuroscience and neuro-oncology are growing rapidly in the exploration of mechanisms in 

the pathogenesis and treatment of various types of brain tumors including gliomas.1,2 

Nanomedicine, on the other hand, offers opportunities for management at different stages of 

brain tumor development.3 Intravenous administration of different formulations of 

nanoparticles such as gold,4 iron oxide,5 liposomes,6 and polymers7 have been extensively 

used for efficient detection and treatment of brain tumors in preclinical mouse and rat 

models. However, most of these studies have failed in early phase clinical trials due to poor 

delivery of the nanoparticles into brain tumors.8 This has been due to a wide range of 

dissimilarities between spontaneous and invasive brain tumors in humans, compared to 

animal models in immunologically compromised rodents using orthotopic or transgenic 

approaches.9,10

The frequently used orthotopic brain tumor models involve intracranial implantation of the 

human tumor cells (i.e., xenografts) in a selected brain location in the animal,11 but 

oftentimes the resulting tumor’s growth pattern and invasiveness differ from those of the 

original human patient’s tumor.10,12 Human brain tumor xenografts are predominantly 

homogeneous, whereas human brain tumors are heterogeneous both within an individual 

patient and also across different patients.13,14 However, the inability to fully recapitulate 

spontaneous naturally occurring human brain tumors’ genetic heterogeneity and phenotype 

in a foreign microenvironment is still a major drawback of transgenic models, particularly 

for nanomedicine-related approaches.15,16

The tumor microenvironment (e.g., expression of extracellular matrix proteins), 

heterogeneity, three-dimensional network of blood vessels and varying vascular 

permeability, and intracranial pressure are different in rodent models, compared to 
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spontaneously forming brain tumors in humans. Invasion of the tumor into normal brain 

parenchyma is a key feature in the development of naturally occurring brain tumors,17 but 

many of the most commonly used xenografted human brain tumors in rodents, including the 

U87/MG glioblastoma cell line, form a discrete mass around the implantation site and 

compress the surrounding normal brain tissues with minimal invasiveness and regional 

spread.12 Such variations in the local environment can change the tumor permeation and 

retention dynamics of nanoparticles in experimental versus spontaneous tumors.18 

Additionally, the faster resting heart rate in rodents (310–840 beats/min in mice and 250–

493 beats/min in rats compared to 72 beats/min in humans) and different blood pressure 

(systolic/diastolic) in rodents (113–160/81–110 mmHg in mice and 84–184/58–145 mmHg 

in rats compared with 120/80 mmHg in humans)19 expose nanoparticles to much higher 

shear stresses on their surface in rodents that likely alters nanoparticle blood stability. This 

creates discrepancies between nanoparticles’ blood clearance pharmacokinetics and hepatic 

uptake mechanisms, likely requiring redesign of the nanoparticles’ physiochemical 

properties (e.g., size, surface charge, and coating molecules) for clinical applications, even if 

they successfully pass small animal experiments.5,20

In addition to the limiting factors discussed above, the evaluation of nanotherapeutic 

approaches in rodent models of glioblastoma (GBM, World Health Organization [WHO] 

grade IV glioma), the most common and lethal form of primary brain cancer, is not realistic 

because the standard-of-care approach for GBM treatment in humans is surgical resection 

followed by radiation therapy and temozolomide chemotherapy.21 The inability to resect an 

orthotopically implanted human xenograft from the rodent brain accurately and mimic the 

time course of postresection radiation therapy and chemotherapy leads to this infeasibility of 

modeling GBM treatment with high fidelity in small animal models.22 These neglected 

parameters in rodent models, the high costs of clinical trials, and difficulties in recruiting 

human patients are the main drawbacks hindering the successful translation of nanomedicine 

approaches to clinical neuro-oncology.

Nanoparticle delivery depends on EPR in brain tumors.5,23 However, current understanding 

of the nanoparticles’ EPR in brain tumors is limited, due to differences in blood–brain 

barrier (BBB) permeability in rodent brain tumor models compared with natural 

spontaneous brain tumors. Here, we used a high resolution and ultrasensitive approach to 

evaluate gold nanoparticles’ EPR in clinically relevant and naturally occurring spontaneous 

brain tumors in canine clinical cases (companion animal clinical trial). These models have 

also been successfully used before for evaluation of convection enhanced diffusion (CED) of 

intracranially administered nanoparticles24,25 or drug delivery to brain tumors using other 

drug carriers such as mini-cells.26

Canine spontaneous brain tumors are a valuable model system in which to evaluate the 

clinical translatability of different brain tumor diagnostic and therapeutic approaches.27 The 

prevalence of malignant gliomas (WHO grade III or IV) among pet dogs is comparable to 

that in humans,25 and naturally occurring brain tumors in dogs share many of the biological 

features of their human counterparts.28 The gross pathological, microscopic, and 

immunohistochemical features shared between human and canine spontaneous brain tumors 

include similar anatomical locations, e.g., predominantly cortical or thalamic locations (i.e., 
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supratentorial) for gliomas, with invasion into normal brain tissue, breakdown of the blood–

brain barrier, necrosis, cyst formation, and angiogenesis.29–31 Also, molecular biology 

analyses of the tumor tissues have shown similar key pathway abnormalities between canine 

and human brain tumors, particularly in gliomas with involvement of growth factors and 

