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Development of PSMA Targeted Polymer Nanoparticles to Treat Prostate Cancer by Boron 

Neutron Capture Therapy Directed against PSMA 

Suchi Dhrona 

ABSTRACT  

Prostate-specific membrane antigen (PSMA) is a cell surface enzyme highly over expressed in 

prostate cancer cells that can be employed as a target for prostate cancer imaging and drug delivery. 

Boron Neutron Capture Therapy (BNCT) is an emerging noninvasive therapeutic modality for 

treating locally invasive malignant tumors by selective delivery of high boron content to the tumor 

and then subjecting the tumor to epithermal neutron beam radiation. In this study, we develop 

carborane encapsulated amphiphilic polymer nanoparticles by conjugating urea based PSMA 

inhibitors (ACUPA) and 89Zr chelating deferoxamine B (DFB) ligand and have investigated their 

efficacy to deliver enhanced boron payload to PSMA positive prostate cancer cells with 

simultaneous positron emission tomography (PET) imaging. Three different carborane 

encapsulated PLGA-b-PEG nanoparticles (NPs) were formulated with and without the PSMA 

targeting ligand, out of which two selected formulations; DFB(25)ACUPA(75) NPs and DFB(25) 

NPs radiolabelled with 89Zr were administered to mice bearing dual PSMA(+) PC3-Pip and 

PSMA(-) PC3-Flu xenografts. PET imaging and biodistribution studies were performed to 

demonstrate the in vivo uptake in mice. The NPs showed 2-fold higher uptake in PSMA(+) PC3-

Pip tumors to that of PSMA(-) PC3-Flu tumors with a very high tumor/blood ratio of 20. However, 

no significant influence of the ACUPA ligands were observed. Additionally, the NPs demonstrated 

fast release of carborane with low delivery of boron to tumors in vivo. Although the in vivo 

efficacy of those NPs remain limited, a significant progress towards the synthesis, characterization 

and initial biological evaluation of the polymer nanoparticles is proposed in this report and the 
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results presented could guide the future design of amphiphilic polymer NPs for theranostic 

applications. 

Keywords: boron neutron capture therapy (BNCT), prostate-specific membrane antigen (PSMA) 

inhibitor, 89Zr, nanoparticles, amphiphilic block copolymer, positron emission tomography (PET) 

imaging 
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1. Introduction: 

BNCT is a type of radiotherapy, which holds the potential to become a significant treatment for 

numerous types of tumors. BNCT is characterized 

by the neutron capture-fission response that 

happens when the stable isotope boron-10 (10B) is 

radiated by low-energy (0.025 eV) thermal 

neutrons or epithermal neutrons (10,000 eV), 

which become thermalized as they pierce tissues. 

The higher energy neutron beam allows for the penetration 

of thick tissues and the skull, which is critical for BNCT success. In response to 10B neutron 

capture, the consequent unstable 11B isotope undergoes a nuclear fission response (10B(n,a)7Li) to 

produce an alpha particle (4He), lithium-7 (7Li) ion and gamma radiation equal to 2.31 MeV (94% 

of time) or 2.79 MeV (6% of time). The extent of cell disruption is restricted by the path lengths 

of the above-mentioned longitudinal energy transfer molecules, characteristically 4–10 mm, 

meaning their energy deposition is confined to an individual cell. (Fig.1.1) 1,2 Thus, this binary 

cancer treatment uses selective and optimum uptake of boron-containing drugs into cancer cells 

over normal cells, followed by selective neutron beam exposure to destroy the cancer cells.3 As a 

result, BNCT has gained popularity for treating diseases like glioblastoma, melanoma, and head 

and neck cancers.4,5 In contrast to head and neck cancers and glioma, BNCT has not been 

successfully applied in prostate cancer due to lack of suitable targeting probes despite some prior 

preliminary efforts.6-8 However, the field currently suffers from a lack of boron delivery agents 

with high target to background ratio.1,2,9 To achieve a successful BNCT therapy, it is necessary to 

deliver approximately ~20–50 µg of 10B per gram of tumor (~109 atoms/cell) and a sufficient 

