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Abstract

Adjuvant radiotherapy is frequently prescribed to treat cancer. To minimize radiation-related 

damage to healthy tissue, it requires high precision in tumor localization and radiation dose 

delivery. This can be achieved by MR guidance and targeted amplification of radiation dose 

selectively to tumors by using radiosensitizers. Here, we demonstrate prostate cancer-targeted 

gold nanoparticles (AuNPs) for MR-guided radiotherapy to improve the targeting precision and 

efficacy. By conjugating Gd(III) complexes and prostate-specific membrane antigen (PSMA) 

targeting ligands to AuNP surfaces, we found enhanced uptake of AuNPs by PSMA-expressing 

cancer cells with excellent MR contrast and radiation therapy outcome in vitro and in vivo. The 

AuNPs binding affinity and r1 relaxivity were dramatically improved and the combination of 

Au and Gd(III)provided better tumor suppression after radiation. The precise tumor localization 

by MR and selective tumor targeting of the PSMA-1-targeted AuNPs could enable precise 

radiotherapy, reduction in irradiating dose, and minimization of healthy tissue damage.
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Radiotherapy is prescribed for more than 50% of prostate cancer patients.1,2 Adjuvant 

radiation has been shown to mitigate disease progression in randomized phase III trials 

for men with high risk features such as seminal vesicle involvement, extra-capsular 

extension, or positive margins.3–5 Development of radiation technology, such as utilizing 

intensity-modulated radiotherapy (IMRT) which delivers highly conformal radiation dose 

distributions and image-guided radiotherapy (IGRT) that accounts for daily changes in target 

anatomy and positioning, allows unprecedented levels of accuracy and therapy outcome.6–10 

However, because the prostate is surrounded by many essential nerves and muscle fibers, it 

still remains a challenge to precisely localize and deliver proper radiation doses to tumors 

without untoward effects resulting.

Magnetic resonance imaging (MRI) is a powerful clinical imaging modality that provides 

high-resolution three-dimensional images of soft tissues11–13 and is being applied to 

prostate cancer diagnosis.14 Magnetic resonance (MR) molecular imaging of prostate 

cancer biomarkers can facilitate noninvasive prostate cancer detection and image-guided 

therapy.8,15–18 MR-guided radiotherapy (RT) is considered an important component for 

the future of radiotherapy.19 Adverse effects of RT can be mitigated by employing 

radiosensitizers that locally enhance the radiotherapeutic effect.20,21 Nanoparticle sensitizers 

allow for better targeting precision and lower radiation doses to the surrounding normal 

tissues, when properly employed,20,21 and can provide a means for further relative biological 
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dose escalation sparing normal tissue.22,23 So far, there has been limited preclinical and 

clinical investigation of targeted radiosensitizers for prostate cancer.24 Therefore, there 

remains an unmet clinical need to improve imaging for identifying cancerous prostate 

tissue followed by radiotherapy without damaging surrounding tissues. Here, we present a 

nanoparticle-based radiosensitizer that will improve prostate cancer tissue visualization and 

discrimination by MRI allowing for greater accuracy and efficacy during image-guided RT.

Gold nanoparticles (AuNPs) are the next generation of radiosensitizers for radiotherapy,25 

and actively targeted AuNPs can selectively enhance radiation doses to targeted diseased 

tissues and minimize off-target tissue damage. Recently, we have synthesized a new high-

affinity ligand to prostate-specific membrane antigen (PSMA), which is overexpressed in 

prostate cancer.26,27 We have demonstrated that the PSMA-targeted AuNPs can be used 

to increase the efficacy of radiation doses to prostate cancer.28 Some recent studies have 

demonstrated using nanoparticles as MR contrast agents and radiosensitizers for MR-guided 

radiation therapy in animals.29–33 However, all of them are untargeted and delivered via 

an enhanced permeability and retention (EPR) effect, which limits the selectivity and 

deposition into tumors.

