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Abstract 

Purpose: Heavy-metal chelators and inorganic nanoparticles (NPs) have been examined as 

potential radioenhancers to increase the efficacy of external beam radiation therapy of 

various cancers. Most of these agents have, unfortunately, displayed relatively poor 

pharmacokinetic properties, which limit the percentages of injected dose (%ID/g) that localize 

to tumors and which shorten the window for effective radiation enhancement due to rapid 

tumor washout.  

Materials and Methods: To address these challenges, we sought to conjugate gadolinium-

based ultra-small (<5 nm) NPs to an antibody directed against the oncogenic MUC1-C 

subunit that is overexpressed on the surfaces of many different human cancer types. Note 

that the binding of the anti-MUC1-C antibody 3D1 to MUC1-C on the surface of a cancer cell 

is associated with its internalization and, thereby, to effective intracellular delivery of the 

antibody-associated payload, promoting its effective tumor retention. As such, we examined 

whether systemically administered anti-MUC1-C antibody-conjugated, gadolinium-based 

NPs (anti-MUC1-C/NPs) could accumulate within cell-line xenograft models of MUC1-C-

expressing (H460) lung and (E0771) breast cancers to improve the efficacy of radiation 

therapy (XRT).  

Results: The %ID/g of anti-MUC1-C/NPs that accumulated within tumors was found to be 

similar to that of their unconjugated counterparts (6.6 ± 1.4 vs. 5.9 ± 1.7 %ID/g, respectively). 

Importantly, the anti-MUC1-C/NPs demonstrated prolonged retention in in vivo tumor 

microenvironments; and, as a result, the radiation boost was maintained over the course of 

fractionated therapy (3 x 5.2 Gy). We found that by administering anti-MUC1-C/NPs with 

XRT, it was possible to significantly augment tumor growth inhibition and to prolong the 

animals’ overall survival (46.2 ± 3.1 days) when compared to the administration of control 

NPs with XRT (31.1 ± 2.4 days) or with XRT alone (27.3 ± 1.6 days; p < 0.01, log-rank).  
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Conclusion: These findings suggest that anti-MUC1-C/NPs could be employed to enhance 

the effectiveness of radiation therapy and potentially to improve clinical outcomes. 

 

Introduction 

Gold nanoparticles (NPs) were the first NP-based radioenhancers to be tested in small 

animals for tumor therapy1, 2. Their ability to augment the efficacy of external bean radiation 

was found to be mediated via the photoelectric effect and by Auger electron showers that 

arise due to the interactions between gold atoms and low energy photons produced by the 

external beam3-5. Based on these early findings, various inorganic NPs have been 

subsequently developed to similarly boost the efficacy of radiation therapy6, including ones 

comprised of bismuth, hafnium,7-9 and gadolinium,10-13 amongst others14, 15. Simulation 

studies conducted by McMahon and colleagues demonstrated that localized dose escalation 

is directly linked to the amount of internalized NP per cell and not to the atomic number of the 

metal comprising the NP16. Since this seminal report, various approaches have been adopted 

to improve the internalization of radioenhancers in preclinical tumor models, including 

through functionalization of NPs with antibodies17, 18 to aide in tumor targeting.18, 19 Efforts 

have also focused upon optimization of the timing of radiation via imaging of the same NP 

construct by computed tomography (CT)20, 21 or by magnetic resonance imaging (MRI).11, 12  

 

The aforementioned preclinical studies have provided the rationale for clinical trials based on 

2 separate NP compositions and via 2 distinct routes of administration. Hafnium oxide-based 

NPs (NBTXR3) injected intratumorally in a hydrogel have been imaged effectively by CT, 

demonstrating persistence inside the tumor bed post-implantation as well as limited diffusion 

outside of the injection site8, 9. In parallel, gadolinium-containing NPs (AGuIX) that were 

administered intravenously (IV) have been successfully tracked by MRI, enabling radiation 

therapy only after tumor localization10, 22. Both studies have demonstrated promising results 

and support the generalized capabilities of inorganic NPs to serve as radioenhancers in 
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clinical applications. While IV injection of imaging agents enables accessibility to a multitude 

of cancers, NPs administered via the IV route have been shown to rapidly wash out from 

tumors if not internalized by tumor cells as was observed in the NANO-RAD trial 

(NCT02820454). In that study, the gadolinium-based NPs were injected once weekly over 

the course of radiation therapy. After a single administration, the NPs initially localized within 

tumor environments but were then rapidly washed out, which was a phenomenon that could 

be attributed to their accumulation in perivascular spaces and their inability to specifically 

bind or to be taken up by tumor cells. The observed tumor wash out likely underlies their 

inability to enhance radiation over the full course of therapy and highlights the necessity for 

repeated NP administration to maintain early radiation boost effects.  