TP53 and RB1 pathways.32–34 The immunologic features associated with human and canine 

brain tumors also share similarities (e.g., programmed death 1 [PD-1] immunoinhibitory 

mechanisms35 and tumor infiltration of macrophages or T cells36). The features discussed 

above are less frequently observed or sometimes absent in rodent human brain tumor 

xenograft models; moreover, the median survival time scale in orthotopic rodent models of 

GBM is on the order of 4–8 weeks postimplantation (depending on the cell line being 

implanted, number of implanted cells, location of implantation, etc.,37 whereas it is 16 

months in humans38 and 7.4 months in dogs.39

Our evaluation of nanoparticles’ EPR into spontaneous brain tumors is based on the SERS 

technique, which offers ultrahigh sensitivity, microscopic resolution, and signal specificity 

with multiplexing capabilities.40,41 Gold nanoparticles (GNPs) have been extensively used 

as SERS nanoprobes due to their surface plasmon characteristics, biocompatibility, and 

facile synthesis.42,43 Therefore, successful delivery of GNPs to spontaneous brain tumors 

could be feasibly evaluated by SERS-assisted technologies. The high sensitivity and 

microscopic resolution of SERS enabled us to monitor the nanoparticles’ uptake accurately 

without additional tagging, which usually changes the physiochemical characteristics of the 

nanoparticles and might raise regulatory safety concerns. These preliminary results 

introduce a general platform for more effective and realistic evaluation of nanomedicine 

approaches for different neuro-oncology applications. This study is based on using a 

clinically relevant brain tumor model and should help to fill the translational gaps between 

nanomedicine and neuro-oncology in the near future.

RESULTS AND DISCUSSION

We used canine clinical cases with spontaneously occurring brain tumors for validation of 

nanoparticles’ EPR (Figures 1a and S1). This translational study was designed following our 

previous publication, reporting successful EPR of these nanoparticles into orthotopic brain 

tumors in mice.4 GNPs were used because of their suitability for highly sensitive detection 

using the SERS approach. The Raman GNPs used in this study consist of a gold core coated 

with a monolayer of active Raman molecules and a silica shell, which is functionalized with 

excessive amounts of thiol (–SH) groups (Figure 1b). First, we stabilized the labeled GNPs 

by conjugation of polyethylene glycol (MM(PEG)12) molecules to their surfaces (Figures 1b 

and S2), as successful nanoparticle delivery to tumors depends on their size stability in 

blood.5 PEG molecules had a terminal maleimide group at their backbone structure, and they 

were effectively conjugated to thiol groups on the surface of GNPs (Figures 1b and S2), by a 

quick thiolmaleimide reaction.44 PEGylated GNPs were purified by centrifugation and 

redispersion in 5% wt/volume dextrose solution (D5W). GNPs were then sterilized in a good 

manufacturing practice (GMP) facility as standard criteria required for all drugs and reagents 

used in clinical studies, and the final concentration was adjusted to 0.5–1 nM of GNPs 

dispersed in D5W. GNP concentration was calculated by measuring their absorption peak 
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intensity at 532 nm compared with absorption intensity of an original stock solution with 

known concentration.

GNP size, surface charge, and core–shell structure were characterized using dynamic light 

scattering (DLS), zeta potential, and SEM, respectively. Hydrodynamic size of the GNPs 

was ∼149.5 nm with a polydispersity index (PDI) of 0.06 (Figure 2a). The volume and 

number percentage modes of the DLS graphs are also shown in Figure S3. Such a low PDI 

confirms high monodispersity of the PEGylated GNPs. Zeta potential of the GNPs was 

around −27 ± 5 mV (Figure 2b) due to the presence of silica coating.45 Secondary electron 

SEM generally provided more topographical information and showed the gold core with a 

darker contrast, compared to the brighter silica shell (Figure 2d), because of its higher 

electron absorption cross section. However, backscattered SEM analysis showed the core 

gold with a brighter contrast, mainly due to its high electron scattering cross section. These 

results confirmed the presence of a silica coating with uniform thickness of ∼36 ± 4 nm 

(standard deviation ∼ 3.7 nm) around the GNPs, which is also shown in the transmission 

electron microscopy (TEM) image shown in Figure S4. Both SEM and TEM analyses 

clearly showed the core–shell structure of the GNPs. This is critical because this silica layer 

was designed to pack the Raman reporter molecules on the surface of gold and prevent their 

detachment.4 A typical Raman spectrum of these PEGylated GNPs (785 nm laser, ∼ 21 

mW) is also shown in Figure 2c. The characteristic peaks observed at ∼1020, 1180, 1330, 

1600, and 1630 cm−1 were consistently observed in all Raman measurements associated 

with these GNPs for sensitive detection of the GNPs in brain tumors. These fingerprint 

peaks were also used for reconstruction of all the Raman microscopy images.

Four clinical dogs with spontaneous brain tumors (Cases 1–4), weighing 8.7–24.7 kg, were 

prospectively recruited into this study (Table 1). Standard MRI imaging protocols were used 

to define tumor location and postsurgical extent of resection.46 As shown in Figure S1, the 

original solution of gold nanoparticles (GNPs, 0.5 pmol per kg of the body weight) 

dispersed in D5W solution was first mixed with additional D5W to reach to a final volume 

of 60 mL. Then the mixture was infused (2 mL/min) via cephalic vein into each dog. 