In this study, we synthesized PSMA-targeted AuNPs to selectively deliver Gd(III) contrast 

agents to prostate cancer, resulting in contrast enhanced MRI. Radiation after NP injection 

significantly inhibited tumor growth, and diffusion-weighted imaging revealed tumor 

response to the Au–Gd(III)-PSMA NP-enhanced radiotherapy.

RESULTS AND DISCUSSION

The Au–Gd(III)-PSMA NPs were synthesized by conjugating Gd(III) complex to the 

AuNP surface, and active targeting of the Au–Gd(III)NPs was achieved by grafting Cys-

PSMA-1 ligands, as shown in Figure 1a. The Gd(III) complex was synthesized with minor 

modifications of our previously reported protocol.34 To verify the radiosensitizing effect 

of Gd(III), an analogous complex was synthesized with yttrium, Y(III). The details are 

provided in the Supporting Information (Figures S1–S3). The 1,2-dithiolane anchor with 

cyclic disulfide functionality has shown excellent surface binding affinity for gold, which 

binds the Gd(III) or Y(III) complex firmly to the AuNP surface.35 Moreover, the lipoic acid 

sequence of the Gd(III) complex improves the colloidal stability of our AuNPs,36 allowing 

us to eliminate the need for PEGylation as a particle stabilizer and retaining the small size of 

the Au–Gd(III)-PSMA NPs. TEM revealed that the Au–Gd(III)-PSMA NPs have a narrow 

core size distribution and an average diameter of 5 nm (Figure 1b), and after conjugating 

Cys-PSMA-1 ligands, the hydrodynamic (HD) diameter was 7.8 nm (Figure 1c). The 

stability of NPs in serum was monitored by gel electrophoresis, as described previously.37,38 

After incubating with 10% fetal bovine serum (FBS), a clear separation between the FBS 

band and the Au–Gd(III)-PSMA NPs band was observed, indicating limited irreversible 

Supporting Information
The Supporting Information is available free of charge at https://pubs.acs.org/doi/10.1021/acs.nanolett.0c02487.
Experimental section, synthesis and characterization of Gd(III) and Y(III) complexes, PSMA ligand, functionalization of the Au–
Gd(III)-PSMA NPs, stability and relaxivity measurements, MR imaging of Au–Gd(III)-PSMA NPs solutions, ICP measurment of NPs 
in vivo distributions, and ADC maps of mice before and after NPs injection (PDF)
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serum adsorption to the particle surface (Figure 1d). An increased mobility of the targeted 

AuNP toward the anode suggests the successful conjugation of Cys-PSMA-1 to AuNP, as 

PSMA-1 has a negative charge. The UV–vis absorbance of the NPs tested in PBS (pH at 5.5 

and 6.5) or serum over time confirmed long-term neutral and acidic stability (Figure S4).

Table 1 shows the relaxivities, where the untargeted Au–Gd(III)NPs have an r1 of 32.3 

mM−1 s−1 at 37 °C (1.4 T), with a total surface loading of 258 ± 63 Gd(III) complexes per 

particle, and the Au–Gd(III)-PSMA NPs have an r1 = 20.6 mM−1 s−1 at 37 °C (1.4 T), with 

a total surface loading of 230 ± 10 Gd(III) complexes per particle (Figure S5–S8, Tables 

S1–S3).

We tested the selectivity of Au–Gd(III)-PSMA NPs in vitro with both PSMA-positive 

PC3pip and PSMA-negative PC3flu cells. After coincubating with Au–Gd(III)-PSMA NPs 

for 24 h, the PC3pip cells showed greater uptake than the PC3flu cells (Figure 2a). PC3pip 

cells had almost a 3-fold higher Au uptake and 2.5-fold higher Gd(III) uptake than the 

PC3flu cells, indicating a PSMA receptor-mediated uptake of NPs. The binding affinity of 

Au–Gd(III)-PSMA NPs was determined by a competition binding assay. Au–Gd(III)-PSMA 