 

Given these findings, we hypothesized that NPs that are engineered to persist within the 

tumor environment could more effectively enhance the dose of fractionated radiation 

treatment and could obviate the need for repeated radioenhancer administration, which could 

decrease potential morbidities and/or treatment-related costs. In the present study, we 

conjugated multiple NPs to a single tumor-specific monoclonal antibody (mAb) to increase 

the dose of radioenhancer that is delivered to tumor cells. As the target for these antibody-

conjugated NPs, we selected mucin 1 (MUC1) based on its high expression levels across a 

variety of solid and hematologic malignancies23. MUC1 consists of an extracellular subunit 

(MUC1-N) and a transmembrane subunit (MUC1-C). Effective antibody-based targeting of 

MUC1-N has proven elusive due to its continuous shedding from the tumor cell surface24, 25. 

In contrast, the transmembrane MUC1-C subunit, which is not shed, functions as a potent 

oncoprotein, driving an aggressive tumor phenotype26. We have recently demonstrated 

targeting of the MUC1-C extracellular domain with the mAb 3D127. 3D1 binds to a conserved 

alpha3 helix that is not expressed in other proteins and selectivity reacts with malignant cells 

across a variety of cancer types. In order to compare the radioenhancement properties of 

3D1-conjugated NPs (i.e., anti-MUC1-C/NPs) to their unconjugated counterparts, we utilized 

the same type of nanoparticles that were employed in the NANO-RAD trial28 (Fig.S1); both 
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compositions were administered in combination with either a single high dose of external 

beam or with fractionated radiation therapy; and, treatment effects were compared in various 

models of lung and triple-negative breast cancer (Fig. 1A). 

Results and Discussion 

Synthesis of gadolinium-containing ultra-small nanoparticles. NPs were synthesized by 

following a previously established protocol28 that incorporates the silane precursors tetraethyl 

orthosilicate (TEOS) and aminopropyl triethoxysilane (APTES) with the macrocyclic chelator 

DOTAGA anhydride (1,4,7,10-tetraazacyclododecane-1-glutaric anhydre-4,7,10-triacetic 

acid) in a one-pot synthesis; the resultant APTES-DOTAGA conjugates are then complexed 

with Gd3+, using a solution of GdCl3. Thereafter, they are isolated and mixed with other 

organic silanes to generate the NPs (Fig. 1B, Fig. S1). The advantages of NPs produced by 

this method, versus those constructed by a bottoms-up approach that is typically employed 

to synthesize other gadolinium-based NPs for clinical applications, are the facility afforded by 

swapping and comparing the activities of various metallic atoms that can be complexed with 

different chelators in order to control physical properties through reproducible experimental 

conditions. With an average hydrodynamic diameter of 6.3 ± 1.7 nm (as determined via 

dynamic light scatting; DLS) and a favorable stability profile (as examined over 3 days in 

solution; Fig. S2), these ultra-small gadolinium-based NPs were found to be comparable to 

those examined previously in the NANO-RAD trial, vide supra, and were advanced for further 

anti-MUC1-C mAb conjugation. 

 

Conjugation of nanoparticles to anti-MUC1-C antibodies. Modification of the free amino 

groups of 3D1 with transcyclooctene (TCO) enabled coupling to tetrazine (Tz) groups 

present on the surfaces of NPs29 via established click chemistry protocols (Fig. 1C). TCO 

binding to Tz was validated by MALDI-MS (Fig. S3) and was optimized by using model 

reactions that examined various ratios of PEG4-TCO to Tz-modified antibody. Bulk UV-VIS 

measurements were utilized to follow modification of NPs, wherein the change in ABS of Tz 
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at 517 nm was correlated to TCO-Tz coupling over time (Fig. S4). These experiments 

demonstrated that 33.6 TCO per anti-MUC1-C 3D1 mAb provided for optimal conjugation. 