Tumors were resected under anesthesia at ∼24 h post-GNP infusion (Figure S5, Figure 3). 

The resected tissues were fixed in 10% buffered formalin and analyzed by surface enhanced 

Raman spectroscopy (SERS) imaging, hematoxylin and eosin (H&E) histology, inductive 

coupled plasma mass spectroscopy (ICP-MS), and SEM.

SERS is a feasible technique enabling detection of GNP traces as low as 70 pM, with 

ultrahigh microscopic resolution (1 μm).40 Also, as described above, the Raman reporter 

molecules were originally attached to the gold surface and packed tightly under a stable 

silica shell. Therefore, using SERS was beneficial because we did not need to do additional 

fluorescent or gadolinium tagging or radiolabeling. Such labeling is required for other 

imaging modalities (i.e., fluorescent imaging, MRI, or positron emission tomography [PET], 

respectively), which can alter the physiochemical properties of the nanoparticles (e.g., 
hydrodynamic size and surface charge).5 We used 100 μm-thick tumor sections for Raman 

analyses, to ensure a detectable number of GNPs embedded in tissues. The 785 nm near-

infrared laser used for our Raman analyses easily penetrated through the whole tissue 

section, ensuring maximum GNP detection sensitivity. A computer-controlled measurement 
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set up was utilized to collect and record microscopic Raman spectra from each individual 50 

μm × 50 μm area (with an acquisition time of 1 s per spectrum), over the entire surface of the 

selected tissue sections. Then, we used MATLAB for analysis of the recorded spectra (see 

Methods for details) and compared the spectrum obtained from each point with the reference 

spectrum obtained from original GNPs (Figure 2c). Finally, Raman images of the tissues 

were reconstructed (Figure 4), based on signal intensities observed at GNP fingerprint peaks 

in each measurement to map two-dimensional distribution of GNPs in each tumor section.47

MRI and histology results relevant to all cases are shown in Figures 3 (transverse T2-

weighted [T2W] and T1-weighted [T1W] MRI and 20× magnification histology images) and 

S6 (sagittal T2W and T1W MRI and 4× magnification histology images). Also see the 

Supporting Information 3D MRI videos. Raman images of the tumor sections obtained from 

these four cases are also shown in Figure 4. We did Raman imaging on sections from 

different parts of the tumors to evaluate EPR of the GNPs through these heterogeneous, 

spontaneous tumors. Comparison of these Raman images with the respective bright field 

images (shown on their left side) showed distribution of the GNPs in the tumor sections. 

ICP-MS analyses of these tissues showed that the amount of the gold nanoparticles 

accumulated in tumor tissues were in the range of 0.75–1.5% of the injected dose per gram 

of the tumor tissues. However, it should be noted that ICP-MS numbers represent the total 

amount of the gold in a selected tumor mass and do not reflect the heterogeneity of the 

nanoparticles’ EPR. Blood samples were collected at 24 h postinfusion in the 4 dogs and 

ICP and Raman measurements were taken to determine presence of circulating GNPs. We 

did not observe any traces of GNPs in these blood samples, suggesting that GNPs were 

already accumulated in tumors or cleared from the blood by the liver and spleen, part of the 

reticuloendothelial system (RES).5

We also performed laboratory tests including blood chemistry, blood coagulation profiles, 

hematology, and urinalysis before and 5–30 days after GNPs infusion and did not observe 

any signs of overt toxicity associated with administration of the GNPs based on the 

veterinary cooperative oncology group–common terminology criteria for adverse events 

(VCOG-CTCAE).48 Dog 3 experienced one grade 1 (thrombocytopenia), one grade 2 

(alanine aminotransferase [ALT]), and one grade 3 (alkaline phosphatase) adverse event. 

The preoperative values for Dog 3 were normal platelet counts and elevated ALT and 

alkaline phosphatase. Therefore, these events were determined by the treating clinician as 

unlikely to be associated with the SERS nanoparticle intervention. More studies are required 

in order to ensure clinical safety of these nanoparticles with higher confidence levels, 

particularly in regard to liver function and blood counts. Unfortunately, only four animals 

were tested in this study, and we could not include control brain tumor patient dogs that had 

not received a GNP infusion. Additional dogs were unable to be studied due to the relatively 

high costs associated with this canine trial.

Case 1 was diagnosed as psammomatous meningioma (WHO grade I). Preoperative 

postcontrast T1MRI of the brain showed a uniformly and strongly enhancing mass external 

to the brain parenchyma in the frontal lobe (Figure 3a–d), indicating hypervascularity.49 The 

tumor was resected 24 h post-GNP infusion and evaluated separately by its caudal (blue 

circle, Figure S9) and rostral (red circle, Figure S7) components. Raman imaging of the 
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caudal and rostral components of this tumor demonstrated moderate signal throughout the 

tissue sections (Figures 4a,b and S7), suggesting relatively uniform EPR through the entire 

tumor. Postoperative contrast-enhanced T1W MRI demonstrated a gross total resection 

(Figure 3d).

