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ABSTRACT. Delivery of small molecules and anticancer agents to malignant cells or specific 

regions within a tumor is limited by penetration depth and poor spatial drug distribution, 

hindering anticancer efficacy. Herein, we demonstrate control over Gold Nanoparticle (GNP) 

penetration and spatial distribution across solid tumors by administering GNPs with different 

surface chemistries at a constant injection rate via syringe pump. A key finding in this study is 

the discovery of different zone-specific accumulation patterns of intratumorally injected 

nanoparticles dependent on surface functionalization. Computed tomography (CT) imaging 

performed in vivo of C57BL/6 mice harboring Lewis lung carcinoma (LLC) tumors on their 
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flank and gross visualization of excised tumors consistently revealed that intratumorally 

administered citrate-GNPs accumulate in particle clusters in central areas of the tumor, while 

GNPs functionalized with thiolated phosphothioethanol (PTE-GNPs) and thiolated 

polyethylene glycol (PEG-GNPs) regularly accumulate in the tumor periphery. Further, PEG 

functionalization resulted in larger tumoral surface coverage than PTE reaching beyond the 

outer zone of the tumor mass and into the surrounding stroma. To understand the dissimilarities 

in spatiotemporal evolution across the different GNP surface chemistries, we modeled their 

intratumoral transport with reaction-diffusion equations. Our results suggest that GNP surface 

passivation affects nanoparticle reactivity with the tumor microenvironment, leading to 

differential transport behavior across tumor zones. The present study provides a mechanistic 

understanding of the factors affecting spatiotemporal distribution of nanoparticles in the 

tumor. Our proof of concept of zonal delivery within the tumor may prove useful for directing 

anticancer therapies to regions of biomarker overexpression. 

 

INTRODUCTION 

Overcoming challenges associated with therapeutic and nanoparticle tumor uptake and 

tissue penetration is critical for establishing effective cancer therapies. Accompanying 

systemic administration, challenges include off-target effects and associated toxicities. 

Intratumoral delivery has emerged as a means to enhance delivery locally and directly into the 

Commented [TR2]: No more than 1000 words 
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1. Intratumoral delivery as a mean to enhance delivery at the 
tumor with respect to systemic delivery. Much research is 
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intratumorally injected GNP (zonal delivery) by leveraging 
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development of …  
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tumor microenvironment (TME), thereby limiting systemic toxicity while permitting lower 

dosages.1–3 Significant research is dedicated toward enhancing delivery to the TME and 

bypassing systemic administration, yet reproducible means to target zones within the TME 

itself have not been identified. As the TME is notoriously heterogeneous, this creates 

challenges in homogeneous therapeutic distribution. Current strategies to enhance 

nanoparticle diffusion into tissue with abnormal vasculature, such as solid tumors, include 

increasing vasculature permeability through approaches such as preconditioning with local 

hyperthermia to elevate intratumoral interstitial fluid flow,4,5 delivery of transient anti-

angiogenic therapies to temporarily increase blood flow,6 and administration of anti-vascular 

endothelial growth factor receptor antibody to improve tissue perfusion7. While both 

morphologic and functional vasculature normalization have shown to temporarily improve 

agent perfusion to facilitate intratumoral delivery, remodeling processes occur that, ultimately, 

reduce vessel permeability and impair nanoparticle transport inside the tumor8. 

As only a fraction of an injected dose reaches the TME through the vasculature due to high 

interstitial fluid pressure,9 supporting methodologies are needed to achieve tumor uptake and 

retention. Strategies to enhance particle accumulation into specific tumor regions include magnetic 

nanoparticles directed by external magnets,10,11 ultrasound-mediated delivery to induce 

mechanical membrane stretching and pore formation,12 tumor recruitment of nanoparticle-

containing monocytes and macrophages,13 and pH-responsive surface coatings which improve 

retention upon entering an acidic TME.14,15 However, challenges related to scale-up and resource-

efficiency limit their use.16 These techniques also depend on additional external environmental or 



 5 

internal factors, such as chemoattractive gradients needed to recruit nanoparticle-loaded 

monocytes or metabolic shifts to direct nanoparticle accumulation. 

Regarding Gold Nanoparticles (GNPs), those ranging from 40-50 nm in diameter have been 

reported to accumulate predominantly (>80%) in the spleen and liver after systemic injection, with 

only a negligible fraction (~1%) localized inside the tumor. This reduced dose within the tumor, 

attributed to their sequestration by the reticuloendothelial system, results in suboptimal 

nanoparticle uptake and heterogeneous GNP spatial distribution that significantly diminishes 

therapeutic and diagnostic efficacy.17,18 Loco-regional administration of nanotherapeutics 

mitigates many issues related to dose reduction following systemic exposure, overcoming 

important biological barriers to absorption in solid tumors such as stiffening of the extracellular 

matrix (ECM) and increased interstitial pressure.19,20  Despite the limitations of intratumoral 

injection, such as the inability to directly target inaccessible metastatic lesions21 and deep-seated 

tumors,22 these challenges can be resolved through initiation of a host immune response and 

abscopal effect23 to induce regression of distant untreated lesions.24 Local, intratumoral delivery 

provides direct access to organized tertiary lymphoid structures within the tumor,22 subsequently 

targeting lymphocytes and other immune cells that travel through lymphatic vessels.  

Understanding how loco-regional agents accumulate after intratumoral injection within the TME 

could advance our ability to molecular engineer them such that they distribute with higher 

concentrations at regions of enriched biomarkers or immune cells.  