Figure 1.1. Schematic presentation 
of BNCT 
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amount of neutrons must penetrate and be absorbed by the cells to initiate a fatal 10B (n, a)7Li 

fission reaction.10  

Prostate cancer is one of the most prevalent noncutaneous cancer in men. PSMA is a cell surface 

enzyme which is highly expressed on the prostate cancer cells, low in normal prostate, and 

expressed to varying extents in other normal tissues.11,12 Recently, urea-based inhibitor agents 

targeting the enzymatic domain of PSMA have been developed for both imaging and therapy of 

prostate cancer.13,14 Theranostic agents that can target PSMA with radionuclides, including 177Lu 

and 225Ac, are currently under investigation for treatment of metastatic prostate cancer. Indeed, the  

recently  published  VISION and  TheraP  trial  results  demonstrate  a  clear  benefit  of 177Lu-

PSMA-617,  compared  against standard of care treatments for prostate cancer.15,16 While highly 

effective, one limitation of these therapies is off-target toxicity, including xerostomia (dry mouth) 

and bone marrow suppression.17 By combining the high selectivity of PSMA targeting with a 

spatially localized neutron beam, PSMA targeted BNCT has the potential to have high treatment 

efficacy with relative sparing of healthy tissues. 

A prior report suggested that boron-labeled PSMA targeting agents could bind to prostate cancer 

cells with high affinity both in vitro and in vivo. However, improved delivery of boron would be 

required for effective BNCT.10 A series of boron-labeled agents targeting PSMA had been 

designed and synthesized that demonstrated good to excellent binding affinity to PSMA in vitro. 

(previous study, data not available ) The in vivo binding to PSMA was evaluated by a 68Ga-PSMA-

11 uptake blocking assay with PET imaging and biodistribution analysis.18 The carborane-tagged 

small molecules could deliver only up to 4.2 μg boron/gram tumor in a prostate cancer xenograft 

mouse model, which needs significant improvement (>20 μg/g tissue) for effective BNCT.  
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Our hypothesis is based on prior reports suggesting that carborane-loaded poly(lactic-co-glycolic 

acid) (PLGA) nanoparticles can deliver significantly high boron content into the tumor tissue (>50 

µg/g tissue), where the enhanced permeability and retention (EPR) effect would be highly 

prominent.19 Besides, the block copolymer of PLGA and Polyethylene glycol (PEG) are known to 

be potent drug delivery systems in which the spontaneously formed polymeric nanoparticles with 

hydrophobic core accommodates sufficient quantity of hydrophobic drug molecules with 

controlled release, and the outer hydrophilic PEG corona protects the nanoparticles from immune 

surveillance.20-24  

The nanoparticles were formulated using polymer conjugates and subsequently their size and the 

stabilities had been analyzed in different physiological conditions. In vitro studies such as blocking 

assay, competitive binding assay and cell boron uptakes were also performed. To assess the 

kinetics and biodistribution of the nanoparticle over time, 89Zr, a positron emitting radionuclide, 

was attached to it. 89Zr is an ideal radioisotope for labeling and studying nanoparticles as well as 

other biologically active molecules due to its relatively long half-life (t1/2 = 78.4 hr.) and low 

energy positron emission. However, this report includes only the studies and data in which I was 

a part of the experiment.  

Over the past few months, we have been assessing the in vitro boron release kinetics of o-carborane 

from nanoparticles and the in vivo biodistribution studies. Using 89Zr labeled nanoparticles with 

and without PSMA targeting ligands, we have carried out micro-positron emission tomography – 

computed tomography (µPET-CT) imaging and biodistribution studies in PSMA (+) PC3-Pip and 

PSMA (-) PC3-Flu dual xenograft bearing mice models. We have performed the in vivo boron 

biodistribution studies and have also analyzed the PET imaging data by generating 3D free hand 

ROIs for few organs (heart, tumor, spleen, and liver) using the AMIDE software, which helped us 
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to perform quantitative analysis to assess the nanoparticle uptake at imaging time points. ROI 

statistical analysis were computed through the AMIDE software to assess the relevance of our 

findings.  