In order to locate and analyze individual GNPs in tumor tissues, we used secondary and 

backscattered electron SEM combined with energy dispersive X-ray spectroscopy for 

elemental analysis. Figure 5a shows SEM of a selected area around a blood vessel in tumor 

tissue obtained from Case 1 (meningioma). Zooming at the blood vessel edge (blue square) 

and using different SEM modes, we were able to visualize individual GNPs. The secondary 

electron image (top) shows red blood cells inside the blood vessel. Backscattered electron 

images (bottom and insets) helped visualize GNPs as individual bright spots, indicated with 

red arrows in the inset images. The particles appeared blurred because they were below the 

surface of the tissue, resulting in additional scattering of the electrons as they penetrated and 

escaped the sample. At a higher magnification, backscattered SEM (Figure 5b) showed a 

typical electron image of GNPs embedded inside the tumor in which the core–shell structure 

of the nanoparticles can be seen. Nanoscale elemental analysis was also performed to 

confirm the composition of features present in GNPs (Figure 5c). When the electron beam 

was at an area with several adjacent bright spots (position indicated by the red dot on the 

image), the spectrum showed characteristic peaks from silicon (Si) and gold (Au) (Si Kα 
and Au Mα), confirming that these bright spots were indeed the silica-coated GNPs. These 

Si and Au peaks disappeared (Figure 5d) when the electron beam was shifted away at a 

distance of 1–2 μm from these bright spots, i.e., GNPs. Note that a small Au signal remained 

that can be generated by the AuPd conductive coating on the tissue section to prevent 

charging during SEM examination.

Case 2 was diagnosed as oligodendroglioma (WHO grade II), a primary brain tumor of glial 

origin that arises most frequently rostrotentorially in humans and dogs.50,51 Preoperative 

T2W MRI (Figure 3f) showed absence of vasogenic edema (swelling in the brain due to 

extravasation of vascular contents into the brain parenchyma) around the frontal/ parietal 

tumor.52 The tumor was composed of areas with and without contrast enhancement as seen 

in Figure 3h, presumably reflecting areas with and without compromised BBB. The region 

of the tumor with breakdown of the BBB demonstrated contrast-enhancement (i.e., 
hyperintense), whereas it was not originally T1-hyperintense prior to injection of the 

contrast agent as seen in Figure 3g. Figure 3i shows the postoperative postcontrast T1W 

MRI of the brain (24 h after infusion of the GNPs), demonstrating gross total resection. The 

H&E-stained tumor tissue sections (Figure 3j) showed the classical “fried-egg appearance” 

of oligodendroglioma cells, in which the histomorphology included a round nucleus with 

distinct cell borders and semiclear cytoplasm.53 Raman imaging demonstrated dense signal 

throughout the tumor tissue section (Figure 4c), compared to moderate signal in another 

tumor section 500 μm away (Figure 4d), indicating heterogeneous uptake of the GNPs 

within the same tumor.

Typical Raman spectra observed at selected points in Figure 4a,c,d are shown in Figures S8 

and S9. These representative spectra accurately matched the Raman spectrum of the original 

GNPs (Figure 2c), confirming the presence of at least several GNPs at the selected points, on 
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or inside the tissue. Increasing the acquisition time from 1 to 5, 10, 20, and 50 s clearly 

accentuated the GNPs characteristic peaks at the selected points (Figure S8a). However, 

comparison of Raman images of the same tissue section, generated by acquisition times of 1 

and 5 s (Figure S8), showed that increasing the acquisition time did not necessarily change 

the brightness of the images and the accuracy of the GNPs detection. Also, note that 

increasing the acquisition time dramatically increased the total imaging time up to more than 

24 h for scanning a tissue with an approximate 2.5 cm2 area.

Case 3 was diagnosed as a fibroblastic meningioma (WHO grade I) based on its firmness 

and composition of spindle cells with indistinct cell boundaries and a sheet-like architecture 

(Figures 3o, S6m).54 In particular, the histomorphology of the tumor tissue featured small 

elongated cells with prominent nucleoli.54 Figure 3k shows the preoperative T2W MRI scan. 

The area of peri-tumoral hyperintensity in this images represent vasogenic edema into the 

brain parenchyma likely resulting from breakdown of the BBB.55 Figure 3m,n shows the 

pre- and postoperative contrast-enhanced T1MRIs, respectively, which demonstrate a 

minimal region of residual contrast enhancement (Figures 3n, S6l) that more likely 

represents expected postsurgical inflammation than residual tumor. Raman imaging 

demonstrated mild signal throughout the tumor tissue section (Figure 4e) compared to 

absent signal in a region of adjacent normal brain tissue (Figure 4f). In particular, H&E 

confirmed the absence of tumor cells in this normal brain tissue section (Figure S11), 

supporting the specificity of the Raman signal for the presence of tumor tissue in this case. 

However, the majority of gliomas are high-grade, characterized by their invasion into the 

surrounding normal brain tissue. This important feature should be considered in future 

studies by designing nanoparticles that can reach and target invasive parts of the brain 

tumors. Unfortunately, the access to normal tissues for further analyses is generally very 

limited due to ethical concerns during the surgery.