In addition to administration method, the intratumoral GNP distribution profile is strongly 

dependent upon their physicochemical properties; especially size, surface charge, surface 

functionalization, and shape.25–28 We previously demonstrated the importance of surface 

passivation to control GNP distribution in a murine model of lung cancer.29–31 However, a 
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thorough understanding of the effect of these properties to customize the design of GNPs to 

achieve the desired pharmacokinetics and spatiotemporal distribution profile inside tumors could 

be the holy grail of cancer nanomedicine, promising to advance drug delivery and optimize 

treatment outcome.  

We demonstrate the ability to spatially control delivery of intratumorally injected GNP (zonal 

delivery) by leveraging different surface chemistries while minimizing variables in administration 

through injection with a syringe pump set at a constant dispense volume and flow rate. We 

experimentally observed differences in the intratumoral distribution patterns of GNPs coated with 

three different chemical moieties (citrate, PTE, and PEG). To mechanistically characterize these 

differences in GNP intratumoral distribution patterns, studies are complemented with 

mathematical modeling32–34 of particle transport following intratumoral injection that considers 

particle reactivity over time. 

Nanoparticle transport modeling has traditionally focused on tumoral delivery following 

systemic injection32,34 rather than local. To this end, Mahesh et al. modeled nanoparticle tumoral 

transport following intratumoral injection using a convection-diffusion equation, and studied the 

effects of nanoparticle size, injection site, and vascular normalization on intratumoral 

distribution.35 They incorporated interstitial fluid flow to obtain interstitial fluid pressure and 

velocity profiles in the tumor, allowing them to investigate transvascular clearance of the 

nanoparticles from the tumor interstitium. However, their model does not include nanoparticle 

interaction with the cellular components and ECM of the tumor. Similarly, Klapproth et al. 

developed a physiologically-based pharmacokinetic model to study whole-body distribution of 

superparamagnetic iron oxide nanoparticles following intratumoral injection and compared results 

to intravenous injection.36 Their model is limited to the temporal evolution of nanoparticle 



 7 

concentration inside the tumor and other organs and does not study nanoparticle spatial distribution 

profiles. Here, we hypothesized that upon intratumoral injection, nanoparticle transport in the 

tumor interstitium is strongly governed by nanoparticle interaction with cancerous cells and 

components of the ECM, which in turn is affected by differences in surface chemistries, leading 

to distinct intratumoral distribution patterns of the GNPs. To test our hypothesis, we modeled GNP 

transport following intratumoral injection using reaction-diffusion equations, which simulate the 

spatiotemporal evolution of GNPs inside the tumor. We chose a macroscopic scale continuum 

approach adapted from our previous work involving transport modeling of hydrogel-embedded 

nanoparticles injected intratumorally into glioblastoma tumors.37 Integration of mathematical 

modeling with in vivo experimentation allows us to quantitatively characterize the nanoparticles 

biodistribution intratumorally towards the establishment of zonal-directed drug delivery within a 

tumor. These exciting results provide a foundation for the development of region-specific cargo 

delivery that can advance our ability to modulate various processes driving cancer progression as 

well as provide control over the retention and distribution of agents toward their specific 

surface target within the TME. 

 

RESULTS AND DISCUSSION 

In vitro uptake of GNPs is governed by their surface chemistry. In this work, we synthesized 

spherical GNPs using the citrate reduction method38 and surface functionalized them with 

either lipid bilayers (PTE) or polyether monolayers (PEG), two biocompatible coatings 

commonly used to mimic biological membranes39,40 and improve nanoparticle stealth41. We 

selected GNPs because they can be visualized both in vitro using electron microscopy42 and in 
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vivo using micro computed tomography43 due to their superior x-ray absorption proprieties44. 

Schematic 1 shows GNPs natively stabilized with citrate or surface passivated with either PTE 

or PEG using conjugated thiol linkers. The synthesis and characterization of these native 

nanomaterials have been previously described in detail.29,30,45 Surface chemistry modifications 

were achieved as described in the methods section. The resultant solutions appeared deep red 

in color and contained monodisperse spherical nanoparticles with hydrodynamic diameters of 

39.77 ± 2.06 nm, 51.66 ± 0.58 nm, and 56.80 ± 0.55 nm for citrate-GNPs, PTE-GNPs, and PEG-

GNPs, respectively (Figure S1A-C).  All three surface passivations resulted in negatively 

charged particles (Figure S1D) with an observed 3-5 nm shift of their localized surface plasmon 

resonance due to passivation with either PTE or PEG (Figure S1E). All three nanoformulations 

also displayed concentration dependent x-ray attenuation with signal intensities stronger than 

that of a standard iodine-based contrast agent, Omnipaque350 (Figure S1F). 

In order to determine if the modified surface chemistry of the GNPs affected particle uptake 

within cancer cells, we performed visualization studies using scanning transmission election 

microscopy along with elemental analysis to quantify differences in cellular gold content. 

Cancer cells from established murine (LLC) and human (HeLa) models were treated with each 

nanoformulation and cultured for 24 hours prior to processing (Figure S2). Citrate passivated 

particles were more greatly internalized within LLC cells as demonstrated by the large 

endocytic vesicles containing dark clusters, while particles passivated with PTE and PEG were 

found to a lesser degree (Figure 1A). Evidence of visualization correlated with elemental 

analysis where the intracellular gold content from citrate-GNPs was similar in both HeLa and 
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LLC cell lines and significantly (**p < 0.005) greater than that of the PTE-GNPs and PEG-GNPs 

(Figure 1B,D). Interestingly, PTE-GNPs were more toxic on HeLa cells than LLC cells when 

compared with their nascent particles (citrate) and PEGylated forms (Figure 1C,E). No dose-

dependent cytotoxic effect was highlighted in any cell line. 