NPs, Cys-PSMA-1 alone, as well as the parent ligand ZJ24 were added to LNcap cell 

suspensions and incubated for 1 h at the presence of 3H-labeled ZJ24. The radioactivity 

retained by cells after extensive washes showed a remarkably lower half maximal inhibitory 

concentration (IC50) of 0.07 × 10−9 M for the Au–Gd(III)-PSMA NPs compared to 1.26 × 

10−9 M for the Cys-PSMA-1 and 9.79 × 10−9 M for the ZJ24 (Figure 2b). The significant 

improvement of binding affinity for the NPs is likely due to the multivalent binding effect, 

since multiple Cys-PSMA-1 ligands were covalently conjugated to the surface of each NP.39

To verify that enhanced uptake of Au–Gd(III)-PSMA NPs would improve contrast in MR 

imaging, we harvested both the PC3pip and PC3flu cells after 24 h coincubation with 

NPs and pelleted them in capillary tubes. PC3pip cell pellets incubated with Au–Gd(III)-

PSMA NPs showed a visible pink color, originating from the NPs, which was absent for 

the PC3flu cell pellet (Figure 2c). MR scanning at 7 T distinguished the PC3pip cells, 

showing an enhanced contrast in the T1-weighted image (Figure 2c). From this image, the 

increased signal-to-noise ratio (ΔSNR) for PC3pip cells was calculated to be 3.3 which 

was significantly higher than 0.8 for the PC3flu cells (Figure 2d). Clinical Gd(III)-based 

MRI contrast agents are usually not effectively internalized by cells.40 Conjugating Gd(III) 

contrast agents to targeted-NPs enhances the uptake into cells and likely will further improve 

the specificity for MR imaging.

Since both Au and Gd(III) have a high Z number and a notable mass energy absorption 

coefficient over soft tissues, we investigated the combination of these atoms on radiation 

enhancement.25,41 We synthesized AuNPs with yttrium (Y) complex bound to the surface 

as a negative control (Y has little mass energy absorption), and the chelated Gd(III) was 

replaced with Y(III) to ensure similar surface properties. First, we incubated PC3pip and 

PC3flu cells with various doses of Au–Gd(III)-PSMA NPs or Au–Y(III)-PSMA NPs for 

24 h to evaluate the cytotoxicity. Neither of the NPs caused obvious toxicity to PC3pip or 

PC3flu cells with NP concentrations up to 50 nM (Figure 3a).
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We hypothesized that an active NP uptake by PSMA targeting will sensitize cells to 

radiation, enhancing the radiation dose delivered to cells and leading to more effective cell 

killing. As confirmed by the survival fraction curves (Figure 3b), PC3pip cells incubated 

with Au–Gd(III)-PSMA NPs and irradiated showed a significantly lower survival rate 

compared to PC3flu cells or control cells at radiation doses above 2 Gy. Similar survival 

studies using Au–Y(III)-PSMA NPs (Figure 3c) showed that the radiation enhancement of 

Au–Y(III)-PSMA NPs was likely due to Au only. Compared to PC3pip cells incubated 

with Au–Gd(III)-PSMA NPs, PC3pip cells incubated with Au–Y(III)-PSMA NPs had a 

slightly higher survival rate. The sensitization enhancement ratios (SER, the ratio of survival 

fractions without and with NPs at a survival level of 50%) for PC3pip cells incubated 

with Au–Gd(III)-PSMA NPs and Au–Y(III)-PSMA NPs were calculated to be 1.7 and 1.5, 

respectively, trending toward an increase in radiation sensitivity due to Gd(III) but not 

differing significantly. Presumably, this is because the amount of Gd(III) conjugated to the 

AuNP surface is much lower than the Au content in the NPs and thus much less Gd(III) is 

internalized into the cells. The Au–Gd(III)-PSMA NPs and Au–Y(III)-PSMA NPs showed 

a high SER, at a much lower NP incubation concentration, compared to the other Au- or 

Gd(III)-based radiosensitizers,42,43 likely owing to their excellent binding affinity to PC3pip 

cells.