Case 4 was diagnosed as a high-grade anaplastic oligodendroglioma (WHO III). Diagnostic 

pathology results showed microvascular proliferation and necrosis indicating the 

heterogeneous nature of this type of tumor (Figures 3t, S6r, and S10c). Figure 3r,s shows the 

pre- and postoperative contrast-enhanced T1W MRIs, respectively, which demonstrate 

minimal residual contrast enhancement consistent with a gross total resection (Figures 3s, 

S6q). Raman imaging demonstrated dense signal throughout the tumor tissue section (Figure 

4g) compared to absent signal in a necrotic tissue specimen from the same case (Figures 4h 

and S10c). The dense Raman signal observed in case 4 is comparable to that of the WHO 

grade II oligodendroglioma in Case 2, suggesting that oligodendrogliomas of WHO grade 

II/III may have a greater NP EPR effect compared to WHO grade I meningiomas (Cases 1 

and 3). The absence of Raman signal in the necrotic areas of the tissues is consistent with 

the likely absence of viable blood vessels in these nonperfused areas of the tumor. Also, we 

observed an overlap between areas with GNPs’ Raman signal and proliferating tumor tissues 

in their H&E stained counterparts (e.g., see Figure S10). Similarly, the absence of signal 

within the area of adjacent normal brain in case 3 (Figure 4f) suggests that uptake into 

normal brain or diffusion from adjacent tumor tissue into normal brain is likely to be 

minimal.
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Additional qualitative SEM analysis of the GNPs in meningioma and oligodendroglioma 

tissues are shown in Figures S13 and S14. However, it should be noted that SEM is a surface 

sensitive technique and cannot locate blood vessels and nanoparticles that are embedded 

well inside the tissues. Therefore, it is not possible to obtain accurate statistical conclusions 

from SEM images. Rather, visualization of nanoparticles’ diffusion into the tumor 

interstitium in correlation with an adjacent blood vessel observed on SEM is suggestive in 

nature. We also did SEM on a selected area of an oligodendroglioma tissue with a high 

Raman signal intensity and were able to locate nanoparticles in this selected area. We found 

this tissue spot based on SEM of a large area of the samples using Raman images as our 

guide. However, in most of the cases, Raman signals are generated from nanoparticles that 

are embedded inside the tissues and cannot be seen by SEM.

Taken together, the above findings suggest that the preoperative MRI characteristics are not 

as prognostic as the final pathology in regards to predicting the density of NPs’ EPR and, 

thus, Raman signal, within the tumor bed. For example, in the meningioma cases (Cases 1 

and 3), the area of preoperative T1W MRI contrast-enhancement overlapped significantly 

with the area of T2-bright signal. However, there was also some T2-bright signal outside the 

tumor margins (Figure 3a,k). On the other hand, in the oligodendroglioma cases (Cases 2 

and 4), the region of overlap between the hyperintense areas on the preoperative T2W and 

contrast-enhanced T1W MRI scans was relatively smaller. The large regions within these 

tumors that were T2W-bright but lacking contrast-enhanced T1W signal indicated areas with 

high water content, suggesting intratumoral edema and necrosis. In Cases 2 and 4, the areas 

of BBB breakdown seen on the postcontrast T1W MR images are not unexpected in higher-

grade tumors that have higher proliferative rates. This may explain the increased BBB 

breakdown at the periphery of the tumor, where it is most actively invading into the 

surrounding brain parenchyma. Furthermore, the areas of central necrosis seen in Cases 2 

and 4 represent areas that have outgrown the available blood supply and therefore have 

become necrotic. The GNPs’ EPR effect would not be expected to manifest in the necrotic 

regions or normal brain regions, as demonstrated in Figures 4h, S10c, and 4f, respectively. 

Although this is a small prospective series, the pattern of the Raman signal may vary 

depending on tumor type or grade (Figure S12), suggesting that the density of the signal 

may correlate with the grade of the tumor (low-grade vs high-grade), regardless of tumor 

type (e.g., meningioma or oligodendroglioma). The value of the Raman signal in the 

assessment of tumor grade or type will require more extensive studies using larger case 

series. However, if this bears out to be true, then intraoperative Raman could be used to let 

the surgeon know whether the tumor is high- or low-grade intraoperatively, which could 

affect the extent of surgical resection. This is currently done with intraoperative pathology, 

where a fresh tumor sample is frozen and preliminarily analyzed by the pathologist in the 

operating room to diagnose the type and grade of the tumor, to help the surgeon decide how 

much more of the tumor to take out, and whether it would be safe to resect more or not.

CONCLUSIONS

We used a clinically relevant canine model to validate the EPR of nanoparticles in 

spontaneous brain tumors. Raman, SEM, and histology analyses of the tumor tissue sections 

showed the variable presence of administered GNPs in tumor tissues, confirming their 
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heterogeneous extravasation into spontaneous brain tumors by the EPR mechanism. Raman 

images were reconstructed from specific Raman spectrum of the GNPs, such that the 

detected Raman signals represent only the extravasated GNPs without any background 

signal from tissue. In addition, the gold cores efficiently backscattered electrons, providing 

high contrast in the backscattered SEM images of the tumor sections. Energy dispersive X-

ray spectroscopy also confirmed the presence of GNPs in tumors. Electron microscopy 

results suggested that GNPs were more frequently found in tissue areas closer to blood 

vessel walls.

