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Abstract: Heterogeneous distribution of delivery or treatment modalities within the tumor mass is 

a crucial limiting factor for a vast range of theranostic applications. Understanding the interactions 

between a nanomaterial and the tumor microenvironment will help to overcome challenges 

associated with tumor heterogeneity as well as the clinical translation of nanotheranostic materials. 

This study aims to evaluate the influence of protein surface adsorption on gold nanoparticle (GNP) 

biodistribution using high resolution Computed Tomography (CT) preclinical imaging in C57BL/6 

mice harboring Lewis Lung Carcinoma (LLC) tumors. LLC provides a valuable model for study due 

to its highly heterogenous nature which makes drug delivery to the tumor challenging. By 

controlling the adsorption of proteins on the GNP surface, we hypothesize that we can influence the 

intratumoral distribution pattern and particle retention. We performed an in vitro study to evaluate 

the uptake of GNPs by LLC cells and an in vivo study to assess and quantify the GNP biodistribution 

by injecting concentrated GNPs citrate stabilized or passivated with Bovine Serum Albumin (BSA) 

intratumorally into LLC solid tumors. Quantitative CT and Inductively Coupled Plasma Optical 

Emission Spectrometry (ICP-OES) results both confirm the presence of particles in the tumor 9 days 

post-injection (n=8 mice/group). Significant difference is highlighted between citrate-GNP and BSA-

GNP groups (**p < 0.005, Tukey’s multiple comparisons test), confirming the protein corona of 

GNPs modifies intratumoral distribution and retention of the particles. In conclusion, our 

investigations show that the surface passivation of GNPs influences the mechanism of cellular 

uptake and intratumoral distribution in vivo highlighting the spatial heterogeneity of the solid 

tumor. 
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1. Introduction 

Theranostic nanomedicine for cancer management offers innovative strategies to non-invasively 

detect and diagnose the disease at its earliest premalignant state and to provide specific therapy 

against its progression and reoccurrence [1,2]. However, one of the most significant challenges 

associated with the translation of theranostic nanomedicine to the clinic is the interaction between 

the nanomaterial and the tumor microenvironment [3]. In particular, when nanoparticles enter a 

biological system, their interaction with proteins can lead to the formation of a protein-corona 
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adsorbed on their surface via electrostatic, hydrophobic, and van der Waals forces [4], which can alter 

particle stability [5,6], dispersibility [7,8], biodistribution [9], pharmacokinetics [10–12], and the 

toxicity profile [13–15]. 

Due to their unique optical properties [16–18], combined with their high biocompatibility and 

lack of toxicity [19–21], gold nanoparticles (GNPs) have demonstrated success among 

nanotheranostic cancer-related applications [22]. In addition to solid gold particles of various shapes 

and dimensions (nanobelts [23], nanowires [24], nanostars [25], etc.), core-shell gold coated 

particles[26–28] have also been rationally designed for application in cancer therapies [29,30]. 

However, successful in vivo outcomes of the use of GNPs are strongly dependent on the interactions 

between the protein corona layer and the surrounding cells [31,32]. Understanding GNP-protein 

interactions is crucial for the development, manufacturing, and translation of GNP-based 

nanotheranostics [33,34]. An extensive body of literature has shown the effects of surface chemistry 

and size of spherical GNPs on the protein corona with the intent to control opsonization on GNPs 

[35–37]. 

The protein corona formed around the particle when administered in vivo is composed of a 

complex range of adsorbed proteins, such as albumin, immunoglobulin, glycoproteins, and 

apolipoproteins [38], which are proteins of lower affinity and higher-abundance that bind initially, 

while over time, are replaced by higher affinity proteins, such as fibrinogen or lysozyme [39]. There 

are mainly two layers of proteins: an inner layer of irreversibly bonded proteins interacting directly 

with the GNP surface which is called the hard corona, and an outer layer of proteins linked through 

weak protein–protein interactions, called the soft corona [40]. Displacement of the hydration layer 

which leads to the formation of the overall particle corona is a complex, dynamic, and competitive 

process to stabilize the GNPs in a physiological environment [41]. In this configuration, epitopes 

which are normally buried in the interior sites of proteins can be exposed outwards from the soft 

corona layer of the particle [42], making GNPs recognizable for phagocytes [43], and consequently 

producing rapid clearance of the nanoparticles from plasma as well as accumulation in the liver and 

spleen [44]. Understanding how to control the physiological properties of GNPs can help mediate 

processes such as cellular uptake [45], immunological response [46], toxicity [47], circulation time 

[48], and transport from one organ to another, as well as their clearance [49]. While many studies 

focus on the protein content of blood and harnessing the enhanced permeability and retention effect 

(EPR) for particle accumulation near the tumor after systemic administration, similar principles 

related to the protein absorption can be considered for intratumoral injection since other biological 

compartments of the body, such as the interstitial fluid of tumors, also contain a high protein content 

[50] that can effect particle behavior. Therefore, the mechanisms studied related to formation of a 

protein corona from the hematic system can also be applied for other fluids. 

In this study, we aim to evaluate the influence of protein surface adsorption on GNP in vivo 

biodistribution and retention after intratumoral injection. To study our nanoparticle conjugates, we 

used a Non-Small Cell Lung Cancer (NSCLC) murine model because its heterogeneity involves not 

only cancer cells but also tumor-infiltrating cells as well as the surrounding microenvironment [51]. 