Lower amounts of TCO did not result in sufficiently high levels of NP conjugation, yielding no 

detectable levels of fluorescently-labeled NPs after incubation with MUC1-C+ E0771 (murine 

triple negative breast cancer30) cells in culture; similarly, higher amounts of TCO per mAb did 

not result in better binding (Fig. S3). The final composition of the resultant anti-MUC1-C/NPs 

was determined by ICP-MS after removal of excess unreacted reagent, using a tangential 

filtration device equipped with a 15 nm size cutoff and by following previously published 

protocols31. These experiments determined that 4.1 ± 1.8 NPs bound to a single 3D1 mAb, 

which was consistent with a previously study31.   

 

To examine the capabilities of the anti-MUC1-C/NPs to bind tumor cells, we labeled the NPs 

with Cy5.5 prior to mAb coupling and confirmed their specific uptake by MUC1-C+ human 

E0771 breast cancer cells via fluorescence microscopy (Fig. 1D). The presence of the Cy5.5 

dye also enabled confirmation of cellular labeling with anti-MUC1-C/NPs via flow cytometry, 

which was conducted after NP incubation with (i) MUC1-C+ E0771 cells (Fig. 1E) and (ii) 

MUC1-C+ human H460 lung cancer cells32 before and after silencing of MUC1-C expression, 

using a lentiviral vector encoding a MUC1-C shRNA33 (Fig. S5). For both cell lines, >95% 

cellular-labeling with Cy5.5 was observed only after incubation with Cy5.5-conjugated anti-

MUC1-C/NPs as compared to various controls. The specificity of MUC1-C binding by the 

Cy5.5-conjugated anti-MUC1-C/NPs was further confirmed in a blocking experiment wherein 

pre-incubation of the same cells with free and unlabeled anti-MUC1-C mAb (i.e, 3D1) was 

conducted prior to addition of the labeled NPs, yielding <15% cellular labeling with the 

fluorophore and confirming the binding specificity of anti-MUC1-C/NPs. 

 

In vitro studies of radiation enhancement. The radioenhancement properties of the anti-

MUC1-C/NPs were examined using the E0771 and H460 cancer cell lines prior to advancing 

to animal studies. Clonogenic assays were performed after irradiating cells with 0 to 10 Gy 
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doses, which were delivered in a single fraction by the small animal radiation research 

platform (SARRP). Augmentation of radiation-induced inhibition of in vitro cellular expansion 

was observed for cells treated with either unconjugated NPs or anti-MUC1-C/NPs as 

compared to those treated with radiation alone (p = 0.019, and p = 0.014, Mann Whitney test, 

respectively). The sensitive enhancement ratio (SER) values, which are defined as the 

radiation dose needed to reach a survival fraction of 50% in the radiation-containing 

treatment groups without and with the addition of radioenhancers34, were similar for anti-

MUC1-C/NPs and their unconjugated (free NP) counterparts, equaling 1.69 (vs. 1.32) and 

1.86 (vs. 2.00) in E0771 and in H460 cells, respectively. These SER values are also similar 

to those obtained with AGuIX NPs as reported with various cell lines35, which confirmed a 

macroscopic radiation boost increase of approximately 25%. Note that there were no 

differences observed between the passive (NP) and the actively targeted (anti-MUC1-C/NP) 

groups (p = 0.42, Mann Whitney test) (Fig. 2A). The local dose enhancement was further 

confirmed by a DNA-damage assay based on staining for γH2AX foci at 15 min after 

exposure to a 2 Gy dose of radiation (Fig. 2B). Quantification of the number of γH2AX foci 

(Fig. 2C), which can be directly correlated to the numbers of double-stranded DNA breaks 

within the genome of cells, confirmed a significant increase observed with both XRT + 

nanoparticle-containing treatment groups (XRT + NP and XRT + anti-MUC1-C/NP groups) in 

comparison to the XRT only group (i.e., p = 0.021 and p = 0.027, Mann-Whitney test, 

respectively).  