There are dissimilarities and similarities between results in orthotopic tumors in mice and 

spontaneous tumors in canine models. GNPs were seen in both tumor models, confirming 

their EPR effect. However, unlike the orthotopic tumor model in mice, the naturally 

occurring spontaneous canine tumors were heterogeneous (similar to human tumors), and 

this resulted in variable EPR of the GNPs. Use of spontaneously occurring large animal 

tumors with a naturally developing blood/tumor/brain microenvironment is likely to provide 

additional clinically relevant translational data beyond primary studies in rodent model 

systems. Moreover, the size of the dog tumor model allowed for translational assessment of 

clinically relevant factors including delivery of large volumes of infusate and assessment of 

associated adverse event sequelae as well as assessment of nanoparticle delivery within the 

context of surgical resection. Even though we only tested nontherapeutic gold/silica 

nanoparticles in this study, we believe these promising results generally foreshadow clinical 

applications of nanomedicine in management of human brain tumors. Similar studies are 

required to investigate and optimize the effects of size and surface charge of the 

nanoparticles for higher uptake by spontaneous brain tumors at different stages of tumor 

development. Also, addition of contrast agents compatible with alternative imaging 

modalities (such as gadolinium for T1MRI or radiotracers for positron emission tomography, 

PET) to nanoparticles can facilitate their pharmacokinetics and biodistribution studies or 

provide opportunities for image-guided intraoperative applications in future investigations. 

These factors together further support using the clinically relevant canine brain tumor model 

to evaluate the translatability of nanomedicine approaches for the diagnosis and treatment of 

brain tumors, prior to human clinical trials. Although such canine companion models are 

more costly compared with orthotopic rodent models, the data generated from them are 

more likely to be translatable to human patients due to their spontaneously occurring nature.

METHODS

Nanoparticle Preparation and Characterizations.

Nanoparticles used in this study were prepared according to standards of Good 

Manufacturing Practices (GMP) to ensure their safety and sterility for clinical use. Silica-

coated gold nanoparticles (Oxonica S440 with trans-1,2-bis(4-pyridyl)-ethylene or BPE as 

Raman reporter molecule on the surface of gold40) were modified and used for this trial as 

follows: Monodisperse gold nanoparticles had a layer of Raman reporter molecules attached 

to their surface. A silica (SiO2) shell with a uniform thickness of ∼36 ± 4 nm was also 

incorporated around each individual nanoparticle to prevent detachment of these Raman 

reporter molecules from the gold surface. The external surface of this silica layer was also 
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thiolated to provide active thiol groups for covalent bonding of desired molecules to 

functionalize the nanoparticles.

We coated these nanoparticles with methyl-(PEG)12-maleimide (Thermo Fisher #22711) to 

stabilize them in aqueous solutions by preventing their aggregation. Briefly, methyl-

(PEG)12-maleimide was added in at final concentration of 0.6 mM in 1 nM nanoparticles in 

10 mM 3-(N-morpholino) propanesulfonic acid (MOPS) buffer (pH 7.4). The mixture was 

stored at room temperature for 3 h followed by spin purification to remove unbound PEG 

molecules. For purification, the mixture was centrifuged at 2000 rcf for 10 min to precipitate 

all the nanoparticles. The supernatant was removed, and the pellet was dispersed in D5W 

solution (5% dextrose in water). This purification step was repeated four additional times. 

Finally, the nanoparticles were sterilized by 30 min sonication followed by filtration using 

200 μm polyvinylidene difluoride (PVDF) membrane syringe filters.

Nanoparticle hydrodynamic size and zeta potential (surface charge) were measured using a 

Malvern Dynamic Light Scattering (DLS, Westborough, MA) system. The absorption peak 

of the nanoparticles at 532 nm was also measured with a Thermo Scientific NanoDrop 

spectrophotometer (Wilmington, DE) and used to determine the concentration of the 

nanoparticles. A Renishaw Raman microscope (Chicago, IL) was used to monitor the 

Raman spectra of the nanoparticles.

Patient Recruitment.

All the standard of care procedures used in this study were performed under the operating 

policies of Veterinary Medical Training Hospital (VMTH) at the University of California at 

Davis School of Veterinary Medicine. All procedures and protocols were approved by the 

UC Davis Veterinary Medical Clinical Trials Review Board and Institutional Animal Care 

and Use Committee. Canine patients were enrolled based on demographic characteristics, 

history, and MR imaging consistent with a primary intracranial brain tumor. Four dogs with 

different types of brain tumors were selected for these studies, and details related to each 

case are provided in Table 1.

Canine Brain MRI.

Images were acquired using a 1.5 T MRI system (GE Signa, GE Healthcare, Waukesha, WI) 

and a variety of radiofrequency/receiver coils depending on body weight and size. Specific 

imaging sequences consisted of noncontiguous 3.0 mm thickness transverse slices with a 0.3 

mm interslice gap. Specific pulse sequence parameters for T1W imaging were as follows: 

repetition time (ms) ∼ 516.6–1050; echo time (ms) ∼ 8.9–16.92; number of excitations, 4; 

echo train length, 3. Pulse sequence parameters for T2W imaging were as follow: repetition 

time (ms) ∼ 5000; echo time (ms) ∼ 97.7–104.6; number of excitations, 3; echo train length, 

23. Postgadolinium contrast images were acquired with T1 weighting after administration of 

0.1 mmol/kg gadopentetate dimeglumine (0.5 mmol/mL) (Magnevist Bayer HealthCare, 

Whippany, NJ).
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Nanoparticle Infusion.