Lung cancers and other solid tumors also contain stromal cells, such as fibroblasts and endothelial 

cells. Further, LLC tumors are considered highly heterogeneous as they contain subpopulations of 

cells of widely differing metastatic potential [52]. Tumor heterogeneity is an important cause of 

therapy resistance due to non-uniform drug distribution [53]. We hypothesize that by controlling the 

adsorption of proteins on the GNP surface, we can modulate the zonal distribution of the particles in 

the tumor. We previously demonstrated that our spherical GNPs have a significant radio-

sensitization nature in vitro [54], inducing DNA damage in Lewis Lung Carcinoma (LLC) cells as well 

as excellent properties as contrast agents for Computed Tomography (CT) in vivo [55]. However, 

these preliminary studies didn’t consider the hypothesis that surface protein adsorption can affect 

intratumoral distribution and retention of the particles. Therefore, in this work, we exploit CT 

imaging as non-invasive pre-clinical method to monitor and quantify the biodistribution of 

functionalized GNPs and highlight the differences in terms of spatial heterogeneity modulated by 

surface passivation. 
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2. Materials and Methods  

2.1. Synthesis of Gold Nanoparticles 

Spherical GNPs were fabricated using citric acid (Sigma, St. Louis, MO, USA, C3674) rapidly 

combined with gold (III) chloride (Sigma, 379948). To achieve particle synthesis, an Erlenmeyer flask 

containing 600 µL of MilliQ water was allowed to boil using a heating mantle. After 30 s of refluxing 

in the flask, 4.8 mL of 0.039 M aqueous citrate was combined using a serological pipette. While 

continuing to boil, 7 mL of 0.033 M gold (III) chloride was next added in a single continuous motion, 

and the solution was left undisturbed as the color gradually transition from yellow to black to the 

final dark red. After room temperature equilibration, the pH of the solution was measured (pH = 3.5), 

and the sample stored for further use. This protocol results in the synthesis of citrate-stabilized GNPs 

in the size range of 30-40 nm. The pH of the solution was adjusted up to 6 using drop-by-drop 

addition of a 1 M NaOH solution. GNPs (pH=6) were centrifuged at 1500xg for 5 minutes using 

Amicon Ultra-15 100K filters purchased from Sigma-Aldrich. The filtrate solution, the water filtered 

from centrifugation, was stored for future dilutions and functionalization. Particles were 

concentrated up to 10 mg/mL, and stored at 4°C. 

2.2. Surface Passivation of Gold Nanoparticles 

We selected Bovine Serum Albumin (BSA) as a protein model since it is a soluble constituent of 

blood plasma and, therefore, it can be considered suitable for in vivo investigations. BSA powder 

(Sigma, St. Louis, MO, USA, A4503) was dissolved in the filtered water after particle centrifugation 

to obtain a 1 mg/mL solution. Only freshly prepared BSA solutions were used in these experiments 

and pH was monitored and maintained. Different volumes taken from this initial stock solution were 

added to the concentrated GNPs and allowed to incubate for 1h at room temperature for surface 

passivation (See Section 2.3.1). The solution was stored at 4°C. 

2.3. Characterization and Physicochemical Properties of Gold Nanoparticles 

Fabricated GNPs were characterized with spectroscopy using a UV/Vis Scanning 

Spectrophotometer (DU 730, Beckman Coulter, Inc., Brea, CA, USA). Typically, the UV−Vis spectrum 

of spherical non-aggregated GNPs has a band around 530 nm, due to the surface plasmon resonance 

(SPR), plus an absorption edge at shorter wavelengths due to inter-band transitions of d-band 

electrons. Dynamic light scattering (DLS) offered an analytical means to determine the particle size 

and polydispersity index (PDI), and Zeta Potential measurements were obtained using a Zetasizer 

Nano ZS (Malvern Panalytical, MA, USA). Particles were imaged with a FEI Nova NanoSEM 230 (FEI 

Co., Hillsboro, Oregon, USA) under STEM mode with the vacuum set to 15 KV for both bright and 

dark field and measured using Matlab (v9.9.0.1467703, R2020b, The MathWorks, Inc., Natick, 

Massachusetts). Surface-enhanced Raman scattering (SERS) spectra of 3 µM BSA-GNPs were 

obtained using a custom Raman microspectrometer [56] with a 785 nm wavelength light source to 

calculate Raman shift values and tentative band assignments due to particle passivation. The sample 

was measured in a capillary tube where the beam spot was focused through an objective 50 μm past 

the glass/solution interface. An unenhanced Raman spectrum of BSA solution was recorded and 

subtracted from the BSA-GNPs SERS spectrum to remove any unenhanced Raman contributions. 