 

In vivo applications. A preliminary evaluation of the in vivo pharmacology of anti-MUC1-

C/NPs was conducted in healthy Balb/c mice. Animals were injected intravenously with 

nanoparticles (350 mg/kg of Gd3+ in 0.2 mL PBS) alone or after conjugation to anti-MUC1-C 

mAb (i.e., anti-MUC1-C/NPs). The circulatory persistence of the anti-MUC1-C/NPs was 

found to be enhanced when compared to that of unconjugated NPs, demonstrating a half-life 

of 28.6 vs. 16.8 min, respectively (Fig. S6). At 72 h post-administration of either formulation, 

only traces amounts of Gd3+ were detected in the liver, lungs, or other major organs of 
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treated mice as quantitively determined via inductively-coupled plasma mass spectrometry 

(ICP-MS) (Fig. S7). These findings are consistent with those of previous studies with the 

base nanoparticle formulation (NPs) upon conjugation to an mAb against the B cell 

maturation antigen (BCMA) and when examined in preclinical models of multiple myeloma31. 

In the current study, histologic examination of H&E stained tissues sections was performed 

by a veterinary pathologist upon necroscopy at 20 days after treatment administration and 

demonstrated no overt signs of acute tissue toxicities (Fig. S8), which was similarly 

consistent with the previous study31.  

 

Based on these encouraging findings, we conducted further experiments to evaluate the 

potential utility of our NP constructs to serve as radioenhancers for cancer therapy. We 

employed two distinct murine models: (i) a subcutaneous xenograft model of lung cancer that 

was generated via implantation of human H460 lung cancer cells in the flanks of Balb/c nude 

mice; and, (ii) an orthotopic and syngeneic model of triple negative breast cancer that was 

generated by implantation of E0771 cells in the mammary fat pads of B6(Cg)-Tyrc-2J/J mice. 

In order to determine the optimal window for radiation enhancement, which is defined as the 

time period whereby the maximal treatment effect is observed for the first irradiation fraction 

while avoiding concomitant toxicities to healthy surrounding tissues, the biodistribution 

patterns of fluorescently-labeled NPs and anti-MUC1-C/NPs were examined via in vivo 

optical imaging, using the orthotopic triple-negative breast cancer model. Imaging was 

conducted at various time points after IV administration of each formulation (Fig. 3A); at time 

points >1 h post-injection, negligible signals were observed in the heart, lungs, and healthy 

breast tissues of the treated mice. This time period after administration further allowed for 

substantial uptake of the nanoparticles within the tumor bed (6.6 ± 1.4%ID/g at 1 h, 4.3 ± 

1.1%ID/g at 24 h, 3.8 ± 0.9%ID/g at 48 h), which was sufficient to generate a significant 

radiation boost. At 24 h post injection, residual NPs that were neither internalized nor 

surface-associated through MUC1-C-binding to tumor cells were observed to clear from the 

tumor microenvironment (Fig. 3B). Note that at this dose and (IV) mode of administration, no 
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treatment group (i.e., unconjugated NPs, anti-IgG/NPs, nor anti-MUC1-C/NPs) whether alone 

or in combination with XRT was found to promote overt healthy-tissue toxicities as 

determined by serial body-weight measurements in the orthotopic (E0771) breast tumor 

model (Fig. 3C).   

 

We hypothesized that the prolonged tumor retention characteristics exhibited by anti-MUC1-

C/NPs could potentially obviate the practice of employing multiple injections to provide 

radiation enhancement, which has previously been deemed necessary when utilizing 

untargeted NPs to impart treatment effects10, 36. To test this possibility, we first employed a 

single fraction of high-dose stereotaxic radiation (10 Gy), which was administered in concert 

with different nanoparticle and control formulations. Irradiation was performed with a 220 kVp 

X-ray beam (SARRP platform), whereby 2 orthogonal beams were used to uniformly treat the 

entire tumor of each animal (Fig. S9)12. Using the subcutaneous (H460) lung cancer model 

(n=5 mice/group), we compared the radiation enhancement properties of anti-MUC1-C/NPs 

to those of the untargeted nanoparticle formulations (i.e., unconjugated NPs and anti-

IgG/NPs) that were administered at the same total dose (350 mg/kg of Gd3+) (Fig. 4A). 