GNP diffusion patterns are dependent on surface chemistry. Tumors were induced in mice 

through subcutaneous injection of LLC cells on their flank (see methods) and once the tumor 

volumes reached ~200 mm3, baseline images from the tumor bearing animals were obtained 

with µCT.  The animals were intratumorally administered either citrate, PTE, or PEG coated 

gold nanoparticles via syringe pump, and then imaged again with µCT immediately post-

administration (Day 0) as well as on days 3, 6, and 9. Following controlled intratumoral 

injection, we observed via CT imaging that the citrate-GNPs consistently agglomerated as 

single clusters, a phenomenon also reported by our group after manual injection30, while the 

PTE-GNPs and PEG-GNPs diffused predominantly in the tumor periphery. In vivo results 

demonstrated remarkable differences in the intratumoral diffusion of the GNPs depending on 

the surface passivation.  The results are supported by gross inspection of the particles localized 

to different regions of the tumor (Figure 2A), quantification of the amount of intratumoral 

gold over time with inductively coupled plasma - optical emission spectrometry (ICP-OES) 

(Figure 2B) and tracking GNP localization within the solid tumor using µCT (Figure 2C). 

Interestingly, each surface functionalization presents a different pattern of intratumoral diffusion. 

In Figure 2D, x-ray attenuation of the nanoparticle treated tumors are reported over time and 

compared with the tumor baseline signal. Attenuation levels of the tumors after GNP injection 
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demonstrate significant changes between the PTE and PEG passivation 3- and 6-days post-

injection (*p = 0.01, *p = 0.03). When comparing with the nascent particles, PTE-GNPs displayed 

x-ray attenuation similar in intensity, while PEG-GNP attenuation values were significantly lower 

6- and 9-days post-injection (#p = 0.03, #p = 0.04). Despite this decrease, the PEG-GNPs still 

displayed an x-ray attenuation signal ~35% greater than the tumor background 9-days post-

injection, demonstrating the capability of these particles to be tracked over time due to their high 

x-ray absorption properties. Experimental results from elemental analysis (Fig. 2B) and CT 

attenuation (Fig. 2D) significantly correlate using Pearson correlation analysis (p = 0.004). 

Accumulation of nascent and functionalized GNPs in other organs over time is shown in the 

Supporting Information (Figure S3). The highest concentration of GNPs was found in both the 

liver and spleen which offer a high number of extravasation sites. However, less than 10% of the 

ID was found in these organs without any significant differences between both treatment groups 

and days. This result confirms the advantages of loco-regional administration in preventing 

unwanted accumulation of our nanotherapeutic in non-specific sites. 

Intratumoral transport modeling of GNPs. Experimental results highlighting the different 

GNP zonal distributions dependent on particle surface passivation were confirmed through a 

parsimonious mathematical model of GNP transport following intratumoral injection, adapted 

from our previous work.37 Since citrate coated GNPs have the smallest diameter (Figure S1), 

this nanoformulation can be expected to have the highest diffusivity (as per Stokes-Einstein 

equation) and thus, the highest intratumoral coverage area. However, as observed in Figure 

2A,C, the intratumoral coverage area of the citrate coated GNPs was the lowest, which led us 

to hypothesize that surface functionalization-induced interaction of NPs with the tumor 
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microenvironment competes with the effects of size-dependent diffusion on NP transport.  

Thus, the mathematical model was based on reaction-diffusion equations to investigate the relative 

effect of NP diffusivity and reactivity on the spatiotemporal evolution of GNPs inside the tumor. 

To characterize the relative strength of reactivity and diffusivity of GNPs, we defined a 

dimensionless parameter referred to as the Damköhler number (𝐷!) and tuned it to reproduce the 

experimental observations qualitatively.  

To complement the experimental in vivo timeline (Fig. 2A,C), snapshots of the tumor 

mathematical model simulations are presented at days 3, 6, and 9 post-injection (Figure 2E). 

The area coverage of NPs in the tumor domain is indirectly proportional to their Damköhler 

number (𝐷!). This indirect relationship suggests that GNPs with a greater rate of reaction to 

the tumor microenvironment tend to travel the least distance from the site of injection. The 

simulation results are in good qualitative agreement with the experimental observations for 

the GNPs, indicating that citrate coated GNPs remain more localized near the site of injection 

due to their high reactivity (𝐷! = 0.1), unlike the less reactive PTE- (𝐷! = 0.01) and PEG-

coated GNPs (𝐷! = 10-5) which distribute more widely across the tumor interstitium, with 

PEGylated GNPs showing the greatest coverage area. We further confirm this interpretation 

by quantifying the concentration kinetics of bound and free (unbound) GNPs in the 

simulations. As shown in Figure 2F, the concentration of bound GNPs (red curves) around the 

site of injection (off-centered and set at a distance "!"#
#

 from the center of the tumor on its 

equator) follows the order 𝐷! = 0.1	> 𝐷! = 0.01	>	𝐷! = 1𝑒 − 5, while the reverse is the case for 

free NP concentration (blue curves). The average concentration of unbound GNPs across the 
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tumor diameter tends to decrease over time, with the highest change observed for the highly 

reactive citrate-GNPs. This indicates that less reactive GNPs can stay as freely diffusing for a 

longer period, thereby allowing such particles to diffuse farther away from the site of injection 

in a larger quantity, eventually leading to a more homogeneous particle distribution across the 

tumor diameter. It can thus be inferred from these numerical experiments that more reactive 

GNPs tend to distribute less across the tumor interstitium compared to less reactive GNPs, 

which tend to diffuse more.  