The NPs with 75 w% PLGA-PEG-ACUPA conjugates showed significant binding affinity to 

PSMA (+) PC3-Pip cells to that of the NPs without any ACUPA ligands (control). However, the 

NPs suffer from a rapid release of carborane that could be assumed to suppress the targeted boron 

delivery both in vitro and in vivo. Although the PSMA (+) PC3-Pip tumor showed around 2-fold 

higher NPs uptake than in PSMA (-) PC3-Flu tumor, no improved uptake was witnessed for the 

ACUPA conjugated targeted NPs. Besides, the in vivo targeted boron delivery was found to be 

limited through this amphiphilic polymer NPs.  
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2. Methods 

2.1. Materials and Instrumentation  

PLGA-PEG-OMe (Catalog No. AK037) and PLGA-PEG-COOH (Catalog No. AI078) block 

copolymers were purchased from PolySciTech. 89Zr oxalate was purchased from 3D Imaging and 

the Cyclotron Laboratory at the University of Wisconsin, Madison (Madison, WI). The 

radiolabeling chelator, p-Isothiocyanate-benzyl-DFO (catalog No. B-705), was purchased from 

Macrocyclics, Inc. o-Carborane was purchased from Boron Specialties (PA, U.S.A.). RPMI-1640 

medium, fetal bovine serum (FBS), and penicillin−streptomycin solutions were purchased from 

Life Technologies (NY, U.S.A.). All other commercially available chemicals (building blocks, 

reagents, and solvents) were purchased as reagent grade from Sigma Aldrich, VWR, or Thermo 

Fisher Scientific and used as received.   

2.2. Nanoparticle Synthesis  

5 mg of PLGA-PEG conjugates and 10 w% of carborane were dissolved in 0.5 mL of 

DCM/Acetone (4:1 v/v). For preparing carborane solution, 100 mg of o-carborane was dissolved 

in 1 mL of DCM/acetone (4:1). 5µL (0.5 mg) was drawn from the solution. 0.5 mL of the 

polymer/carborane solution was added to 10 mL of DI water containing 0.1 % PVA. The solution 

was then sonicated for 1 min using a probe based 20 kHz sonicator at 80% amplitude. After 

sonication, the solution was stirred overnight in open to evaporate the organic solvents and 

stabilize the nanoparticles at room temperature. The dispersed nanoparticles were centrifuged 

twice at 16k rcf for 15 min and the solvent was replaced with DI water to remove any remaining 

organic solvents, excess PVA and non-capsulated carborane. Finally, all the pellets were 

redispersed in an appropriate amount of saline for required nanoparticle concentration (Fig. 3.1). 
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Three different nanoparticle formulations were synthesized and employed in this experiment, viz: 

DFB(25) NPs, DFB(25)ACUPA(25) NPs, and DFB(25)ACUPA(75) NPs.  

2.3. In Vitro Drug Release Study of o-Carborane from Nanoparticles  

Dialysis membrane was soaked in distilled water for 30 min at room temperature to remove the 

preservative after which it was rinsed thoroughly with distilled water. 5mg of nanoparticle in 

0.5mL PBS was placed in a dialysis tubing cellulose membrane (molecular weight cut-off: 6-8 

kDa) and was kept in the release medium of 100 mL of PBS (pH 7.4). The sample suspension was 

stirred at 30 rpm at 37oC. At each time point like 0, 1h, 4h, 24h; 5µL of the nanoparticles from the 

dialysis membrane were added to 10mL of ICP matrix (2% H2SO4, 2% HNO3, and 0.3% triton in 

Millipore water) and the released carborane concentration was calculated by analyzing the boron 

content with ICP-OES measurement. The readings were in triplicate.  

2.4. Boron Analysis: 

After the formulation of nanoparticles, the encapsulation of boron was determined by ICP-OES 

(Inductively Coupled Plasma – Optical Emission Spectrometry) analysis by diluting the sample in 

ICP matrix. The ICP matrix was prepared using 2% H2SO4, 2% HNO3, and 0.3% triton in Millipore 

water.  