Based on the preliminary pharmacology experiments, vide supra, all nanoparticle and control 

(PBS) groups were administered via a single IV (tail-vein) injection at 1 h prior to irradiation in 

order to provide sufficient time for their accumulation within tumor environments. After animal 

irradiation, tumor sizes and body weights were monitored twice per week. For each subject, 

the study was terminated once its tumor reached size > 3 cm in any axis or when it 

experienced a >20% loss in body weight. Compared to mice in the control group (i.e., PBS + 

XRT alone) that lived for 26.4 ± 3.2 days, animals that were similarly administered radiation 

in conjugation with any nanoparticle formulation demonstrated significant improvements in 

tumor growth delay (p = 0.033, Mann Whitney test) as well as a prolongation in survival (to 

29.3 ± 2.1 days in the unconjugated NP, 30.1 ± 1.6 days in the anti-IgG/NP, and 30.3 ± 1.6 

days in the anti-MUC1-C/NP groups; p<0.001, Log-Rank test). Note that when administered 
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in combination with a single fraction of high-dose radiation, there were no differences in 

survival imparted between any NP-containing treatment groups (p>0.05, Log-Rank test).   

 

To investigate the potential for anti-MUC1-C/NPs to impart preferential enhancements in 

combination with fractionated radiation treatment (3x5.2Gy), a second therapeutic study was 

conducted whereby radiation was delivered at 1, 24, and 48 h after anti-MUC1-C/NPs, 

untargeted NPs (i.e., unconjugated NPs or anti-IgG/NPs), or after control (PBS) 

administration and by using the same dosimetry approach. Note that the total radiation dose 

in this study was equivalent to the single 10 Gy that was administered in the first study, vide 

supra, as based on the linear quadratic model equation. We hypothesized that with 

fractionated - as opposed to single high-dose – administration, the radiation boost to the 

tumor bed could be maximized for subjects in the anti-MUC1-C/NP group due to their 

enhanced persistence that was imparted by specific surface binding and/or internalization by 

tumor cells. By again employing the subcutaneous (H460) lung tumor model, we observed 

significant enhancements in tumor growth delay (p= 0.024, Mann-Whitney test) and in overall 

survival (p<0.001, Log-Rank test) for animals in the anti-MUC1-C/NP group (median survival 

of 46.2 ± 3.1 days) when compared to mice treated with either untargeted NPs (median 

survival of 31.1 ± 2.4 and 29.1 ± 2.2 days with unconjugated NPs and with anti-IgG/NPs, 

respectively) or with control (PBS + XRT) administration (median survival of 27.3 ± 1.6 days; 

Fig. 4B).  

 

Given the potential confounder of enhanced tumor vascularity, and thereby nanoparticle 

delivery, that may be exhibited by subcutaneous xenotransplanted tumors in murine model 

systems37, we sought to further employ the orthotopic and syngeneic (E0771) breast tumor 

model to validate the putative radioenhancement properties imparted by combining anti-

MUC1-C/NPs with fractionated XRT and in comparison to untargeted NPs and (PBS) control. 

E0771 cells that are implanted in the mammary fat pad have previously been shown to 

recapitulate the same vascular, metastatic and treatment resistance patterns of human triple-
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negative breast cancer38. Irradiation, which was conducted by using 2 orthogonal beams and 

which focused upon the mammary fat pad of the animal, was performed at 1, 24, and 48 h 

after (IV) administration of each treatment group. The same endpoints were adopted as with 

the previous therapeutic study (in the subcutaneous model, vide supra); and, the results 

were consistent between the two model systems, demonstrating significant improvements in 

overall survival for mice that received fractionated radiation in combination with any NP-

containing treatment group and when compared to those that received radiation or the same 

NP treatments alone (Fig. 4C).  The greatest effects where seen with animals that received 

fractionated radiation therapy in conjunction with anti-MUC1-C/NPs, exhibiting a >15-day 

improvement in overall survival when compared to all other groups. Upon reaching the study 

endpoint, the tumor from each mouse was extracted and its histologic features were 

examined after H&E staining (Fig. 4D). Large fractions of necrosis (28.8 ± 5.4%) were 

observed in the tumors of animals that were treated with both fractionated radiation and anti-