GNP solutions in concentrations in the range 0 - 10mg/mL were aliquoted into microcentrifuge 

tubes and imaged using a Siemens Inveon High-Resolution micro-CT to assess their CT contrast 

properties and compare with a standard contrast agent (Omnipaque iohexol for injection 350 mg  

I/mL, GE Healthcare, USA). To avoid concentration gradients that can be created by larger particle 

sediments, samples were vortexed immediately before imaging. The CT parameters were a slice 

thickness of 105 μm, in plane resolution of 105 μm, tube voltage at 80 kV, tube current at 500 μA, and 

exposure time of 240 ms. X-ray attenuation intensity was calculated in Hounsfield unit (HU) by 

processing the digital CT images (DICOM files) using 3DSlicer [57]. Quantification analysis was 

performed using 3DSlicer and selecting a 3D reconstructed region of interest (ROI) for each sample 
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and then recording the mean attenuation value and plotting as a function of gold and/or iodine 

concentration in mg/mL. Weber contrast was calculated using the equation: 

 

𝑊𝑐 =
𝐼 −  𝐼𝑇  

𝐼𝑇

 ∗ 100 (1) 

 

where I is the attenuation value (HU) of a tumor ROI after GNPs/contrast injection and IT is the 

attenuation value (HU) of the tumor baseline. GNP concentration was determined applying the Beer-

Lambert Law on the SPR peak calculated by UV-Vis spectroscopy, assuming that the particles are 

spherical. Concentrations were also confirmed by ICP-OES. 

2.4. BSA adsorption on gold nanoparticles 

The interaction of proteins with GNPs depends on variables, such as the chemistry of the 

adsorbed material and the medium components [58]. In this section, we investigate the nature and 

concentration of the BSA to be adsorbed, and its relationship with the pH of the immobilization 

medium. 

2.4.1. Preparation of BSA-GNP conjugates at different pH values 

As the pH of the medium increases, the sorption properties of the GNPs change, generating a 

transition of monolayer protein immobilization to multilayers. Sotnikov et al. [59] demonstrate that 

pH of the immobilization medium can effect protein adsorption on GNPs: as the pH is modified from 

4–5 to 8–10, an increase occurs in the maximum amount of adsorbed protein molecules on a GNP 

surface, likely due to this protein immobilization layer transition. In alkaline solutions, however, the 

GNP surface is not fully saturated, so that interactions can occur between the BSA-GNPs and other 

proteins in the body which can alter the protein corona structure, consequently also changing the 

proprieties of the particles. However, our interests are more focused towards application in a slightly 

acidic environment, such as the tumor environment [60]. To determine saturation of the GNPs surface 

and protein layer, the GNP solution was adjusted to a desired pH, as described in Section 2.2. BSA 

solution was then added to the centrifuged GNP solutions to reach a final concentration ranging from 

0.5 to 15 µM. pH values for these studies were maintained at 4.7, 6, 7, and 8.5.  

2.4.2 Adsorption Model 

The adsorption model adopted here follows the work from [61,62]. We approximated a BSA 

molecule as an equilateral triangular prism with height 3.4 nm, and the GNP, as a sphere with 

hydrodynamic radius (R) obtained by DLS measurement before surface passivation. Therefore, an 

increase in height below 2 times 3.4 nm corresponds to no more than single layer adsorption of BSA 

on the spherical GNP surface. The dependence of the hydrodynamic radius r([BSA]) on the number 

of protein molecules bound to a spherical GNP, assuming that the protein-coated nanoparticle can 

still be approximated by a sphere, is expressed by the following formula from [61]: 

𝑟([𝐵𝑆𝐴]) = 𝑅 √1 +
𝑉𝐵𝑆𝐴

𝑉𝐺𝑁𝑃

𝑁

1 + (
𝐾

[𝐵𝑆𝐴]
)𝑛

3
 (2) 

where N represents the average number of protein molecules bound to the nanoparticles at a 

specific BSA concentration in the solution, n is the Hill coefficient (unitless), and K (mol/L) is the 

dissociation coefficient, which quantifies the strength of the protein–nanoparticle interaction, 𝑉𝐺𝑁𝑃 

is the volume of the uncoated particles (L), 𝑉𝐵𝑆𝐴 is the molecular volume (L) of the bound protein 

(BSA). The experiment was performed by adding BSA solutions in different concentrations to the 

GNPs. The concentration of gold was kept constant, while the BSA concentration was variable. No 

aggregation or flocculation occurred (confirmed by UV-VIS spectroscopy). DLS measurements were 

performed on each sample in triplicate, and the hydrodynamic radius (Z-average divided by 2) was 

calculated. Data were analyzed by fitting an adsorption isotherm over the considered range of BSA 
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concentrations using the modified Langmuir model (Equation 1) and standard Langmuir model 

(Equation 1, n=1). Data fitting was performed with Matlab (lsqnonlin, v9.9.0.1467703, R2020b, The 

MathWorks, Inc., Natick, Massachusetts). 

2.5. Cellular Uptake of GNPs and Cytotoxicity In Vitro 

Since each nanoparticle formulation is unique, accurate toxicity testing is needed for any 

proposed contrast agent in both preclinical research and potential clinical translation. To evaluate 

potential cytotoxicity as well as cellular internalization of the GNPs, Lewis Lung Carcinoma cells 

(LLC) were used as murine model of NSCLC. We performed MTT and trypan blue assays to estimate 

particle toxicity, and ICP-OES to quantify the gold content uptaken by the cells. Scanning 

transmission electron microscopy (sTEM) was also used to confirm cellular uptake of GNPs as well 

as provide insight into the mechanisms of particle internalization.  