2.5. In-Vitro Boron Uptake Studies 

PC3-pip and PC3-flu cells were seeded in 6-well plates at around 1M cells/well for the next day 

experiment. Cells were washed twice with PBS, and 2.4 mL of fresh media was added with/without 

1 mM PSMA-2 and incubated for 1 h at 37ºC. After 1 h, all the wells were added with 2.5 mg of 

the prepared nanoparticles in 100 mL of saline, which is supposed to have around 50 mg of 

carborane (considering 2 w% carborane encapsulation). After incubation for 1 h at 37ºC again, the 
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cells were washed with PBS two times. Then, the cells were treated with 200 µL of concentrated 

H2SO4 and HNO3 each and kept at room temperature for 24 h. 30 mL of Triton-X-100 was added 

to the solution, and the whole solution was transferred to 15 mL conical tubes. Again, the wells 

were washed with 2 mL of DI water and subsequently transferred to the same conical tubes. 

Finally, the conical tubes were diluted to 10 mL with DI water. The boron content was measured 

by inductively coupled plasma optical emission spectrometry (ICP-OES, Thermo Scientific iCAP 

7000).  

2.6. Inoculation of mice with dual xenograft 

All animal studies were conducted according to an Institutional Animal Care & Use Program 

(IACUC) approved protocol. Male mice that were 5−6 weeks old, housed under aseptic conditions, 

received subcutaneous dual tumor cell inoculation, as approved by the University of California, 

San Francisco Institutional Animal Care and Use Committee. The experiment was conducted on 

12 immunocompromised mice. All the mice were implanted with dual xenograft PSMA (+) PC3-

Pip and PSMA (-) PC3-Flu tumor cells, out of which 10 were advanced for µPET/CT imaging and 

biodistribution studies. All xenograft injections took place at the UCSF Preclinical Therapeutics 

Core. Approximately 3 million cells were implanted subcutaneously in 100µL of 1:1(v/v) serum 

free media and Matrigel (Fisher Scientific, IL) mixture were injected in the left (PC3-Pip) and the 

right (PC3-Flu) thigh of the animals. The xenografts were given ample time to grow and expand. 

The mice were injected with radiolabeled nanoparticle for µPET imaging and biodistribution 

analysis when the tumor reached a size of around 150-300mm3.  
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2.7. In-vivo PET Imaging studies  

For the µPET-CT imaging, the Siemens Inveon imaging system (Siemens, Germany) was utilized. 

The system comprises of two independent scanners: the Inveon dedicated PET (D-PET) and the 

Inveon multimodality scanner. µPET-CT provides both functional and anatomical information, 

allowing to assess the accumulation of the injected nanoparticle within the major organs and 

engrafted tumor on the mice models. Approximately 3 weeks after implantation, animals with 

tumors reaching optimum size (150-300mm3) were anesthetized by isoflurane inhalation and the 

radiolabeled nanoparticles with and without PSMA ligand were administered via tail vein IV 

injection. The animals were then imaged by µPET/CT imaging system at 2 h, 20 h and 96 h time 

points post drug injection and image analysis was done. Image analysis, which so far remains my 

biggest contribution to the overall project, was completed using the multimodal medical image 

processing software, AMIDE (Loening, 2003). The PSMA (+) PC3-Pip and PSMA (-) PC3-Flu 

tumor bearing mice were sacrificed at the 96h time point post injection of the 89Zr radiolabeled 

nanoparticle. Blood was collected by cardiac puncture. Major organs (brain, bone, heart, kidney, 

liver, lung, muscle, pancreas, spleen, and subcutaneous tumors) were harvested, weighed, and 

counted in an automated gamma counter (Hidex). The percent injected dose per gram of tissue (% 

ID/g) was calculated by comparison with standards of known radioactivity.  