GNPs accumulate in different intratumoral zones depending on their surface chemistry. To 

better quantify GNP zonal accumulation intratumorally, we performed local elemental 

analysis, sectioning and digesting each section of each tumor separately. As shown in Figure 

3, we chose to cut the tumors in 4 regions and quantify the gold (n = 4 tumors) 3 and 6 days 

post-injection. Interestingly, the data not only confirms differences between groups treated 

with functionalized and nascent particles but also demonstrates that PTE- and PEG-GNPs 

accumulate to a greater degree in the lateral periphery over 3 days when compared with the 

citrate-GNPs. 

The histopathological profile of GNP intratumoral diffusion is dependent on particle surface 

chemistry. The consistently observed zonal distribution pattern delineated between 

nanoformulation groups was also highlighted by histopathology (Figure 4). Solid tumor 

nodules were identified in the mice both visually and with µCT (Figure 4A-D), harvested and 

photographed (Figure 4E-H) and stained with hematoxylin and eosin (H&E) (Figure 4I-L). For 

comparison across the different treatment groups, we show a representative 2D central slice at 
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20x magnification which revealed dense tumor growth within the fibroadipose tissue. The 

tumors consist of numerous irregular nuclei with frequent mitotic figures. In the untreated 

group, the tumors were highly viable and mitotically active with only rare small foci of 

apoptosis. The treatment groups showed a border zone (Figure 4J-K white arrow) with distinct 

areas of viable tumor bordering areas of tumor necrosis (smaller foci). Interestingly, the 

patterns of necrosis in the treated animals were similar to the GNP diffusion patterns. The 

citrate-GNPs were primarily aggregated in the tumor center along with observed necrosis, the 

PTE-GNPs consisted of multiple clusters throughout similar to the necrosis pattern, and the 

PEG-GNPs concentrated at the tumor periphery where necrosis was found along with 

extension of the particles into the surrounding soft tissues. Surprisingly, while all the 

nanoformulations originate from the same material, only the PEG-GNPs traveled across the 

tumor boundary and into the surrounding stromal cells, demonstrating access to a secondary 

target region. While most researchers focus on outside-in drug delivery and overcoming the 

stromal boundary to penetrate into the tumor, these results show an inside-out directed 

delivery into the surrounding stromal cells, which supports and maintains the integrity of the 

tumor mass, thereby making it an important region to target.  

 

CONCLUSION 

We investigated GNP interactions with the tumor microenvironment for nascent particles 

as well as particles surface passivated with lipid bilayers (PTE) and polyether monolayers 
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(PEG). We discovered in vivo different zone-specific patterns of particle accumulation in the 

tumor dependent on surface functionalization using a murine model of lung cancer. Ultimately, 

we predicted the spatiotemporal evolution of GNPs by modeling their intratumoral transport with 

reaction-diffusion equations. Using our parsimonious modeling approach, we demonstrated the 

mechanistic basis for the effect of surface functionalization on intratumoral GNP transport 

that has implications for drug delivery and treatment outcome. While the model assumed 

simplifications such as a non-growing tumor and the absence of advection, these assumptions 

do not necessarily impact the qualitative nature of our results. Importantly, we demonstrate 

that the characterization of GNPs using the Damköhler number (𝐷!) can be a valuable means 

to understand the impact of GNP properties on their transport behavior. While 𝐷! values were 

arbitrarily chosen as a proof of concept in the current study, future in vitro experiments can 

provide the necessary values of reaction rates to calculate 𝐷! and prospectively predict the 

expected intratumoral behavior of GNPs.    

For the field of cancer nanomedicine, there are several fundamental and applied research 

directions that can be considered. From an applied perspective, a mathematical framework 

that allows for particle distribution predictions based on surface properties could revolutionize 

the current methods of personalized medicine. Several applications have been identified in the 

last decade for gold nanoparticles in cancer treatment. They can be used as cargo for 

chemotherapeutics, mediators for photothermal therapy, and as contrast agents for imaging, 

helping to track tumor size and determine molecular signatures. However, these applications 

have been limited by the poor and heterogeneous accumulation of GNPs within tumor tissues. 
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For this reason, mathematical simulations and in silico approaches may help optimize a 

combination of surface properties to better intratumorally deliver a nanotherapeutic to a 

targeted region of the tumor.  

In this work, we used reaction-diffusion equations to model the intratumoral transport of 

nanoparticles and observed that the transport behavior of particles with high reactivity (greater 

Damköhler number) resulted in greater distribution across the tumor, while those with low 

reactivity remained localized. Using a reproducible intratumoral delivery approach (constant 

injection rate), we experimentally observed that changes in particle surface passivation affected 

transport behavior and resulted in remarkably different distribution patterns within the TME as 

assessed through different modalities (imaging, elemental analysis, and histology). Overall, the 

PEG functionalized GNPs consistently diffused in the tumor periphery and resulted in the greatest 

tumoral surface coverage, permeating beyond the cancer cells and into the stroma. As the stroma 

is known to play a role in promoting tumor development and metastasis, permeation into this 

region allows for access across the tumor-stroma barrier for therapeutic targeting. Finally, since 

the stroma (typically not targeted by standard anticancer therapies) can induce therapeutic 

resistance, its role in disease progression should not be overlooked, and identifying methods 

to target and deliver drugs into this region as well as other zones within the TME would offer 

a more comprehensive and integrative treatment approach. 