MUC1-C/NPs, confirming the observed radiation boost when compared with the animals that 

were treated with XRT+NP (7.6 ± 3.2 % necrosis, p<0.01, Mann Whitney test) or with XRT 

alone (3.5 ± 1.9% necrosis, p<0.001, Mann Whitney test) 

 

Conclusions 

Upon systemic administration of untargeted NPs, a small fraction accrues in the perivascular 

spaces of tumors, wherein constructs that are comprised of heavy metals may be used as 

radioenhancers to augment treatment effects. Over time, the majority of these extravasated 

NPs are cleared from tumor environments via the lymphatics, by reentry into the systemic 

circulation and/or via non-specific internalization by select tumor and stromal cells. Here, we 

demonstrate that ultra-small Gd3+-containing NPs that are conjugated to an anti-MUC1-C 

antibody exhibit prolonged retention in both subcutaneous and orthotopically-implanted 

tumors in murine model systems, thereby improving radioenhancement properties when 

combined with fractionated radiation therapy. Such augmentation in properties suggest that 
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these anti-MUC1-C/NPs may afford for less frequent and/or smaller total dose 

administrations to achieve comparable effectiveness to that observed with their untargeted 

NP counterparts. If validated in future translational studies, our exemplified method may be 

utilized with other antibody-targeted NPs, rendering a potentially powerful approach for 

radiation enhancement that is generalizable and mediated entirely by antibody specificity. 

The applications of such constructs may further translate into lower costs, reduced radiation 

doses, improved safety profiles, and/or improved clinical outcomes for patients. 
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Material and Methods 

Anti-MUC1-C monoclonal antibody: Dry aliquots of the anti-MUC1-C mAb 3D1 were freshly 

prepared by dissolution in PBS (5 mL) and thereafter stored at 4 oC prior to use. 

 

Synthesis of NP formulations: To a freshly prepared solution of APTES-DOTAGA (11.7 mM, 

pH 4) was added GdCl3 in 3 equal aliquots to a final molar ratio of APTES–DOTAGA:Gd of 

1:0.9; the solution pH was thereafter monitored and maintained. Upon 48 h of incubation at 

80 °C, the solution was adjusted to pH 9; TEOS (2 eq) and APTES (1 eq) were added; and, 

the volume of water was adjusted to obtain final concentrations of APTES-DOTAGA(Gd3+), 

APTES-DOTAGA, TEOS and APTES of 9, 1,  20, and 10 mM, respectively. This mixture was 

subsequently stirred for an additional 18 h at 25 °C, adjusted to pH 4.5, and further incubated 

for 18 h at 80 °C to generate the NP suspensions. The solution pH was then adjusted to 2; 

and, NPs were concentrated and purified by tangential ultrafiltration, using the Vivaspin® 

device (MWCO = 3 kDa; SigmaAldrich). The NP suspension was further filtered through a 

0.2 mm membrane (SigmaAldrich) and freeze-dried for longer-term storage. NP 

compositions were characterized by DLS and by HPLC analyses. Prior to biological 

application, they were resuspended with Gd3+ (10 mM). To generate fluorophore-labelled NP 

constructs, small volume additions (0.1 mL) of a stock solution of Cy5.5-NHS ester (10 mM in 

DMSO) were added to NPs slowly and under agitation to a final molar ratio of 1:500 Cy5.5 to 

Gd3+ in solution. For antibody coupling, NPs were further surface modified upon small 

volume additions (1 mL) of a stock solution of Tz-PEG4-NHS ester (10 mM in DMSO) and to 

a final molar ratio of 1:10 Tz to Gd3+. All modified NP suspensions were then stirred for 5 h at 

RT and thereafter purified by tangential ultracentrifugation, using the Vivaspin® device 

(MWCO = 3 kDa). The number of Tz groups in Tz-PEG4-NP suspensions were determined 

by UV-vis spectroscopy. The complexes were then purified by using a tangential filtration 

device equipped with a 50 kDa molecular weight cutoff membrane (Millipore) as previously 
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described31. The final concentrations of the anti-MUC1-C/NPs were determined by ICP-MS, 

using an Agilent 7900 instrument (Agilent Technologies, Inc.). 