2.8. In Vivo Boron Biodistribution Studies  

Approximately 3 weeks of inoculation, animals with tumors reaching 150-300 mm3 were 

anesthetized by isoflurane inhalation and were administered with 20 mg respective nanoparticles 

in 200 μL of saline that contains ~400 mg carborane. The mice were sacrificed at 2 h, 20 h, and 96 

h post-injection, and blood was collected by cardiac puncture. Major organs (brain, bone, heart, 
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kidney, liver, lung, muscle, pancreas, spleen, and subcutaneous tumor) were harvested and 

weighed. Tissue samples were digested for two days at room temperature in 1 mL of a 1:1 mixture 

of concentrated sulfuric and nitric acids. After digestion, 1.5 mL of a 5% Triton X-100 solution in 

water was added to each sample. The samples were then sonicated for 90 min. A 1 mL portion of 

the sample solution was transferred to a 15 mL centrifuge tube and diluted to 10 mL with ICP 

matrix. The samples were processed for boron analysis by ICP-OES. 

2.9. Statistical Analysis 

Data were analyzed using the unpaired, two-tailed Student's t-test and one-way ANOVA. 

Differences at the 95% confidence level (P < 0.05) were statistically significant. 
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3. Results  

3.1. Formulation of carborane loaded nanoparticles:  

The Poly(lactide-co-glycolide)-block-poly(ethylene glycol); PLGA-PEG block copolymer is 

known to self-assemble into nanoparticles wherein the hydrophobic biodegradable PLGA core 

allows the encapsulation and controlled release of hydrophobic carborane and the outer 

hydrophilic corona of PEG protects the nanoparticle from immune surveillance. In the simplest 

version of this carborane encapsulated nanoparticles, the free carboxyl groups at the PEG end 

conjugated with the PSMA inhibitor (PSMA-1) for targeted delivery of boron to the tumor site. 

After the synthesis of nanoparticles, the carborane encapsulation was quantified in the 

nanoparticles formulated with 10wt% of carborane by ICP-OES analysis. The nanoparticles were 

found to encapsulate 1.86 wt% of carborane. 

 

Figure 3.1: Brief step-by-step protocol for the synthesis of carborane loaded theranostic 
nanoparticles 

 

As depicted in Fig 3.2, three different NPs were formulated and radiolabeled with varying w% 

of polymer conjugates or PLGA-PEG-OMe and were subsequently subjected to in vitro and in 

vivo assessment.  
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Fig 3.2. Representation of PLGA-PEG block copolymer-based amphiphilic nanoparticles for 
targeted delivery of boron. 

 

PSMA-targeted NPs were formulated by dissolving 25 w% or 75 w% of PLGA-PEG-ACUPA 

copolymers, whereas all the NPs were included 25 w% of PLGA-PEG-DFB conjugates to 

efficiently chelate 89Zr2+ for PET imaging. The detailed parameters for the nanoparticle 

formulation are presented in Fig.3.3. 

 
Fig 3.3. Detailed formulation parameters for the NPs. 
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3.2. Boron Encapsulation and In Vitro Drug Release 

The boron encapsulation in the NPs was determined by ICP-OES measurement and was found to 

be around 1.86 w% by using ~7.5 w% of boron with respect to polymer weight. It was also 

observed that the boron encapsulation remained almost similar (1.92w%) even if the boron content 

added was increased to ~15 w%. The cumulative release of boron from NPs was evaluated by 

using a dialysis membrane of 6-8 kDa pore size in PBS at 37◦C (Fig 3.4).  

 

Fig 3.4 Boron release rate from PLGA-PEG NPs 

 

It was observed that more than 84% of encapsulated boron was released from the NPs within 1 h, 

which increased up to 99% at 4 h. that demonstrated a fast release of carborane from the PLGA 

core.  

3.3. In-Vitro Boron Uptake Studies 

A cellular boron uptake assay was performed in both PC3-Pip and PC3-Flu using all the three NPs 

formulations, and the known PSMA-2 ligand was employed as a blocking agent (Fig.3.5). 