 

 

METHODS 
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Animal Model. All experiments conducted on the animals were approved for study (protocol 

# IS00005178 approved 6 May 2019 and protocol # IS00005819 approved 26 March 2021) 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 with the regulations of the Animal Welfare Act and 

recommendations of the Guide for the Care and Use of Laboratory Animals. Six-week-old 

female C57BL/6 mice (Taconic Biosciences) (n=60) were used in this study. Two million Lewis 

Lung Carcinoma (LLC) cells were suspended in 100 μL of PBS (Cytiva) and injected 

subcutaneously into the right flank of the mice with an average weight of 18.28 ± 1.68 g. 

Tumors were grown for 8 days to ∼200 mm3 before GNP treatment (Figure S4). 

Chemicals and Reagents. All chemicals were used without further purification. Deionized 

water was provided by a Millipore Milli-Q Integral 10 Water Purification System (Millipore 

Sigma). 

ICP-OES Chemicals. Acids (HNO3, HCl) were purchased as trace metal grade (ThermoFisher 

Scientific). The gold pure standard solution (Au 1000 µg/mL in 10% HCl and 1% HNO3) was 

purchased from Perkin Elmer. Yttrium (1000 mg/L) was used as internal standard and 

purchased from Sigma-Aldrich. Seven standards were prepared to generate a calibration curve 

for Au content (100 μg [Au]/L, 250 μg [Au]/L, 500 μg [Au]/L, 1000 μg [Au]/L, 2500 μg [Au]/L, 

5000 μg [Au]/L, and 10000 μg [Au]/L), as dilutions from the gold pure standard solution. All 
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measurements were performed on triplicate samples (or more when indicated) using a Varian 

720-es ICP spectrometer (Agilent). All elemental analyses were performed using the ICP 

Expert II software (Agilent) by averaging the signal from the 242.794 nm and 267.594 nm 

emission lines. Each of the samples were filtered using 0.22 μm filters (MilliporeSigma) prior 

to ICP-OES measurement. 

Nanoparticle Synthesis and Characterization. Gold nanoparticles were prepared as 

previously described29,30. Briefly, gold nanoparticles (~35 nm in diameter) were synthesized by 

boiling 4.8 mL of 0.039 M aqueous citrate (Sigma-Aldrich) and 7 mL of 0.033 M gold (III) 

chloride (Sigma-Aldrich) in 600 mL of deionized water until a transition in color from yellow 

to black occurred, and the colloidal solution appeared dark red. After GNP synthesis, the pH 

of the solution was measured to be 3.6. 1 M NaOH solution (Fisher Scientific) was added 

dropwise to the solution to adjust the pH to 6.0. GNPs were centrifuged at 1500g for 5 min in 

Amicon Ultra-15 100K filters (Sigma-Aldrich). Nanoparticle concentration was measured by 

ICP-OES and ultraviolet visible (UV−vis) spectroscopy and nanoparticle size was determined 

by dynamic light scattering (DLS) and scanning transmission electron microscopy (sTEM). 

Surface functionalization of concentrated GNPs with PTE. Concentrated GNPs were 

conjugated to phosphothioethanol (PTE) using thiol chemistry. 1,2-dihexadecanoyl-sn-

glycero-3-phosphothioethanol (sodium salt) (730 Da, 16:0 PTE; Avanti Polar Lipids) was 

dissolved in 200 proof ethanol (ThermoFisher). The PTE solution (1.45 mg/mL, 118 µL) was 

added to the GNP solution (18.56 mg/mL, 500 µL) at a ratio of 1 PTE molecule/nm2 and 

incubated for 1 h at room temperature to let the ethanol evaporate completely. Once 
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completely evaporated, the ethanol was replaced with the same volume of deionized water 

(118 µL). 

 Surface functionalization of concentrated GNPs with PEG. Concentrated GNPs were 

conjugated to polyethylene glycol (PEG) using thiol chemistry. Poly(ethylene glycol) methyl 

ether thiol (6000 Da, mPEG-SH; Sigma-Aldrich) was dissolved in deionized water at a 

concentration of 1.2 mg/mL. The mPEG-SH solution (1.2 mg/mL, 118 µL) was added to the 

GNP solution (18.56 mg/mL, 500 µL) at a ratio of 1 PEG molecule/nm2 and incubated for 1 h 

at room temperature. 

In Vitro Cytotoxicity and GNP Uptake. LLC and HeLa cells were obtained from the 

American Type Culture Collection (ATCC). Cell subculturing and GNP-based treatment and 

procedures have been previously described29,30. For each cell line, we investigated three groups 

of GNP treatment (citrate-GNPs, PTE-GNPs, and PEG-GNPs) with two different treatment 

doses (15 μg [Au]/mL per well and 50 μg [Au]/mL per well). The amount of GNPs internalized 

by each of these cell lines as well as cell viability after particle treatment were measured in 

triplicate wells. 

MTT	Assay	 for	cytotoxicity. Briefly, cells were seeded (4 × 104 cells/well) into 96-well plates 

(Thermo Fisher Scientific) and allowed to attach overnight. Cells were treated with each of 

the nanoformulations and incubated for 24 h.  10 µL of MTT Reagent (ATCC) was added to 

each well and the plate incubated for 2 h or until a purple precipitate appeared. Then, 100 µL 

of Detergent Reagent for MTT (ATCC) was added to each well to solubilize the purple 
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precipitate for 4 h prior to absorbance measurements at 570 nm and 690 nm using a Synergy™ 

H4 Hybrid Microplate Reader (BioTek Instruments, Inc.). 