To further demonstrate the selectivity of Au–Gd(III)-PSMA NPs to enhance killing of 

PSMA-expressing prostate cancer cells upon irradiation, we mixed equal amounts of NP-

incubated PC3pip and PC3flu, irradiated the cell suspensions (4 Gy), and regrew them 

in 6-well plates to form colonies. Before imaging the mixed colonies, we incubated 

them with NPs again and stained them with silver44 to distinguish the PC3pip and 

PC3flu colonies based on PSMA expression (Figure 3d). For the cell mixtures without 

radiation, we measured equal quantities of PC3pip (stained as black) and PC3flu (relatively 

transparent) colonies (Figure 3e), with a ratio of 1 (Figure 3f). In contrast, after irradiation, 

the PC3pip colony numbers were significantly reduced, with only a few black PC3pip 

colonies identifiable in the plate. There was little change in the number of PC3flu 

colonies. The PC3flu-to-PC3pip colony ratio increased to 8 after irradiation, suggesting 

that X-ray irradiation can selectively kill the PC3pip cells when Au–Gd(III)-PSMA NPs are 

internalized, even when they are very-well mixed with PC3flu cells. This selectivity feature 

is very important for clinical applications of radiation therapy since cancerous lesions are 

always adjacent to normal healthy tissues, underscoring that precisely targeted radiotherapy 

is urgently needed.

To evaluate the performance of Au–Gd(III)-PSMA NPs for prostate cancer imaging, animals 

were intravenously injected with Au–Gd(III)-PSMA NPs at 60 μmol Gd(III)/kg, which 

is about half of the standard dose for clinically used Gd(III)-DTPA and 1/5 of that for 

Gd(III)(HP-DO3A).45 Significantly, increased contrast enhancement was observed for mice 

with PC3pip tumor for up to 24 h after NPs injection, peaking at approximately 6 h 

post-injection (Figure 4a). There was limited contrast enhancement for the PC3flu tumor 

over 24 h (Figure 4b). There was also dramatic MR signal in the bladder, indicating renal 

clearance of Au–Gd(III)-PSMA NPs due to their small size.46 Quantitative analysis was 

done by subtracting the muscle signal from the tumor region of interest (ROI) and dividing 

by the standard deviation of the noise to generate the contrast-to-noise ratio (CNR) values. 
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Au–Gd(III)-PSMA NPs produced a dramatic CNR increase of 13.9 ± 0.8 for PC3pip tumors 

during the first 6 h post-injection (Figure 4c), while CNR for the PC3flu tumors did not 

increase significantly over time. The kinetics of CNR for PC3pip tumor has a similar trend 

to that of PSMA-targeted AuNPs accumulation in the tumors as revealed by CT scanning 

in our previous studies.28,47 The small size of the Au–Gd(III)-PSMA NPs facilitates rapid 

tumor extravasation, selective tumor binding, and sustained MR contrast, which enabled 

prostate cancer detection with significantly improved sensitivity.

To further understand the performance observed in MR imaging, biodistribution of Au–

Gd(III)-PSMA NPs was measured by ICP-MS at 24 h post-injection. Au and Gd(III) content 

in tumors and main organs were analyzed. As shown in Figure 4d, there was significantly 

more Au and Gd(III) accumulation in PC3pip tumors than in PC3flu tumors, about 3.6-fold 

and 2.6-fold more for Au and Gd(III), respectively. This supports our hypothesis that active 

targeting of the prostate tumor via the PSMA receptor facilitates better NP accumulation 

compared to untargeted uptake,47 enhancing MR contrast in targeted tumors. The minimal 

enhancement in the PC3flu tumors likely is due to EPR. Since significant MR signal was 

observed in bladder, we collected the urine at 8 and 24 h post-injection, and the results 

of those collections showed that a large amount of Au and Gd(III) was detected in urine, 

especially at 8 h (about 2.1 μg Au and 0.6 μg Gd(III) per μL urine, Figure S9). The 

hydrodynamic diameter for NPs to get filtered by the glomerulus in the kidney is in the 

range of 6–8 nm and is dependent on their surface charge.48 While our NPs can be excreted 

renally, many of them end up in the reticuloendothelial system (RES),46 as a significant 

accumulation of Au–Gd(III)-PSMA NPs in the liver and spleen was observed (Figure S10), 

suggesting additional clearance pathways for the NPs via the RES and digestive systems.