 

2.5.1. Maintenance and LLC subculture 

 

Murine Lewis lung carcinoma (LLC) cells were purchased from ATCC® (American Type 

Culture Collection, Manassas, VA, USA) and cultured in either T-75 or T-175 flasks. Cells were 

passaged for subcultured by first aspirating the culture medium with a pipette, rinsing with 1x 

phosphate buffered saline (PBS, Thermo Fisher Scientific, Waltham, MA, USA, SH30256FS), 

aspirating off the PBS, then rinsing with 0.25% trypsin - 0.53 mM EDTA solution (Thermo Fisher 

Scientific, Waltham, MA, USA, 25-200-056) and the neutralized with complete growth media 

consisting of Dulbecco’s Modified Eagle’s Medium (DMEM, ATCC®, Manassas, VA, USA) with 10% 

fetal bovine serum (FBS, USDA approved, ATCC®, Manassas, VA, USA), and 1% Penicillin-

Streptomycin (10,000 U/mL, Thermo Fisher Scientific, Waltham, MA, USA). Cells were modified to 

be luciferase expressing (LLC-Luc) as previously described[54] through use of plasmid pLenti PGK 

V5-LUC Neo [63] (Addgene, Cambridge, MA, USA) which was packaged in lentiviral particles 

andperformed at the Baylor College of Medicine (BCM) vector core facility. For the luciferase-

expressing cells, 1% Geneticin (Thermo Fisher Scientific, Waltham, MA, USA) was added to the 

media to maintain culture. Cells were maintainedin a HERAcell 150i CO2 incubator (Thermo Fisher 

Scientific, Waltham, MA, USA) set to 37 C and 5% humidity. 

2.5.2. Trypan Blue Assay 

At a concentration density of 3x105 cells/well LLC-Luc cells were seeded into 6-well plates 

containing 4 mL of complete media. Cells in each well were treated by adding from a solution of ~4 

mg [Au]/mL, 50 µL of either citrate or BSA-GNPs (3 µM BSA). Each treatment was performed in 

triplicate wells and after treatment the plates were incubated. After 24 h incubation at 37 °C and 5% 

humidity, the wells were washed three times with 1x PBS and detached using 0.5 mL per well of 

0.25% trypsin–0.53 mM EDTA solution. Cells where then resuspended with 1 mL of complete media 

and 10 L of the samples were treated with 10 L of Trypan Blue to determine cell count and viability 

using a Countess™ II FL Automated Cell Counter (Invitrogen). The remaining cells were centrifuged 

at 100G for 5 min, the supernatant removed, and used for ICP-OES quantification of gold content. 

Cells were monitored during GNP treatment using optical microscopy (Nikon Eclipse Ts2 

Microscope, Nikon Instruments Inc., Melville, NY, USA).  

2.5.3. Quantification of intracellular gold content using ICP-OES 

ICP-OES is a common technique for quantification of the cellular uptake of metal NPs since it 

offers high selectivity for elemental analysis. Measurements were performed on a Varian Agilent 720-

es ICP spectrometer (Agilent, Santa Clara, CA, USA). Calibration curves for gold were obtained from 

a calibration standard (Au 1000 mg/mL in 10% HCl, Perkin Elmer) diluted in 1% trace metal grade 

nitric acid (Thermo Fisher Scientific, Waltham, MA, USA, A509) and 10% HCl (Thermo Fisher 
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Scientific, Waltham, MA, USA, A508). Yttrium (Sigma Aldrich, St. Louis, MO, USA, Cat#01357) was 

used as internal standard for all ICP-OES measurements. Wavelengths of 242.794 nm and 267.594 nm 

were used to measure gold emission. Using the ICP-OES software (ICP Expert II), the gold 

concentration at each wavelength was calculated from the obtained calibration curve, and the 

measurements were averaged from both wavelengths. The reported concentrations were obtained by 

dividing the gold content obtained from ICP-OES by the total number of cells after 24h of particle 

incubation. 1mL aqua-regia solution (nitric acid and hydrochloric acid in a molar ratio of 1:3) was 

added to the vial containing the pellet of the cells. The solution was placed on a hot plate (T=60 C) 

in a chemical fume hood for digestion of the cellular matrix. After complete digestion, the solution 

was resuspended in 10 mL of standard diluent (10% HCl, 1% Nitric Acid) and filtered using 0.6 μm 

filters (MilliporeSigma™ Stericup Quick Release-GP Sterile Vacuum Filtration System). 

2.5.4. MTT Assay for cytotoxicity 

The MTT (3-(4, 5-dimethylthiazolyl-2)-2, 5-diphenyltetrazolium bromide) Cell Proliferation 

Assay is used to quantify changes in the rate of cell proliferation by reduction of tetrazolium salts 

and spectrophotometric measurements. LLC-Luc cells were seeded at a concentration of 4x104 

cells/well into 96-well plates and incubated overnight for adhesion. Cells were treated with different 

concentrations (1.5µg [Au]/well and 5µg [Au]/well) of particles (in a volume of 10 µL) and incubated 

for 24h. After particle incubation, 10 µL of MTT Reagent (ATCC®, American Type Culture Collection, 

Manassas, VA, USA) was added to each well including control wells (consisting of either media alone, 

media with GNPs, or cells with media without GNPs) and incubated at 37°C for 2 to 4h (until a purple 

precipitate was visible under the microscope). Then 100 µL of Detergent Reagent (ATCC®, American 

Type Culture Collection, Manassas, VA, USA) was added to each well (including controls) and stored 

at room temperature in the dark for 2 to 4h. Absorbance readings were performed at 570 nm and at 

690 nm using a Synergy™ H4 Hybrid Microplate Reader (BioTek Instruments, Inc., Winooski, VT, 

USA). 