ICP-OES	quantification	of	GNP	uptake. Briefly, cells were seeded (3 × 105 cells/well) into 6-well 

plates (Thermo Fisher Scientific) and allowed to attach overnight. Cells were treated with each 

of the nanoformulations and incubated for 24 h.  Cells were washed with sterile 1x PBS 

(Cytiva), detached with 0.25% trypsin-0.53 mM EDTA solution (Thermo Fisher Scientific), 

neutralized with complete media, counted with an automated cell counter (Invitrogen) using 

a solution of 0.4% Trypan Blue (Thermo Fisher Scientific), and pelleted. All collected pellets 

were digested for 1 h in a 1 mL solution of aqua-regia (1:3 HNO3 to HCl) and then diluted in 2 

mL of acidic solution (10% HCl, 1% HNO3) for ICP-OES. 

sTEM	assessments	of	GNP	 intracellular	 internalization. Sample preparation and procedures for 

electron microscopy were previously reported46. Images were obtained using the bright field 

setting in sTEM mode (FEI Nova NanoSEM 230) under a vacuum of 15 kV. 

In Vivo GNP biodistribution. Mice received intratumoral injections of citrate-GNPs, PTE-

GNPs, or PEG-GNPs (50 μL, 15 mg [Au]/mL, n = 20 mice/group), once their tumor volumes 

reached ~200 mm3. To minimize the possible errors due to the challenges of consistent 

intratumoral administration and to assure maximum reproducibility, all injections were 

performed with an automatic syringe pump (KD Scientific Inc., 0.43 μL/s) while the animals 

were maintained under anesthesia with isoflurane.  

In	 vivo	 imaging	 and	 intratumoral	 GNP	 tracking. In vivo imaging was performed with micro-

Computed Tomography (µCT) using a Siemens Inveon Multi-Modality System and an Inveon 
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Acquisition Workplace. Imaging parameters were the following: slice thickness, 103.25 μm; 

in-plane resolution, 103.25 μm; tube voltage, 80 kV; tube current, 500 μA; exposure time, 240 

ms. Baseline images were acquired pre-injection and immediately after injection. Follow-up 

imaging occurred on days 3 (n = 3 mice/group), 6 (n = 3 mice/group), and 9 (n = 3 mice/group) 

post-injection of each treatment. Imaging analysis was performed with 3D Slicer (v4.11) on 

this dataset of acquired images.  

Intratumoral	GNP	content	and	biodistribution. Biodistribution of the GNPs was determined 

after intratumoral injection in a mouse model of lung cancer by quantifying the amount of 

gold in the solid tumor as well as in different organs (liver, spleen, lung, heart, kidneys, brain) 

and blood using ICP-OES. Mice sacrifice and tissue collection occurred 3 (n = 8 mice/group), 

6 (n = 8 mice/group), and 9 (n = 4 mice/group) days post-injection. Blood was collected via 

cardiac puncture immediately after death and tissues were weighed, flash frozen in liquid 

nitrogen, and stored at −80 °C for further analysis. For elemental analysis, the whole tissue was 

digested, except certain tumors on day 3 (n = 4 mice/group) and day 6 (n = 4 mice/group) that 

were further sub-sectioned. From each of these tumors, 4 dissections were obtained (medial 

periphery, medial core, lateral periphery, and lateral core), following the previously described 

approach31. Samples were digested as previously described30. Briefly, each tissue or blood 

sample was kept for 1 h in 2 mL of fresh aqua regia at 60 °C until complete digestion, and then 

diluted in 8 mL of acidic solution (10% HCl, 1% HNO3). The gold content of each sample was 

measured and normalized to the injected dose (ID) of the GNPs and expressed as percentage 

of the ID.  
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Histopathology. At day 9 post-injection, harvested tumors were fixed in 10% formalin, 

paraffin embedded, and sectioned. Each section was stained with hematoxylin and eosin 

(H&E) to evaluate the effects of nanoparticle treatment type on intratumoral zonal 

distribution. All samples were examined using a bright field microscope (EVOS Cell Imaging 

System Models, Thermo Fisher Scientific). 

Model development. Following intratumoral injection, GNPs in the tumor interstitium 

diffuse away from the site of injection, while interacting with the ECM and cancer cells. Thus, 

a fraction of the injected mass of GNPs continues to bind with cancer cells and components of 

the ECM, while the remaining unbound fraction continues to diffuse away. We describe the 

spatiotemporal dynamics of the free and bound GNPs with the following partial differential 

equations (PDEs). 

Equation	for	concentration	of	free	GNPs	(𝑪𝑵𝑷
𝒇
J𝒙, 𝒕N):	
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where 𝐷+, represents the diffusivity of NPs in tumor interstitium and 𝐼.𝑥, 𝑡2 is the NP 

interaction term that describes the collective rate of interaction of GNPs with cancer cells and 

components of the ECM and is characterized as a Michaelis-Menten process, such that 

𝐼.𝑥, 𝑡2 = 𝐼;9< ∙
%$%
&
&',)*

='>%$%
&
&',)*

. Here, 𝐼;9< is the maximal rate of reaction and 𝐾? is the Michaelis-

Menten constant. Note that in our parsimonious model we have ignored advection as a 
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transport mechanism of GNPs due to the occurrence of high interstitial fluid pressure in solid 

tumors47.  