 

Clonogenic assay: Various NP-based treatment groups (0.4 mg/mL of Gd3+) were incubated 

with E0771 and H460 cells for 45 min prior to cellular irradiation with a dose of 2, 4, 6, 8, or 

10 Gy, which was administered with a 220 kVp X-ray beam (SARRP, Xstrahl). Following 

previously reported protocols,39, 40  the treated cells were subsequently incubated for 6 h, 

thereafter counted, re-seeded in 10 cm dishes (at 300 cells per plate), and allowed to grow 

for an additional 10 d before staining with a dye solution comprised of 1% crystal violet in 

10% ethanol; foci were then counted manually.  

 

Quantification of DNA damage: Various NP-based treatment groups (0.4 mg/mL of Gd3+) 

were incubated with E0771 for 30 min prior to irradiation with 2 Gy. The treated cells were 

then fixed with 4% paraformaldehyde in PBS for 30 min at RT. Fixed cells were blocked with 

1% BSA, 10% FBS, and 0.3% tritonX-100 in PBS prior to staining overnight at 4oC with anti-

γH2AX antibody (Millipore). Following previously reported protocols,39, 40 a secondary anti-

mouse AlexaFluor-594 conjugated IgG (Abcam) was used for staining and micrographs were 

obtained by using an upright Carl Zeiss microscope with an HXP 120C light source and a 

63x/1.4 oil plan-apochromat objective. Semiquantitative analyses were conducted to 

compare the numbers of foci per cell expressing γH2Ax. The signal intensities of individual 

foci were quantified by using the CellProfiler cell imaging software (version 3.1.8). 

 

Animal experiments: All animals experiments were performed in accordance with the rules 

and regulations set-forth by the IACUC of the hospital and under an approved protocol (#03-

029).  

 

Toxicity studies: Healthy female Balb/c nude mice were injected (IV) with a single dose of 

either PBS, NP, NP-IgG, anti-MUC1-C mAb (3D1), or anti-MUC1-C/NPs. Their body weights 
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were monitored daily, starting on the day of injection. Blood was collected by submandibular 

puncture to determine the half-life of the different NP formulations. After 20 days, the major 

organs of the animals were collected and stained with H&E prior to histological analyses by a 

board-certified veterinary pathologist.. 

 

Biodistribution study: 5-week old female B6(Cg)-Tyrc-2J/J mice were implanted with E0771 

cells (1 million via mammary fat pad injection). They were included in study when their 

tumors reached >7 mm in largest axis and were administered one of the following treatments 

(n = 5 mice/group per timepoint): PBS (control), unmodified NPs, or anti-MUC1-C/NPs (350 

mg/kg of Gd3+; 5 mg/kg of anti-MUC1-C mAb). Cy5.5-bound NPs were tracked by imaging 

after IV administration, using an IVIS Spectrum-bioluminescence and fluorescence imaging 

system (Perkins Elmer) for qualitative quantification. ICP-MS measurements were performed 

to confirm the presence of NPs in the major organs at different timepoints after IV 

administration, following previously established protocols31.  

 

Therapeutic studies: 5-week old female Balb/c nude mice were implanted with H460 cells (1 

million cells under the skin) and B6(Cg)-Tyrc-2J/J mice were implanted with E0771 cells (1 

million cells via mammary fat pad injection) to establish the subcutaneous (lung) and 

orthotopic (triple negative breast) tumor models, respectively. Animals were included in the 

study when their tumors reached >7 mm in largest axis and were administered one of the 

following treatments (n = 5 mice/group): PBS (control), unmodified NPs, or anti-MUC1-C/NPs 

(350 mg/kg of Gd3+; 5 mg/kg of anti-MUC1-C) alone or in further combination with external 

beam radiation (vide infra); untargeted (i.e., anti-IgG) NPs administered at the same dose 

and in combination with XRT served as an additional control. Mice were administered a 

single dose of each NP group by IV tail-vein injection at 30 min prior to irradiation with either 

a single dose of 10 Gy or with 3 equal fractions of 5.2 Gy each, which were delivered with a 