2.5.5. Scanning transmission electron microscopy (sTEM) to confirm GNP uptake 

The cells treated as described in Section 2.4.1 were fixed by resuspending the pellet after 

centrifugation in 1 mL of 4% paraformaldehyde (Electron Microscopy Sciences, Hatfield, PA, USA). 

Three washes of 0.1 M PBS were performed on the samples for 10 min each., After the cells were 

fixed, samples were treated for 2 h at room temperature with 2% osmium tetroxide (OsO4) in 

cacodylate buffer. The samples were then washed again three times for 10 min in 0.1 M PBS followed 

by dehydration using a series of graded ethanol (30%, 50%, 70%, 90%) for 10 min each. The final 

washes used 90% acetone for 10 min and 100% acetone for 15 min repeated three times. To achieve 

resin embedding, the steps included: 2 h pre-inclusion in resin / 100% acetone (1:1), overnight pre-

inclusion in resin / 100% acetone (2:1), 3 h pre-inclusion in 100% resin and finally, embedding in 100% 

resin using flat molds. To achieve complete polymerization, the samples were incubated in a 60°C 

oven for 48 h and sectioned using a diamond knife to generate 100 nm ultrathin sections. These 

ultrathin sections were mounted on copper grids (200 mesh) (Ted Pella, Inc., Redding, CA, USA), 

stained with uranyl acetate and lead citrate, and imaged in a bright field setting at STEM mode and 

a vacuum of 15 KV with a FEI Nova NanoSEM 230 (FEI Co., Hillsboro, Oregon, USA). 

2.6. In vivo biodistribution and retention of GNPs 

2.6.1 C57BL/6 mice and LLC model 

In vivo experiments were performed using six-week-old female C57BL/6 mice, purchased from 

Taconic Biosciences (Rensselaer, NY, USA). All experiments conducted on the mice were approved 

by the Institutional Animal Care and Use Committee (IACUC) at the Houston Methodist Research 

Institute and were performed according to the principles of the NIH Guide for the Care and Use of 

Laboratory Animals, the provisions of the Animal Welfare Act, PHS Animal Welfare Policy, and the 

policies of the Houston Methodist Research Institute. Housing and care were provided in accordance 
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with the regulations of the Animal Welfare Act and recommendations of the Guide for the Care and 

Use of Laboratory. Under the effects of sedation, subcutaneous injection of 2x106 of LLC-Luc cells 

was performed into the right flank, when the mice weight was around 20 g. Intra-tumoral injections 

(IT) of either saline (control group, n=4), citrate-GNPs (50 µL, 4mg/mL, pH=6, n=8) or BSA-capped 

GNPs (50 µL, 4mg/mL, pH=6, 3 µM BSA, n=8) occurred once the tumor volume reached around 100 

mm3. All injections were performed after anesthetizing the animals with isoflurane. Animals were 

monitored daily to ensure good body condition, adequate food/water, and clean cages. CT imaging 

was performed pre-injection (as a baseline for the biodistribution analysis) as well as immediately 

post-injection, and on days 3, 6, and 9 post-injection. CT imaging was achieved using a Siemens 

Inveon Multi-Modality (MM) System controlled with the Inveon Acquisition Workplace (IAW), with 

slice thickness of 103.25 μm, in plane resolution of 103.25 μm, tube voltage at 80 kV, tube current at 

500 μA, and exposure time of 240 ms. Tumor volumes (V) in mm3 were calculated through daily 

measurements of the tumor axes using digital calipers and the following formula: 

𝑉 =
𝐷 ∗ 𝑑 ∗ 𝑑

2
 (3) 

where D and d represent respectively the major and the minor axis of the tumor measured in mm. 

Study endpoint was determined as 19 days post tumor cell injection OR tumor volume greater than 

2 cm3, tumor interfering with normal physiological function, surgical complications, or other 

symptoms as outlined in the HMRI Guidelines and Policies for Determination of Humane Endpoints 

and Tumor Monitoring Policy as well as recommendation of the CMP veterinary staff. 

2.6.2 Determination of Au in organs 

Mouse tumors, livers, kidneys, spleens, and lungs were harvested upon euthanasia, 9 days after 

particle injection and were weighed and flash frozen at –80 °C. Organs were then dissolved in 2 mL 

of fresh aqua regia, heated at 60°C for 1h, and left under the hood until the samples were completely 

dissolved. After complete digestion, the solution was resuspended in the standard diluent (10% HCl, 

1% Nitric Acid) to 10 mL and filtered using 0.6 μm filters (MilliporeSigma™ Stericup Quick Release-

GP Sterile Vacuum Filtration System). Gold concentration was determined using a Varian Agilent 

720-es ICP-OES spectrometer (Agilent, Santa Clara, CA, USA). 

2.7. Statistical Analysis 

GraphPad Prism 8 (version 8.3.0; GraphPad Software, Inc., San Diego, CA, USA) was used for 

statistical analyses. Mean ± s.e.m. values were calculated for all results. One-way analysis of variance 

(ANOVA) with Tukey's multiple comparisons test was used to assess statistical significance. 