However, irrespective of the presence of PSMA targeting ACUPA ligands, both 

DFB(25)ACUPA(25) NPs and DFB(25)ACUPA(75) NPs were unable to demonstrate any 

improved boron uptake to that of the non-targeted DFB(25) NPs. This could be due to the fast 
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release of carborane from the NPs, and the boron uptake of around 0.6-0.8 %ID could be due to 

the non-specific uptake of the released carborane present in the media. The cellular uptake was 

3.01 ± 0.18 %ID [89Zr]DFB(25)ACUPA(75) NPs in PSMA expressing PC3-Pip cells, which was 

reduced to 1.97 ± 0.21 %ID by blocking a known high affinity PSMA binding agent (n = 3, mean 

± SD, **P < 0.01, ***P < 0.001, Student’s T-test). Overall, the DFB(25)ACUPA(75) nanoparticles 

demonstrated PSMA mediated cell binding in vitro, and therefore this formulation was advanced 

for in vivo imaging and biodistribution studies. 

 

Fig 3.5. Boron uptake in both PC3-Pip and PC3-Flu cells using PSMA-2 ligand as blocking 
agent. 

 

3.3. In vivo PET Imaging and Biodistribution: 

The ability of the boron and 89Zr labeled NPs to target PSMA in vivo was evaluated using PET 

imaging and biodistribution assay. The in vivo studies were performed in athymic mice bearing 

PC3-Pip and PC3-Flu dual xenografts ~3 weeks post-inoculation. For PET imaging, 200 μCi of 

the NPs ([89Zr]DFB(25) NPs or ([89Zr]DFB(25)ACUPA(75) NPs) were administered, and mice 

were imaged at multiple timepoints (2 h, 20 h, and 96 h) post intravenous injection. They were 

sacrificed for organ collection and gamma counting of tissues after 96 h timepoint imaging.  
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Fig. 3.6 shows trans axial micro-PET/CT images of mice injected with and without PSMA 

targeting ACUPA ligands of the NPs and Fig 3.7 shows the maximum intensity projection images.  

 

Fig 3.6: Axial fused micro-PET/CT imaging with 89Zr radiolabeled NPs in male nu/nu mice with 
subcutaneous PC3-Pip and PC3-Flu xenografts. 

 
Fig.3.7. Maximum intensity projection of 89Zr labeled NPs from 2 h to 96 h post injection. 

 

All micro-PET/CT images were segmented into representative regions of interest (Table 3.1) and 

time activity curves were generated as shown in Fig 3.8-3.9 
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Fig 3.8. ROI plot for blood up to 96 h.  

      

 
Fig 3.9. ROI plot for tumors up to 96 h. 

Table 3.1. Region of interest analysis represented as mean ± standard deviation of tumor and 
heart for the micro PET/CT images at 2 h, 20  h, and 96 h. 

 [89Zr]DFB(25) NPs [89Zr]DFB(25)ACUPA(75) NPs 

Organs 2h 20h 96h 2h 20h 96h 

Heart 8.588 3.482 1.016 7.556 3.88 0.826 

Liver 13.178 13.876 13.55 12.84 11.78 12.58 

Spleen 10.344 25.062 31.49 11.38 15.528 25.66 

PC3 - Pip 0.744 0.802 0.6 0.642 0.7 0.54 

PC3 - Flu 0.74 0.676 0.562 0.546 0.576 0.39 
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The ROI plots for the liver and spleen are shown below in Fig 3.10 A higher uptake was seen in 

the organs like liver and spleen whereas a lower uptake was observed in the tumors. 

 

Fig. 3.10. ROI plot for liver and spleen up to 96 h. 

 

While the tumor accumulation was observed to be below 1 %ID/gram for both the targeted and 

non-targeted NPs, a 2-fold higher tumor uptake was obtained in PSMA(+) PC3-Pip to that of the 

PSMA(-) PC3-Flu tumors that matched the ROI results and were in line with the biodistribution 

data obtained at 96 h Fig. 3.11-3.13. Biodistribution analysis data in ID%/gram tissue for 

radiolabeled [89Zr]DFB(25) NPs and [89Zr]DFB(25)ACUPA(75) NPs at 96 h are shown in Table 

3.2 

 
Fig.3.11. Biodistribution of 89Zr radiolabeled NPs in various tissues at 96 h was determined by 
collecting organs and gamma counting (n = 5, mean ± SD, **P < 0.01, ****P < 0.0001, NS P > 
0.05, Student’s T-test) 
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Fig.3.12. Tumor-to-blood and of 89Zr radiolabeled NPs at 96 h. (n = 5, mean ± SD, **P < 0.01, 
****P < 0.0001, NS P > 0.05, Student’s T-test). 