 

Equation	for	concentration	of	bound	GNPs	(𝑪𝑵𝑷𝒃 J𝒙, 𝒕N):	
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         (2) 

 

We assume that GNPs once bound cannot unbind, hence the equation for bound NPs only 

contains the previously defined interaction term.  

Numerical	solution.	To solve the above PDEs, we used a numerical approach known as the 

finite difference method, for which we assumed a two-dimensional square lattice grid 

discretized into square elements to calculate the diffusion and interaction of GNPs at discrete 

time points (Figure S5). The 2D domain has a side 𝑙 = 2	cm and is discretized into 400x400 

elements, with each element of side Δ = 50	µm. The tumor is assumed to be a 2D circle located 

at the center of the domain and has a radius 𝑅61; = 0.5	cm. For simplicity, we assume the 

tumor to be static, i.e., it does not evolve over time. At every time step, the concentration of free 

and bound GNPs at a given grid element (𝑖, 𝑗) is estimated by the following expressions based on 

the explicit method:  
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where subscripts 𝑖 and 𝑗 represent row and column number of a given grid element, 

respectively, and superscripts 𝑓 and 𝑏 indicate free and bound GNPs, respectively. We imposed 

a Neumann boundary condition at the tumor periphery such that $%
$'
= 0, i.e. no flux occurs at 

the tumor boundary. For the initial conditions, we assumed a concentration of free GNPs 𝐶I 

at the site of injection (at a distance "!"#
#

 from the center of the tumor on its equator), and zero 

concentration everywhere else. All the simulations were performed in MATLAB R2020b. 

Model	parameter	estimation.	The various model parameters are defined in Table S1. One of 

the key model parameters that we discuss here is referred to as the Damköhler number (𝐷!), 

which is a dimensionless number defined as the ratio of rate of reaction to the rate of diffusion 

of GNPs, such that 𝐷! =
J#01

K$% "!"#/⁄
. It is worth noting that 𝐷! is implicitly divided by a unit 

concentration to make 𝐷! dimensionless. Since the gold core of the various GNPs investigated 

in this study have a comparable size (𝜙%&~30	nm), we assumed the same rate of particle diffusion 

among groups (given that rate of diffusion is a function of particle size as per the Stokes-Einstein 

equation). However, we hypothesized that due to the difference in surface chemistry of GNPs, the 

rate of reaction across groups will vary. Hence, to simulate GNPs with different rates of reaction 

(or 𝐼;9<), we use different 𝐷! numbers. Specifically, we model three different scenarios to 

compare the simulations to the three types of GNPs investigated in this study, such that 𝐷! = 0.1 
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for highly reactive GNPs, 𝐷! = 0.01 for moderately reactive GNPs, and 𝐷! = 10-5 for weakly 

reactive GNPs.   

Data and Statistical Analysis. Experimental results are presented as a mean of three replicates 

(n = 3) ± standard error of the mean (s.e.m). Data were evaluated using a nonparametric two-

way analysis of variance (ANOVA). Subsequent analysis occurred in terms of a Tukey’s 

multiple comparison posthoc test (GraphPad Prism 9 software, USA). Data was considered 

significant when *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. 
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ABBREVIATIONS 

GNPs, gold nanoparticles; ECM, extracellular matrix; ICP-OES, inductively coupled plasma - 

optical emission spectrometry; UV−vis, ultraviolet visible; DLS, dynamic light scattering; 

sTEM, scanning transmission electron microscopy. 
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FIGURE CAPTIONS 

Scheme 1. Gold nanoparticles (GNPs) surface stabilized natively with citrate and surface 
passivated with poly(ethylene glycol) methyl ether thiol (PEG) and 1,2-dipalmitoyl-sn-
glycero-3-phosphothioethanol (PTE) using conjugated thiol linkers. 

Figure 1. GNP uptake is a function of surface passivation which affects cell viability in a cell 
line dependent manner. (A) Representative scanning transmission election microscopy images 
of LLC cells demonstrating uptake of (i) citrate-GNPs, (ii) PTE-GNPs, and (iii) PEG-GNPs. 
Elemental analysis performed with ICP-OES on (B) HeLa and (D) LLC cell pellets 24 h after 
treatment. MTT assays for (C) HeLa and (E) LLC cells treated and incubated for 24h with 
nascent and surface functionalized GNPs. (**p < 0.005 and ****p < 0.0001 by two-way ANOVA 
using Tukey’s multiple comparisons test). All data in the figure are reported as mean ± s.e.m in 
triplicate. 

Figure 2. GNP intratumoral biodistribution is dependent on surface passivation. (A) Photos of 
ex vivo tumors harvested 3, 6, and 9 days post-injection show gross evidence of differences in 
particle distribution. (B) Intratumoral gold quantified with elemental analysis (ICP-OES) 3, 6, 
and 9 days post-injection. (C) 3D reconstructions of tumors (pink) and particle distribution 
renderings (red) from µCT. (D) Intratumoral x-ray attenuation in Hounsfield units (HU) show 
contrast enhancement after injection on days 0, 3, 6, and 9 when compared with tumor 
baseline (pre-injection) imaging (dashed line, *p <0.05, #p<0.05). Pearson correlation was 
calculated between (B) ICP-OES and (D) µCT data, identifying agreement between results (††p 
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< 0.005). (E) Snapshots of the tumor model simulations taken at day 3, 6, and 9 post-injection 
show spatial distribution of the total GNPs (free + bound) for particles with Da values of 0.1, 
0.01, and 1x10-5. These three values were featured as they qualitatively matched the 
experimental distribution patterns for the citrate, PTE, and PEG functionalized particles 
shown in A and C. The dashed white circle demarcates the tumor boundary. Color bar denotes 
NP concentration (mol m-3). Scale bar = 1 cm. (F) Simulation quantification, where the graphs 
show the concentration of GNPs across the tumor diameter with -1 being the left edge of the 
tumor boundary and +1 being the right edge, obtained from model simulations. Red line 
indicates the concentration of NPs that are bound while the blue line is the concentration of 
freely diffusing NPs in the tumor. Note that the y-axes are in log scale. 