3. Results 

3.1. GNP Characterization and Physicochemical (Charge, Size, Functionalization, X-ray Attenuation) 

Properties 

Spherical GNPs were synthesized and measured with electronic microscopy to have a particle 

diameter of 36.32 ± 4.57 nm for the citrate-GNPs and 40.97 ± 8.44 nm for the BSA-coated GNPs (mean 

± SD). Since the optical properties of spherical GNPs are dependent on particle diameter, we chose 

this particle size as it produced a strong SPR peak. While smaller particles might diffuse more easily 

and faster, the SPR band for GNPs with size smaller than 10 nm is largely damped [16]. Finally, it 

should be noted that the CT contrast properties are not dependent on particle size [64]. Histograms 

of both particle types are shown in Figure 1A. Unfunctionalized and BSA functionalized particles 

appeared similar in color, spherical and well rounded, and with low polydispersity (insets of Figure 

1A). The hydrodynamic diameters of the GNPs as measured by DLS, were within error of the core 

diameters estimated from sTEM. GNP surface charges were found to be negative as expected. Both 

sample types displayed similar optical absorption spectra (Figure 1B) in the UV-VIS. The 4 nm red 

shift of the SPR peak (from 530 nm to 534 nm) and representative SERS spectrum of BSA with gold 

nanoparticles (Figure 1C) confirm protein surface passivation. Assigned band positions are in 
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accordance with previous studies [65]. CT phantom imaging was performed to demonstrate the high 

X-ray attenuation properties of the particles. As shown in Figure 1D, the change in the attenuation 

levels expressed by the percentage variation in the Weber contrast compared to the tumor 

background linearly correlates with GNP concentration. Both citrate-GNPs and BSA-GNPs present 

significant greater attenuation values compared to a standard contrast agent (Omnipaque350) for 

concentration above 3 mg [Au]/mL (**p<0.005, ****p<0.0001). No significance was highlighted 

between the citrate-GNPs and BSA-GNPs. 

 

Figure 1. GNP surface passivation and characterization. (A) Distribution analysis, size and charge: 

histograms (n>700) for citrate-GNPs and GNPs functionalized with BSA (BSA-GNPs) calculated using 

a MATLAB algorithm based on sTEM images. Insert table shows DLS diameter and ζ-potential. (B) 

Absorbance spectrum of citrate-GNPs (dashed line) and BSA-GNPs (solid line) as well as their size 

and shape captured by SEM (inset represents citrate-GNPs). (C) SERS spectrum of BSA-GNPs and 

table of Raman shift values and tentative band assignments. (D) Weber contrast calculated based on 

CT phantom and tumor background. Citrate-GNPs and BSA-GNPs present higher X-ray attenuation 

properties compared to a standard contrast agent (Omnipaque350). Significant differences between 

GNPs (citrate-GNPs and BSA-GNPs) and standard contrast agent for concentration above 3 mg/mL 

(**p<0.005, ****p<0.0001).  

3.2. BSA Adsorption Models on GNPs 

After the citrate-reduction synthesis, GNPs can have acidic or slightly acidic pH (in the range of 

3–6) depending on relative concentrations and particle size [66]. Without any pH modifications, our 

particle solution pH is 3.5. Figure 2 shows the adsorption isotherms obtained fitting the 

hydrodynamic radii, experimentally determined with DLS as a function of BSA concentration and 

pH, with the model described in Section 2.4.2. BSA adsorption saturates according to the predicted 

model. The dotted lines (black and gray) in Figure 2B-E respectively represent the Langmuir model 

for adsorption (with Hill’s coefficient n=1) and the modified Langmuir model (where n < 1) for anti-

cooperative binding, which indicates strong repulsive forces between free and bound BSA molecules 

that increase in number as more binding sites on the surface become occupied. The adsorption 

isotherm for 35 nm GNPs at pH 4.7, 6.0, and 7.0 follows an anti-cooperative binding model, while at 

pH=8.5, follows a cooperative binding model. Adsorption beyond a monolayer is predicted to be 

negligible for GNPs at pH 4.7, 6.0, and 7.0. We also monitored the hydrodynamic diameter changes 

of the BSA-GNP solution prepared at 3 µM BSA resuspended in a solution of 600 µM BSA in PBS, 

which corresponds to the average physiological level of proteins (Supporting Info Table S1). GNPs 

at pH=6.0 maintain the same hydrodynamic diameter in a simulated physiological environment: this 
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result allows us to suppose that the protein corona on the particles would remain unmodified in an 

in vivo condition. For the particles at pH=7.0, however, we observed changes in their hydrodynamic 

radius (Supporting Info Table S1). This result can be partially explained by applying a higher Hill’s 

coefficient, where adsorption beyond a monolayer is not negligible because saturation is not perfectly 

reached. Therefore, we decided to maintain GNPs at pH = 6.0 for the in vivo experiments, because 

they are stable in a simulated physiological environment and their pH is closer to the extracellular 

pH of the tumor environment, which is slightly acidic (6.0 – 7.4) because of the extra secretion of lactic 

acid and CO2 by the tumor cells [67]. 

 

 

Figure 2. Adsorption isotherms showing hydrodynamic radii experimentally determined with 

Dynamic Light Scattering as a function of BSA concentration and pH. (A) Adsorption of BSA on the 

GNP surface at different pH values above and below the Isoelectric Point (pI) of BSA (pI = 5, Ge et 

al.[68]). The y-axis in (A) was calculated by subtracting the hydrodynamic radius of the citrate-GNPs 

(R0) at their respective pH from the hydrodynamic radius of each adsorption point experimentally 

determined (RF). Data is fit using the Langmuir model following the approach of Dominguez-Medina 

et al.[61] and results are reported for (B) pH = 4.7, (C) pH = 6.0, (D) pH = 7.0, and (E) pH = 8.5. Isotherms 

with returned best fit Hill coefficient where n is variable (green dashed line) or non-cooperative 

binding model where n = 1 (dashed black line). The adsorption isotherms for 35 nm GNPs at pH 4.7, 

6.0, and 7.0 follow an anti-cooperative binding model, while at pH 8.5 follow a cooperative binding 

model. 