To investigate the potential use of the Au–Gd(III)-PSMA NPs for radiotherapy of prostate 

cancer, mice bearing PC3pip tumor were injected with either Au–Gd(III)-PSMA NPs or 

Au–Y(III)-PSMA NPs, and radiation (6 Gy) was given once at 4 h or twice at both 4 

and 48 h post-injection (Figure 5a).28 Although the standard fractionation of 1.8–2.0 Gy 

per fraction and hypofractionation of 2.5–6.7 Gy per fraction are given to patients for 

radiotherapy of prostate cancer,49 the radiation dose (6 Gy) was chosen here to see the 

best outcome and efficacy comparison of Au–Gd(III)-PSMA NPs and Au–Y(III)-PSMA 

NPs, since multiple radiation dosing was limited to 2 doses. Further, with improved tumor 

targeting and MR-guidance, the Au–Gd(III)-PSMA NPs have the potential for extreme 

hypofractionation applications in which 6–10 Gy per fraction is used for image-guided 

radiotherapy of prostate cancer.50

Mice injected with PBS and receiving the same treatment were used as controls. Tumor 

size and mouse body weight were then monitored for 30 days. In contrast to PBS control, 

both types of NPs resulted in obvious reduction in tumor growth (Figure 5b), suggesting 

enhancement of X-ray irradiation. Radiation enhancement was measured with NP doses 

increasing from 0.13 μmol NPs/kg (dash lines) to 0.26 μmol NPs/kg (solid lines) and was 

dose-dependent for both types of NPs. Comparing the growth curves of tumors receiving 

the two types of NPs, Au–Gd(III)-PSMA NPs had significantly better tumor inhibition than 

Au–Y(III)-PSMA NPs, suggesting complementatry radiosensitization by the combination 

of Au and Gd(III). However, giving only one irradiation at 4 h after NP injection did not 
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completely inhibit the prostate tumor growth and resulted in tumors growing back rapidly 

after 2 weeks. Therefore, we tested multiple X-ray irradiations, which is often performed in 

clinical radiotherapy of prostate cancer.51

At 48 h post NP injection we performed a second X-ray irradiation. In tumor-bearing 

mice injected with Au–Gd(III)-PSMA NPs, a second irradiation significantly reduced tumor 

growth, which only increased in size by 114% by day 30, compared to 300% for tumor-

bearing mice injected with the same dose of NPs but receiving only one irradiation (Figure 

5c). Body weight for all the mice receiving radiation did not show significant changes, 

indicating that the NPs were safe to use for radiotherapy. For mice without irradiation, the 

body weight dropped to 84% (Figure 5d), indicating progressing disease.

Apparent diffusion coefficient (ADC) is a direct reflection of water proton mobility. Since 

increased tumor necrosis can promote water molecule diffusion in tumors and result in 

enhanced (ADC) values,52,53 we utilized diffusion-weighted imaging (DWI) to further 

evaluate tumor treatment outcome (Figure 5e). Alone the Au–Gd(III)-PSMA NP injection 

did not cause any changes to the ADC values (Figure S11), but after irradiation the ADC in 

the tumors was significantly increased 24 h after X-ray irradiation (Figure 5e). In contrast, 

irradiation alone without any NP injection did not cause any difference in ADC values. 

The changes of ADC value plotted in Figure 5f show that, with NP injection, irradiation 

increased the ADC significantly by 1.15 × 10−4 mm2/sec after 24 h, whereas for the blank 

control, it increased marginally by 0.18 × 10−4 mm2/sec. These DWI results suggest that 

the Au–Gd(III)-PSMA NP-enhanced radiotherapy for prostate cancer is based on destruction 

of the targeted cancer cells. This method could be used to monitor radiotherapy outcomes 

quantitatively and noninvasively during the radiotherapy.