220 kVp X-ray beam collimated to the tumor size and by using the SARRP platform12. Tumor 

sizes were thereafter monitored daily by using calipers; and, animals were removed from 
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study when their tumor reached >3 cm in the largest axis, when they exhibited >15% loss in 

body weight or when they were moribund.   
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Figures 

Figure 1. Antibody-targeted nanoparticles for radiation sensitization. A) Conjugation of 

transcyclootene (TZO)-functionalized anti-MUC1-C antibody (mAb) to tetrazine (Tz)-modified 

ultra-small gadolinium-containing nanoparticles (NPs) via trans–cyclooctene (TCO–Tz) 

chemistry, generating anti-MUC1-C/NPs. B) Schematic representation of the accumulation of 

anti-MUC1-C/NPs in tumors to augment radiation effects. C) Fluorescence microscopy of 

MUC1-C+ E0771 cells (nuclei stained with DAPI; blue) after incubation with Cy5.5-labeled 

anti-MUC1-C/NPs (red), demonstrating binding of the latter to the extracellular membrane of 

the cells. D) Flow cytometry of MUC1-C+ and MUC1-C- (i.e., MUC1-C-siRNA silenced) 

E0771 cells (control) after incubation with anti-MUC1-C/NPs alone or in combination with 

free (i.e., competing) anti-MUC1-C mAb and as compared to PBS (control), confirming the 

specificity imparted by the anti-MUC1-C mAb-conjugated NPs. 

 

Figure 2. Gadolinium-containing nanoparticles enhance the effects of radiation 

therapy on cultured tumor cell lines. A) Clonogenic assay on H460 (lung) and E0771 

(triple-negative breast) cancer cells treated with different doses of radiation alone (XRT) or in 

combination with either untargeted or anti-MUC1-C/NPs that were incubated with the cells for 

3 h and at equivalent doses (0.5 mg/mL). B) Fluorescence imaging of γH2AX foci in 

micrographs of E0771 cells (dotted) that were incubated for 3 h with various treatment 

groups before (-XRT) and after radiation (+XRT) administration (2Gy). C) Quantification of 

the numbers of γH2AX foci (observed amongst 250 counted cells) for E0771 (top) and H460 

cells (bottom) that were treated with various control or NP formulations either alone or in 

combination with radiation (2 Gy).  
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Figure 3. Pharmacology, biodistribution and gross toxicity experiments with anti-

MUC1-C/NPs. A) In vivo optical imaging and B) quantitative biodistribution (via ICP-MS for 

Gd content in excised tissues) at various timepoints after the systemic administration of 

Cy5.5-labeled untargeted (i.e., NP and anti-IgG) NPs and antibody-conjugated (anti-MUC1-

C) NPs in the orthotopic breast tumor model (i.e., E0771 cells implanted in the mammary fat 

pads of C57BL/6 mice); untargeted NPs demonstrated rapid tumor washout while the 

antibody-conjugated constructs were found to persist within tumor environments for > 48 h. 

C) Body weight measurements of breast tumor-bearing mice at various time points after a 

single administration of  various treatment groups alone (control) or after either single high-

dose (XRT (10 Gy)) or fractionated radiation therapy (XRT (3x5.2 Gy)). 

 

Figure 4. Potential therapeutic utility of combining anti-MUC1-C/NPs with radiation. A) 

Tumor growth and Kaplan Meier survival curves for orthotopic breast-tumor bearing mice 

(i.e., B6(Cg)-Tyrc-2J/J mice with E0771 cells implanted in their mammary fat pads) that were 

administered various NP or control formulations alone or in combination with a single high 

dose of external beam radiation (10 Gy). Tumor growth and survival were followed in B) the 

subcutaneous (H460) lung tumor-bearing model and C) the orthotopic breast-tumor model as 

a function of administration of the same NP and control groups alone or in combination with 

fractionated radiation therapy (3x5.2 Gy). C) Representative images of H&E-stained tumor 

micrographs after the last day of RT (20 days after tumor implantation), confirming increased 

necrosis in a tumor from an animal that was administered anti-MUC1-C/NPs followed by 

fractionated radiation (3x5.2 Gy). 

 