3.3. In Vitro Uptake of GNPs 

In vitro assessments with optical microscopy of the LLC-Luc cells incubated with citrate-GNPs 

and BSA-GNPs after 24h showed aggregation of the citrate-GNPs (Figure 3Ai), while the BSA-GNPs 

remained stable and micro-clusters of the particles were not visible (Figure 3Aii). The intracellular 

content of gold after incubation of the LLC-Luc cells with citrate-GNPs and BSA-GNPs for 24h was 

clearly visible with electronic microscopy (Figure 3A-iii-iv). The inset of Fig. 3Aiii shows particle 

internalization by macropinocytosis, in which the particles are taken into an endocytic vesicle in a 

nonspecific bulk fluid uptake. We noticed that the BSA-GNPs are internalized in larger vesicles (1-2 

µm), while in the case of citrate-GNPs, macropinocytosis is accompanied by the presence of particles 

uptaken by endosomes in different stages of maturation (early endosome, late endosome and 

lysosome). This is not surprising as GNPs have been found to undergo both endocytosis and 

exocytosis patterns into cells [69]. Analysis of MTT and Trypan blue assays after 24h of particle 

incubation shows that a high concentration of functionalized and unfunctionalized nanoparticles 
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does not impact cytotoxicity (Figure 3B). The lack of any noticeable toxicity from citrate-GNPs and 

BSA-GNPs or cell proliferation suppression compared to untreated cells provides evidence for their 

safe application in vivo. As described in Section 2.5.3, ICP-OES was used to quantify the Au mass in 

the LLC-Luc cells. Figure 3C shows Au concentration per cell. No statistical significance is 

highlighted between groups, although the citrate-GNP content is higher than the BSA-GNP content 

in LLC-Luc cells. This result can be partially explained by the saturated protein corona formed in the 

case of BSA-GNPs, which decreases the uptake efficacy of GNPs by cells. 

Figure 3. Evaluation of particle uptake and viability with LLC-Luc cells. (A) Optical microscopy (i-ii) and 

sTEM (iii-iv) images of cells treated and incubated for 24h. (B) MTT and Trypan Blue assays for cells treated 

and incubated for 24 h. No significant differences between groups. (C) Quantification of GNPs internalized 

in LLC-Luc by ICP-OES after 24h. In (B) and (C) cells were treated and incubated in triplicate wells and 

data are plotted as the mean with s.e.m. 

3.3. In vivo biodistribution and retention of GNPs 

The biodistribution and retention of citrate-GNPs and BSA-GNPs were assessed using in vivo 

CT imaging. Mice were pre-scanned, injected intratumorally with GNPs as described in Section 2.6.1, 

and imaged at various time points with a micro-CT system. Representative CT images acquired from 

follow-up scans after GNP injection are shown in Figure 4A and indicate that the injected 

nanoparticles produce strong CT contrast. 9 days post injection, we were still able to locate particles 

in the tumor volume. We quantified the intratumoral contrast at different time points (Figure 4B) as 

well as the volume of the visible particles diffused in the tumor area (Figure 4C). Mean attenuation 

values were calculated in Hounsfield Units (HU) within the GNP volume over time. Sustained strong 

CT contrast highlighted a significant difference between the BSA-GNPs when compared to both the 

control group (saline) and citrate-GNPs (*p < 0.05, **p < 0.005). This result is consistent with the 

increase in BSA-GNP volume over time in Figure 4C: the more the BSA-GNPs diffuse throughout the 

tissues, the less they attenuate the X-rays. Citrate-GNP volume is constant over time, confirming the 

preliminary results we previously obtained [55]: citrate-GNPs do not diffuse over time 

intratumorally, but instead form a single cluster of particles. Overall, a heterogenic intratumoral 

distribution pattern was found for both citrate-GNPs and BSA-GNPs. However, we can’t exclude 

that particles may be forcefully spread out by the tissue as the tumor grows. The BSA-GNPs particles 

accumulated mostly in the tumor periphery, even though smaller depositions were found throughout 

the whole tumor region. Elemental Analysis performed with ICP-OES (Figure 4D) also confirms the 

presence of the particles in the tumor 9 days post-injection. Significant differences are highlighted 

between the saline and BSA-GNP groups (***p < 0.0005, Tukey’s multiple comparisons test) and the 

citrate-GNP and BSA-GNP groups (**p < 0.005, Tukey’s multiple comparisons test). This outcome 

validates the hypothesis that the protein corona of GNPs influences intratumoral distribution and 

retention of nanoparticles. We also performed elemental analysis for the spleen, kidneys, liver, and 

lungs of the mice 9 days post GNP injection. Although both particles types were administered 
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through intratumoral injection, we surprisingly saw evidence of gold content in these other organs, 

however, no statistical significance was determined. 