Nanoparticles were infused 18–24 h prior to surgery (Figure S1). Animals were 

premedicated with diphenhydramine (2 mg/kg body weight, subcutaneously) 20 min before 

the infusion to reduce the risk of allergic responses. Nanoparticle stock solutions 

(concentrations 0.5–1 nM) were first reconstituted from sterile vials that were individually 

prepared for each dog, using additional sterile D5W solution to have 0.5 pmol per kg of the 

body weight in a total volume of 60 mL. For example, for a dog with X kg weight, we mixed 

nanoparticle solution containing X pmol of the GNPs with additional D5W to reach to a 

total volume of 60 mL for each dog, regardless of their weight. Note that 60 mL was the 

value approved in our protocol. Then, each nanoparticle solution was infused over 30 min (2 

mL/min) intravenously, using a syringe pump and a catheter previously placed into the 

cephalic vein under aseptic conditions. Animals were monitored for adverse events, 

including neurological deterioration and evidence of anaphylaxis including urticaria, 

hypotension, tachycardia, and shock during the infusion period and then hourly for 5 h. 

Blood samples (∼10 mL) were also collected aseptically per standard VMTH protocols 

using peripheral venipuncture.

Brain Tumor Resection Surgery.

Tumor tissues were resected from each dog’s brain as part of the standard-of-care surgery 

and radiation therapy protocols for management of intracranial tumors (Figure S5). 

Anesthesia was provided by a VMTH anesthesiologist. Specific surgical procedures for 

tumor resection, surgical closure, and postoperative care including analgesia and sedation 

were determined by the VMTH neurosurgeons on an individual case basis following 

standard VMTH protocols for the Neurology/Neurosurgery services.

Laboratory Tests.

Blood (10 mL) and urine (3–5 mL) samples were collected on the day before and 5–30 days 

after GNPs infusion and surgical resection of the tumors for serum chemistry, coagulation, 

hematology, and urine analyses. Postinfusion times for sample collections were determined 

based on clinical status of each case as follows: 5 days for dogs 2 and 4; 7 days for dog 3; 

and 30 days for dog 1. Adverse events associated with GNP administration were defined 

using the veterinary cooperative oncology group common terminology criteria for adverse 

events.48 Where animals had preexisting abnormalities, adverse events were defined by 

increase in specific adverse event grade as per VCOG-CTCAE definitions.

Tumor Histology.

Tissue sections were processed and embedded for routine paraffin sectioning. Tissue 

sections were cut at 5 μM thickness on a rotary microtome (Leica, Sarasota, FL) and stained 

for routine hematoxylin and eosin (H&E) using an autostainer (Dako). Sections were 

visualized with a clinical microscope (Olympus Bx-43, Center Valley, PA), and 

representative images were obtained at 4× and 20× magnifications using an Olympus DP-72 

camera using CellSens acquisition software (Olympus).
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Analysis of the Nanoparticles in Tumor Tissues.

Postsurgery tissues were fixed in 10% buffered formalin and then transferred to 30% sucrose 

solutions. Sunken tissues indicated cryopreservation, and they were embedded in optimal 

cutting temperature (OCT) compound, followed by frozen sectioning using a microtome. 

Adjacent 20 and 100 μm thick sections were cut and placed on separate frosted glass and 

quartz (Ted Pella Inc., Redding, CA) microscope slides, respectively. The 20 μm thick 

sections were stained with H&E for comparative histology. Images were acquired at 20× 

magnification using a NanoZoomer 2.0-RS whole slide imager (Hamamatsu, Japan) and 

saved as TIFF files using the NanoZoomer Digital Pathology (NDP) Scan version 2.5 

software. The 100 μm thick sections were used for Raman analyses by a customized InVia 

Renishaw microscope with a semiconductor diode near-infrared 785 nm (21 mW power, 20× 

Olympus objective) laser as the excitation source. This microscope system was equipped 

with a piezo-controlled stage for micrometer-resolved spatial mapping and a 1 in. CCD 

detector for spectral resolution of 1.07 cm−1. A computer-controlled translation stage was 

used to raster-scan the tissues with x–y pixel sizes of 50 μm (acquisition time 1 s). The 

Raman spectra collected from individual areas of interest were used to construct Raman 

images, using MATLAB.47 Briefly, the spectra were modeled as a sum of the pure S440 

spectrum and five background principle components obtained from tissue with no 

nanoparticles. Unmixing was performed pixel-by-pixel by multiplying the measured spectra 

by the Morse-Penronse pseudoinverse of the forward model matrix. Reconstructed SERS 

images show the intensity of the S440 component. Concentrations of the gold in 

nanoparticle solutions and tissues were determined using inductively coupled plasma mass 

spectroscopy (ICP-MS, Fisher Scientific, Wilmington, DE). ICP samples were prepared 

according to a method reported before.56 Finally, tissue sections were sputter coated with a 

thin layer of AuPd and analyzed using backscattered and secondary electron imaging (SEM, 

FEI Magellan) and energy-dispersive X-ray spectroscopy (EDS, FEI Helios 600i with 