In summary, we have described targeted Au–Gd(III)-PSMA NPs for prostate cancer MR 

imaging and radiotherapy. Both the Au and Gd(III) atoms can serve as radiosensitizers, 

and the conjugation of Gd(III) complexes onto AuNP surfaces improved MR sensitivity 

approximately 4-fold. The targeted Au–Gd(III)-PSMA NPs were prepared by conjugating 

Gd(III) complexes and a prostate-specific membrane antigen targeting ligand (Cys-PSMA-1) 

onto the AuNP surface. This surface modification increased the r1 relaxivity by a factor 

of 4 and resulted in a higher binding affinity. The Au–Gd(III)-PSMA NPs have excellent 

selectivity to PSMA expressing prostate cancer cells and enhanced the MR contrast of 

cells and radiosensitization in vitro. Systemically administered Au–Gd(III)-PSMA NPs 

showed good tumor accumulation, MR contrast, and significant in vivo radiation dose 

amplification. With high prostate cancer targeting specificity, MR contrast sensitivity, 

and renal clearance, the Au–Gd(III)-PSMA NPs can inform future clinical MR-guided 

radiotherapy of prostate cancer. Ultimately, these particles may be used to lower the 

therapeutic X-ray dose by protecting normal surrounding tissue from radiation damage 

while allowing cancer cell destruction. Specifically, radiotherapy is advancing toward 

magnetic resonance linear accelerator (MR-LINAC) instrumentation. This combines a MRI 

scanner and linear accelerator to deliver radiation doses to the tumor more precisely 

for therapy of several different cancers, including prostate and pancreatic cancer.54 The 

development of such a targeted MR imaging radiosensitizer may play a significant role in 

the development of MR-LINAC approaches. Significantly, PSMA receptor is overexpressed 
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in the neovasculature of most solid human tumors,27 making the application of PSMA-

targeted NP developed here to have a broader application for radiotherapy than just prostate 

cancer. The potential of PSMA as a vascular biomarker was highlighted by phase I trials that 

demonstrated specific targeting of tumor neovasculature by 111In-labeled J591 in patients 

with kidney, colorectal, lung, bladder, pancreas, liver, breast and cancers and melanoma.55 

Studies of the Au–Gd(III)-PSMA NPs as a contrast agent and radiosensitizer for other solid 

tumors are under investigation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Au–Gd(III)-PSMA NPs for MR-guided radiation therapy. (a) Schematic representation of 

Au–Gd(III)-PSMA NPs with AuNPs as the core, Gd(III) complex as the stabilizer on the 

surface, and Cys-PSMA-1 as the targeting ligand. The Yttrium (Y) complex was synthesized 

and conjugated to AuNP surfaces as a control. (b) TEM image of Au–Gd(III)-PSMA NPs 

with an average core size of 5 nm. (c) DLS shows the hydrodynamic diameter of Au–

Gd(III)-PSMA NPs. (d) Agarose gel electrophoresis demonstrates the successful binding of 

Cys-PSMA-1 to AuNPs and stability of Au–Gd(III)-PSMA NPs in serum.
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Figure 2. 
In vitro cell targeting, binding affinity, and MR contrast. (a) Selective uptake of Au–Gd(III)-

PSMA NPs by PC3pip and PC3flu cells. Cells were incubated with NPs for 24 h and 

then silver stained for visualization. Quantitative Au and Gd(III) content in PC3pip and 

PC3flu cells was measured with ICP-MS. (b) Competition binding curves for parent ZJ24 

ligands, Cys-PSMA-1 ligands, and Au–Gd(III)-PSMA NPs (n = 3). (c) Image of PC3pip 

and PC3flu cell pellets shows NP uptake by PC3pip cells (pink color) and the corresponding 

T1-weighted MR images of the cell pellets acquired at 7 T. PC3pip cells incubated with 

Au–Gd(III)-PSMA NPs demonstrate the highest contrast enhancement. (d) Increased signal-

to-noise ratio for PC3pip and PC3flu cells after incubating with Au–Gd(III)-PSMA NPs. 