 

 
Fig.3.13. Tumor-to-muscle ratio of 89Zr radiolabeled NPs at 96 h. (n = 5, mean ± SD, **P < 
0.01, ****P < 0.0001, NS P > 0.05, Student’s T-test). 
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Table 3.2 Biodistribution analysis data represented as mean ± standard deviation in ID%/gram 
tissue for radiolabeled [89Zr]DFB(25) NPs and [89Zr]DFB(25)ACUPA(75) NPs at 96 h. 

Organs [89Zr]DFB(25) NPs [89Zr]DFB(25)ACUPA(75) 
NPs 

Liver 20.8416 23.9474 

Kidney 2.9278 3.1762 

Spleen 194.31 205.8916 

Heart 0.3022 0.3215 

Pancreas 0.201 0.1973 

Lung 0.7716 0.7571 

Brain 0.017 0.0182 

Femur 2.5502 2.3323 

Muscle 0.1892 0.1596 

Blood 0.0402 0.0458 

PC3-Pip 0.8858 1.0015 

PC3-Flu 0.4848 0.5067 

 

3.4. In Vivo Boron Biodistribution  

Finally, the in vivo boron delivery of the targeted and nontargeted nanoparticles was tested in the 

same dual PC3-Pip and PC3 flu xenograft model utilized for the PET imaging assay. The organs 

collected at 2 h, 20 h, and 96 h post-injection were subjected to ICP-OES to analyze boron uptake 

as shown in Fig. 3.14-3.16 and Table 3.3.  
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Fig 3.14. In vivo boron biodistribution at 2 h post-injection as determined by ICP-OES analysis. 
No boron could be detected in tissue at the 20h or 96h time points  

 

 
Fig.3.15 Tumor/blood uptake ratio of boron at 2 h post-injection. 

 

 
Fig. 3.16 Tumor/Muscle uptake ratio of boron at 2 h post-injection. 
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Table 3.3. In vivo boron biodistribution analysis data represented as mean ± standard deviation at 
2 h post injection (μg/gram tissue). 

Organs [89Zr]DFB(25) NPs [89Zr]DFB(25)ACUPA(75) 
NPs 

Liver 4.148 3.692 

Kidney 10.73 9.908 

Spleen 1.297 1.08 

Heart 2.138 1.694 

Pancreas 2.688 2.3238 

Lung 2.568 2.398 

Brain 0.84 0.91 

Femur 1.652 1.604 

Muscle 2.855 2.075 

Blood 1.892 1.702 

PC3-Pip 1.66 1.3275 

PC3-Flu 2.112 1.18667 

 

Unexpectedly, the boron concentration in all the organ samples from 20 h and 96 h timepoint were 

below the detection limit. This suggested that a quick clearance of boron from the organs was 

observed. However, higher uptake was observed in the kidney than in the liver, suggesting 

primarily renal elimination. The tumor uptake remained within the window of approximately 1-2 

µg/g of tissue, whereas the tumor/blood and tumor/muscle ratio were below 1. Overall, the 

biodistribution results demonstrated very little or no targeted boron delivery with PLGA-PEG NPs 

encapsulated with o-carborane.  
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4. Discussion 

This report demonstrates the formulation of carborane encapsulated nanoparticles and 

quantification of the encapsulated boron was determined by ICP-OES analysis. By using the pre-

synthesized PLGA-PEG-DFB and PLGA-PEG-PSMA conjugates, two different nanoparticles i.e. 

control (DFB(25)NPs) and targeted (DFB(25) PSMA(75)NPs) were formulated and tested for PET 

imaging. The boron content in the nanoparticles were different than other reports that demonstrated 

around 4.8-5.6 w% encapsulation of carborane in PLGA NPs.19 Overall, the results demonstrate 

that the PLGA-PEG-DFB conjugates were successfully synthesized and radiolabeled for in vitro 

and PET imaging analysis.  