 

Figure 4. microCT and ICP-OES results both confirm that particles remain in the tumor 9 days post-

injection. (A) Representative 3D volume renderings of microCT images of concentrated GNPs 

intratumorally injected into solid LLC-Luc tumors grown on the right flank of C57BL/6 mice (9 days 

follow up). Images are rendered at a window level of 1090 HU with 930 HU window width. With this 

color look up table, solid tumors are shown in pink and contrast arising from the injected GNPs is 

shown in dark red (GNP clusters). Images are displayed with a voxel size of 100 μm. (B) Mean 

attenuation values in Hounsfield Units (HU) calculated within the GNP cluster volume over time 

using CT follow-up images. Significant difference of BSA-GNPs vs saline group and citrate-GNPs 

over time (*p < 0.05, **p < 0.005 Tukey’s multiple comparisons test). (C) GNP cluster volume over time 

calculated using CT follow-up images. (D) Biodistribution of citrate-GNPs and BSA-GNPs in digested 

organs 9 days post-injection (n=8 mice per group) using ICP-OES. Saline injections were performed 

on 4 mice as a negative control group (black bars). A two-way ANOVA test was done to compare the 

interactions between each group. Significant difference of BSA-GNPs vs saline group and citrate-

GNPs (**p < 0.005, ***p < 0.0005 Tukey’s multiple comparisons test). 

4. Discussion 

In this work, we demonstrated the fabrication and characterization of citrate-stabilized and BSA 

surface passivated GNPs, assessed their cellular uptake and lack of cytotoxicity in vitro, and evaluated 

their biodistribution and retention in an in vivo murine model of NSCLC. Recent studies have 

demonstrated the significant effects of albumin on the physicochemical properties of nanoparticles 

which inhibits plasma protein adsorption and decreases blood clearance time [70,71]. However, there 

still remains a lack of knowledge regarding how the surface chemistry of GNPs can influence particle 

distribution within a tumor microenvironment. Evaluating and providing better understanding the 

effects of surface passivation may help advance their clinical translation as theranostic tools. 

Several works have studied protein corona formation after intravenous injection of particles 

[13,72]. The advantage of direct administration of nanomaterials into the bloodstream is related to 

their rapid distribution throughout the vasculature. However, this feature can also result in a rapid 

clearance by organs, such as the kidneys and liver or the reticuloendothelial system. In this study, we 

overcome this limitation through intratumoral injection. This approach enables administration of 

highly concentrated nanoformulations. With this strategy, we were able to demonstrate that the 

particles are retained intratumorally for 9 days, without significant accumulation in other organs.  

Although intratumoral injections enable direct delivery of the nanomaterial into the interstitium 

of cancerous tissue, the interstitial tumoral pressure is higher than healthy tissue. This elevated 

interstitial fluid pressure gradient generally pushes the injected formulation out of the tumor and 
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produces higher leakage of the drug into the surrounding tissue. Identifying the intra-tumoral 

distribution of nanoparticles is clinically relevant because it can help determine the success of 

nanomedicine-based therapy and has often been considered a physical mechanism of drug resistance.  

In vivo results from this study show that the intratumoral biodistribution of GNPs is dependent 

on surface passivation and can result in significant heterogeneity throughout the tumor 

microenvironment. Predominately perfusion of BSA-GNPs occurs throughout the tumor periphery 

with reduce deposition covering the entire tumor volume. While some of this could be attributed to 

off centered injection or the fact that tumor growth will further spread out the particle distribution, 

we attribute the majority of this response to the abnormal and heterogeneous vascular structure of 

the LLC tumor, suggesting perfusion rather than permeability of the GNPs as the limiting factor for 

tumor accumulation. Despite perivascular accumulation, we demonstrate that BSA surface 

passivation can affect the intratumoral distribution and retention of GNPs.  

5. Conclusions 

In summary, we investigated whether protein surface adsorption can influence GNP 

biodistribution in a NSCLC animal model by applying high-resolution preclinical CT imaging. By 

controlling protein absorption on the GNP surface, we obtained a significant difference in the 

intratumoral distribution and retention of the particles, as demonstrated through quantitative CT and 

ICP-OES analysis. Moreover, our investigations revealed that surface passivation of GNPs controls 

the mechanism of cellular uptake in vitro. Further evaluation will expand our knowledge in how to 

better control the surface passivation of GNPs and prove useful for clinical translation of 

nanoparticle-based therapies. 

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Figure S1: Mice weight 

and tumor measurements, Table S1: Hydrodynamic diameter changes of the BSA-GNPs solution in a solution 

of BSA powder dissolved in PBS. 
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 In water (same pH) In 600 µM BSA in PBS 

BSA-GNPs (3 µM BSA), pH 6.0 39.43 ± 0.41 38.80 ± 0.11 

BSA-GNPs (3 µM BSA), pH 7.0 37.42 ± 0.21 45.52 ± 0.15 

Supporting Info Table S1. Hydrodynamic diameter changes of the BSA-GNPs solution in a mixed solution of 

PBS and BSA powder. 
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Supporting Info Figure S1. Mice weight and tumor measurements. (A) Body weight of female black mice 

(n = 8/group). (B) Tumor volume measured using a caliper (n = 8/group). (C) Comparison between tumor volumes 

measured manually by external caliper or quantified from micro-CT analysis (n = 16 mice for each measurement 

modality). No significant differences highlighted. Each data point in A - C represents the mean ± standard error 

of the mean (s.e.m.).  (D) Data are shown in boxplots for Day 10. (E) Bland Altman comparison between tumor 

volumes measured manually by external caliper or quantified from micro-CT analysis. A bias of 15mm3 is 

detected. 
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