Figure 3. Intratumoral quantification of particle zonal accumulation. (A) Schematic of 
methodology whereby the tumor was sectioned into 4 regions. Quantification of gold 
performed with elemental analysis on n = 4 tumors (B) 3 and (C) 6 days post-injection. Not 
visible areas in the boxes represent values of gold <0.5 %. 

Figure 4. Effects of GNP treatment type on intratumoral zonal distribution. Groups include 
untreated, citrate-GNPs, PTE-GNPs, and PEG-GNPs treated tumor bearing mice. (A-D) In 
vivo CT slices of the tumors grown on the mouse flank, (E-H) ex vivo photos of the excised 
tumors sliced on a plane close to the injection point, and (I-L) H&E stain of the tumors (red 
boxes in E-H represent the area shown with 20x magnification in I-L, white arrows in J-K 
represent border zone between viable and necrotic tumor). Scale bar represents 200 µm. 
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FIGURES 

 

Scheme 1. Gold nanoparticles (GNPs) surface stabilized natively with citrate and surface 
passivated with poly(ethylene glycol) methyl ether thiol (PEG) and 1,2-dipalmitoyl-sn-
glycero-3-phosphothioethanol (PTE) using conjugated thiol linkers. 
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Figure 1. GNP uptake is a function of surface passivation which affects cell viability in a cell 
line dependent manner. (A) Representative scanning transmission election microscopy images 
of LLC cells demonstrating uptake of (i) citrate-GNPs, (ii) PTE-GNPs, and (iii) PEG-GNPs. 
Elemental analysis performed with ICP-OES on (B) HeLa and (D) LLC cell pellets 24 h after 
treatment. MTT assays for (C) HeLa and (E) LLC cells treated and incubated for 24h with 
nascent and surface functionalized GNPs. (**p < 0.005 and ****p < 0.0001 by two-way ANOVA 
using Tukey’s multiple comparisons test). All data in the figure are reported as mean ± s.e.m in 
triplicate. 
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Figure 2. GNP intratumoral biodistribution is dependent on surface passivation. (A) Photos of 
ex vivo tumors harvested 3, 6, and 9 days post-injection show gross evidence of differences in 
particle distribution. (B) Intratumoral gold quantified with elemental analysis (ICP-OES) 3, 6, 
and 9 days post-injection. (C) 3D reconstructions of tumors (pink) and particle distribution 
renderings (red) from µCT. (D) Intratumoral x-ray attenuation in Hounsfield units (HU) show 
contrast enhancement after injection on days 0, 3, 6, and 9 when compared with tumor 
baseline (pre-injection) imaging (dashed line, *p <0.05, #p<0.05). Pearson correlation was 



 38 

calculated between (B) ICP-OES and (D) µCT data, identifying agreement between results (††p 
< 0.005). (E) Snapshots of the tumor model simulations taken at day 3, 6, and 9 post-injection 
show spatial distribution of the total GNPs (free + bound) for particles with Da values of 0.1, 
0.01, and 1x10-5. These three values were featured as they qualitatively matched the 
experimental distribution patterns for the citrate, PTE, and PEG functionalized particles 
shown in A and C. The dashed white circle demarcates the tumor boundary. Color bar denotes 
NP concentration (mol m-3). Scale bar = 1 cm. (F) Simulation quantification, where the graphs 
show the concentration of GNPs across the tumor diameter with -1 being the left edge of the 
tumor boundary and +1 being the right edge, obtained from model simulations. Red line 
indicates the concentration of NPs that are bound while the blue line is the concentration of 
freely diffusing (unbound) NPs in the tumor. Note that the y-axes are in log scale. 
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Figure 3. Intratumoral quantification of particle zonal accumulation. (A) Schematic of 
methodology whereby the tumor was sectioned into 4 regions. Quantification of gold 
performed with elemental analysis on n = 4 tumors (B) 3 and (C) 6 days post-injection. Not 
visible areas in the boxes represent values of gold <0.5 %. 
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Figure 4. Effects of GNP treatment type on intratumoral zonal distribution. Groups include 
untreated, citrate-GNPs, PTE-GNPs, and PEG-GNPs treated tumor bearing mice. (A-D) In 
vivo CT slices of the tumors grown on the mouse flank, (E-H) ex vivo photos of the excised 
tumors sliced on a plane close to the injection point, and (I-L) H&E stain of the tumors (red 
boxes in E-H represent the area shown with 20x magnification in I-L, white arrows in J-K 
represent border zone between viable and necrotic tumor). Scale bar represents 200 µm. 
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Surface passivation of gold nanoparticles governs their intratumoral diffusion. Computed 
tomography (CT) reveals different patterns of intratumoral diffusion of gold nanoparticles 
(GNPs) when their surface is functionalized with small molecules compared to their nascent, 
citrate stabilized form. 
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