The targeted NPs (DFB(25) PSMA(75)NPs) demonstrated significantly higher binding affinity to 

PSMA in comparison to the control NPs. However, the PET imaging and the biodistribution results 

did not demonstrate any significant difference between the targeted and the non-targeted NPs. 

Although the overall tumor uptake was relatively low (~1 %ID), the tumor/blood ratio was around 

25 for PC3-Pip tumor. A 2-fold higher uptake was seen in PSMA (+) PC3-Pip tumors than in the 

PSMA (-) PC3-Flu tumors, despite the presence or absence of the PSMA targeting ACUPA 

ligands. The difference in the uptake of both the tumors could be due to the EPR effect. It has been 

well demonstrated that the heterogeneous pore sizes in tumors mainly control the internalization 

of nanomedicine through the EPR effect, and the smaller size NPs with long circulating half-life 

is more receptive to maximize tumor uptake.27-30 In addition to this, a 2% ID/gram bone uptake 

was seen for both the NPs, which could be due to the weak nature of non-specific chelation of 

89Zr2+ to the NPs.31 

When the NPs were tested for boron delivery, it was observed that the nanoparticles released 84% 

of encapsulated boron within the first 1 h (Fig.3.4). This fast release of carborane from the PLGA 
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core is in line with the prior report, where the PVA-coated PLGA NPs have been evaluated.19 The 

inferior loading and release kinetics of carborane could be due to its rigid molecular structure with 

the lesser surface area of interaction and provides weak non-covalent hydrophobic interaction with 

the PLGA unit. In line with these studies, the ACUPA conjugated NPs could not demonstrate 

targeted boron delivery to the PSMA(+) PC3-Pip cells either in vitro (Fig. 3.5) or in vivo (Fig. 

3.14 - 3.16).  

The biodistribution of 89Zr tagged NPs showed significantly higher uptake in the liver and spleen, 

whereas the boron biodistribution studies showed higher boron uptake in the kidney to that of the 

liver and spleen. The observed distinct uptake of NPs and boron are in line with nature of materials 

used in this study A tumor boron uptake of at least 20−50 μg/g tumor tissue, accompanied by a 

tumor/muscle boron ratio of greater than 3:1 is required for effective tumor treatment by BNCT.1,3 

However, the boron uptake did not reach the requirements, which implies that the current NPs 

formulations and/or dosing regimens are not sufficient for BNCT. 

The results obtained suggested that the drug loading and release kinetics of the NPs were not 

suitable for successful BNCT. The in vitro cell binding assay and competition binding assay 

demonstrated relatively good PSMA binding affinity for the ACUPA conjugated NPs. However, 

their PSMA binding, and boron delivery in vivo were limited. One of the approaches to improve 

the boron loading and release kinetics and the in vivo stability of the NPs would be that the o-

carborane could be covalently conjugated with hydrophobic alkyl chains to increase the magnitude 

of non-covalent hydrophobic interaction with PLGA, which could eventually enhance the 

encapsulation of o-carborane in the PLGA core and would allow a slower release.32 The stability 

of the formulated NPs could be improved by using cross-link amphiphilic polymer which would 
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improve the release kinetics of o-carborane. These few improvements to the method represent 

important areas for future investigation. 
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5. Conclusion 

In this study, a set of three theranostic NPs encapsulated with carborane were successfully 

formulated, characterized, and biologically evaluated for simultaneous PET imaging and targeted 

boron delivery to PCa for BNCT. Although the influence of the ACUPA ligands to bind PSMA in 

vivo was minimal, the NPs demonstrated 2-fold higher uptake in PSMA(+) PC3-Pip tumors with 

an impressive tumor/blood ratio. Due to the rapid release of carborane, the nanoparticles could not 

deliver high boron content to the PC3 tumors. In summary, the results obtained in this study would 

be helpful in future studies of PSMA targeted nanoparticles and in the development of boron 

delivery vehicles for a successful BNCT. 
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