EDAX TEAM Octane Plus detector). The electron beams were operated from 5 to 20 kV for 

secondary and backscattered electron imaging and at 20 kV for spectroscopy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(a) Schematic showing the overall design of the experiments starting from nanoparticle 

preparation to intravenous infusion, surgical resection, and analyses. PEGylated silica-

coated gold nanoparticles (GNPs) were administered intravenously. GNP extravasation into 

the brain tumor was confirmed by highly sensitive surface enhanced Raman spectroscopy of 

the excised tissues, confirming the enhanced permeation and retention (EPR) effect of 

nanoparticles into naturally occurring spontaneous brain tumors. (b) Schematics showing 

conjugation of PEG-maleimide to thiol functionalized GNPs to enhance their stability in 

biological environments (also see Figure S2). Raman reporter molecules were embedded 

beneath the silica layer and enabled highly sensitive tracking of the GNPs in brain tumors 

without any additional labeling.
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Figure 2. 
(a and b) Hydrodynamic size distribution and zeta potential measurements of the PEG 

coated nanoparticles, showing an average size of ~150 nm (PDI: 0.06) and charge of ~−27 

mV. The volume and number percentage diagrams are shown in Figure S3. The dynamic 

light scattering (DLS) measurements were performed in D5W solution. (c) Raman spectrum 

of the PEG coated nanoparticles. (d) Secondary and backscattered scanning electronic 

microscopy (SEM) images showing the uniform core?shell structure of silica coated gold 

nanoparticles. Stable and uniform silica layer ensured tight proximity of Raman reporter 

molecules to the surface of gold nanoparticles for surface plasmon resonance. Gold cores 

can be seen with darker and brighter contrasts in secondary and backscattering images, 

respectively.
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Figure 3. 
Panel shows MR imaging for all four cases consisting of three preoperative transverse MRI 

scans (T2-, precontrast T1-, and postcontrast T1-weighted), the postoperative transverse 

postcontrast T1-weighted (T1W) MRI, and representative histology (H&E) images. T1W 

MRI scans were acquired before and after administration of gadolinium contrast (also see 

Figure S6 and the 3D MRI Supplementary Videos). The difference between the pre- and 

postcontrast T1W MRI scans (the bright area visible after administration of contrast that was 

not visible prior to contrast administration) indicates the contrast-enhancing tumor that 

contained hypervascularity or breakdown of the blood?brain barrier. Arrows in preoperative 

postcontrast T1W images indicate brain tumor areas in each case. T2 hyperintensity 

involving brain parenchyma beyond the margins of the mass likely represent vasogenic 

edema (high water content; panels k and p). Histology of the H&E stained tissue sections 

obtained from the surgery shows characteristics of psammomatous and fibroblastic 

meningiomas in Cases 1 and 3, respectively, and grade II and III oligodendroglioma in Cases 

2 and 4, respectively. H&E = hematoxylin and eosin, MRI = magnetic resonance imaging, 

WHO = World Health Organization. H&E scale bars = 50 μm.
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Figure 4. 
White light and the counterpart Raman images of the tumor tissue sections (100 μm thick) 

resected from Cases 1, 2, 3, and 4, respectively. Sensitivity of the Raman microscopy helped 

detect traces of GNPs embedded in these tissue sections accurately and generate 2D maps of 

GNP distribution in tissues (also see Figures S7–S10). Comparing the images obtained from 

each case shows that GNPs had a heterogeneous distribution through the tumors. (a and b) 

Representative images obtained from caudal and rostral regions of the psamommatous 

meningioma in Case 1. (c and d) Images from oligodendroglioma tumor sections, where 

section (d) was cut at 0.5 mm from section (c). (e) Image of the fibroblastic meningioma 

tumor section in comparison with an area of normal brain (f) surrounding the resected tumor. 

This latter case supports that GNPs extravasated into the tumor only, with no detectable 

uptake in normal brain tissues. Finally, (g and h) Representative images generated from a 

tissue section cut from the margins of the tumor and central necrotic part. Blue spots in 

white light images are different mixtures of GNPs and Trypan Blue, used as fiducials for 

image reconstruction and accurate orientation adjustments. Scale bars in all images = 3 mm.
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Figure 5. 
SEM images (a and b) and energy-dispersive X-ray spectroscopy (c and d) of a brain tumor 

section (100 μm-thick section) showing extravasated nanoparticles (GNPs) adjacent to a 

blood vessel inside the meningioma tumor (Case 1). (a) Secondary electron images are 

generated based on the contrast on the surface of the tissues, providing topographical 

information about the features on the surface, such as presence of a blood vessel and red 

blood cells that were visible on histological preparations. Higher magnification 

backscattered electron image shows individual NPs as bright spots adjacent to the blood 

vessel since gold generates a strong bright contrast in the SEM backscattered mode. This 

helps to distinguish GNPs from the tissue (also see Figures S13 and S14 for additional SEM 

analyses of the tissues). (b) Backscattered electron image of a cross section of the tumor 

tissue, showing two individual NPs embedded into the tumor. (c) Energy dispersive X-ray 

spectroscopy elemental analysis of the bright spots seen in backscattered mode showed 

specific Si K? and Au M? peaks from silicon (Si) and gold (Au) elements, confirming the 

administration of silica-coated gold nanoparticles (GNPs). These specific Si and Au peaks 

disappeared when the electron beam was shifted away from these bright spots (d). The 

location of the electron beam is shown with a red circle in (c) and (d). These specific Si and 

Au peaks disappeared when the electron beam was shifted away from these bright spots (d). 

The location of the electron beam is shown with a red circle in (c) and (d).
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