Data are presented as the mean ± SD (n = 3), and differences between groups are compared 

with two-tailed t tests, **p ≤ 0.01.
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Figure 3. 
In vitro radiation enhancement by Au–Gd(III)-PSMA NPs and selective cell killing. (a) 

Cytotoxicity of Au–Gd(III)-PSMA NPs and Au–Y(III)-PSMA NPs after incubation for 24 

h. (b, c) Survival curves of PC3pip and PC3flu cells with and without addition of Au–

Gd(III)-PSMA NPs (b) and Au–Y(III)-PSMA NPs (c) at radiation doses of 0, 2, 4, 6, and 

8 Gy. (d) Schematic demonstration of selective cell killing experiment with mixed PC3pip 

and PC3flu colonies. (e) Plates showing mixed colonies stained with silver. PC3pip colonies 

stained black and PC3flu colonies were relatively transparent. Representative images are 

shown of n = 3. (f) Quantification of the ratio of PC3pip colony number to PC3flu colony 

number. Data are presented as the mean ± SD (n = 3), and differences between groups are 

compared with two-tailed t tests, **p ≤ 0.01.
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Figure 4. 
In vivo tumor targeting of Au–Gd(III)-PSMA NPs and MR imaging. T1-weighted spin echo 

images of mice with PC3pip tumor (a) and PC3flu tumor (b) obtained at 7 T. Tumors are 

indicated by red triangles and bladders are indicated by green arrows. Representative images 

are shown of n = 3. (c) Contrast-to-noise ratio (CNR) of PC3pip and PC3flu tumors relative 

to muscle, computed from T1-weighted images (n = 3). (d) Au and Gd(III) content in 

PC3pip and PC3flu tumors 24 h after Au–Gd(III)-PSMA NPs injection. Data are presented 

as the mean ± SD (n = 3), and differences between groups are compared with two-tailed t 
tests, **p ≤ 0.01.
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Figure 5. 
In vivo Au–Gd(III)-PSMA NP-enhanced radiotherapy. (a) Timeline of Au–Gd(III)-PSMA 

NPs injection, radiation treatments, and diffusion-weighted imaging (DWI) scanning time 

points. (b) Tumor growth curves without radiation (PBS) and with one irradiation (6 

Gy) after receiving PBS (PBS-X), Au–Gd(III)-PSMA NPs, or Au–Y(III)-PSMA NPs. (c) 

Tumor growth curves for mice injected with PBS or Au–Gd(III)-PSMA NPs after receiving 

irradiation (6 Gy) twice. Data are presented as the mean ± SD (n = 5). (d) Body weight of 

mice after each treatment. (e) ADC maps of mice injected with PBS or Au–Gd(III)-PSMA 

NPs before and at 2, 4, and 24 h after a single irradiation (6 Gy). Representative images are 

shown of n = 3. (f) Increased ADC values at 2, 4, and 24 h after radiation (6 Gy) for mice 

injected with PBS or Au–Gd(III)-PSMA NPs. Data are presented as the mean ± SD (n = 3), 

and differences between groups are compared with two-tailed t tests, *p ≤ 0.05, **p ≤ 0.01.
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Table 1.

Relaxivities of Gd(III) Complex, Au–Gd(III) NPs, and Au–Gd(III)-PSMA NPs at 1.41 T

Gd(III) loading per AuNP r1 relaxivity (mM−1 s−1)
a

ionic particle

Gd(III) complex NA   5.5   NA

Au–Gd(III)    258 ± 63 32.3 8331

Au–Gd(III)-PSMA    230 ± 10 20.6 4745

a
“Ionic” r1 refers to the contribution of each individual Gd(III) complex to proton relaxation, whereas “particle” describes the product of each 

particle’s Gd(III) payload.
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