
Imaging Human Pancreatic Cancer Xenografts by Targeting 
Mutant KRAS2 mRNA with [111In]DOTAn-
Poly(diamidopropanoyl)m-KRAS2 PNA-D(Cys-Ser-Lys-Cys) 
Nanoparticles

Nariman V. Amirkhanov†,‡, Kaijun Zhang§, Mohan R. Aruva§, Mathew L. Thakur§,||, and Eric 
Wickstrom*,‡,||

Laboratory of Nucleic Acids Chemistry, Institute of Chemical Biology and Fundamental Medicine, 
Novosibirsk 630090, Russia, and Departments of Biochemistry & Molecular Biology and 
Radiology, and Kimmel Cancer Center, Thomas Jefferson University, Philadelphia, Pennsylvania 
19107

Abstract

95% of patients with ductal pancreatic cancer carry 12th codon activating mutations in their 

KRAS2 oncogenes. Early whole body imaging of mutant KRAS2 mRNA activation in pancreatic 

cancer would contribute to disease management. Scintigraphic hybridization probes to visualize 

gene activity in vivo constitute a new paradigm in molecular imaging. We have previously imaged 

mutant KRAS2 mRNA activation in pancreatic cancer xenografts by positron emission 

tomography (PET) based on a single radiometal, 64Cu, chelated to a 1,4,7,10-

tetra(carboxymethylaza)cyclododecane (DOTA) chelator, connected via a flexible, hydrophilic 

spacer, aminoet-hoxyethoxyacetate (AEEA), to the N-terminus of a mutant KRAS2 peptide 

nucleic acid (PNA) hybridization probe. A peptide analogue of insulin-like growth factor 1 

(IGF1), connected to a C-terminal AEEA, enabled receptor-mediated endocytosis. We 

hypothesized that a polydiamidopropanoyl (PDAP) dendrimer (generation m), with increasing 

numbers (n) of DOTA chelators, extended via an N-terminal AEEA from a mutant KRAS2 PNA 

with a C-terminal AEEA and IGF1 analogue could enable more intense external imaging of 

pancreatic cancer xenografts that overexpress IGF1 receptor and mutant KRAS2 mRNA. 

([111In]DOTA-AEEA)n-PDAPm-AEEA2-KRAS2 PNA-AEEA-IGF1 analogues were prepared and 

administered intravenously into immunocompromised mice bearing human AsPC1 (G12D) 

pancreatic cancer xenografts. CAPAN2 (G12 V) pancreatic cancer xenografts served as a cellular 

KRAS2 mismatch control. Scintigraphic tumor/muscle image intensity ratios for complementary 

[111In]n-PDAPm-KRAS2 G12D probes increased from 3.1 ± 0.2 at n = 2, m = 1, to 4.1 ± 0.3 at n = 

8, m = 3, to 6.2 ± 0.4 at n = 16, m = 4, in AsPC1 (G12D) xenografts. Single mismatch [111In]n-
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PDAPm-KRAS2 G12 V control probes showed lower tumor/muscle ratios (3.0 ± 0.6 at n = 2, m = 

1, 2.6 ± 0.9 at n = 8, m = 3, and 3.7 ± 0.3 at n = 16, m = 4). The mismatch results were comparable 

to the PNA-free [111In]DOTA control results. Simultaneous administration of nonradioactive Gdn-

KRAS2 G12 V probes (n = 2 or 8) increased accumulation of [111In]8KRAS2 G12 V probes 3–6-

fold in pancreatic cancer CAPAN2 xenografts and other tissues, except for a 2-fold decrease in the 

kidneys. As a result, tissue distribution tumor/muscle ratios of 111In uptake increased from 3.1 

± 0.5 to 6.5 ± 1.0, and the kidney/tumor ratio of 111In uptake decreased by more than 5-fold from 

174.8 ± 17.5 to 30.8 ± 3.1. Thus, PDAP dendrimers with up to 16 DOTA chelators attached to 

PNA-IGF1 analogs, as well as simultaneous administration of the elevated dose of nonradioactive 

Gdn-KRAS2 G12 V probes, enhanced tumor uptake of [111In]nKRAS2 PNA probes. These results 

also imply that Gd(III) dendrimeric hybridization probes might be suitable for magnetic resonance 

imaging of gene expression in tumors, because the higher generations of the dendrimers, including 

the NMR contrast Gdn-KRAS2 G12 V probes, improved tumor accumulation of the probes and 

specificity of tumor imaging.

INTRODUCTION

Pancreatic cancer will kill over 30 000 US men and women in 2010 (1). The vast majority of 

patients with pancreatic cancer present at an advanced, incurable stage. Even before an 

enlarged mass can be seen by magnetic resonance imaging (MRI) or computerized 

tomography (CT), early stage pancreatic intraepi-thelial neoplasia cells contain high levels 

of mRNAs copied from hyperactive cancer genes such as KRAS2 and HER2 (2). 95% of 

patients with ductal pancreatic cancer carry 12th codon activating mutations in their KRAS2 
oncogenes (2). Specific detection of pancreatic intraepithelial neoplasia by molecular 

imaging would enable resection of ductal pancreatic cancer at a survivable stage. Monitoring 

oncogene expression by radio-hybridization imaging might also provide the earliest possible 

evidence for therapeutic efficacy, or resistance, sooner than FDG-PET.

Scintigraphic imaging, such as planar or PET, is very sensitive, but only appropriate in a 

human subject when suspect masses are evident or highly likely. Nonradioactive fluorescent 

imaging and luminescent imaging are impractical for any suspect mass more than 2 cm 

below the surface of the skin. Nonradio-active MRI could be effective for molecular imaging 

of deep-seated malignant foci, particularly due to the high spatial resolution (up to 25–100 

μm) of MRI (3). However, disadvantages of MRI include relatively low specificity and the 

requirement for large quantities of the injected probes containing gadolinium.

Noninvasive scintigraphic imaging of gene expression by detection of specific mRNAs in 

cells to diagnose cancer and other diseases in living systems has been attempted with 

antisense oligonucleotides (3–14). Specific imaging of target gene mRNA requires multiple 

steps: probe permeation into tissue, endocytosis into the cells, probe hybridization with the 

target mRNA, probe:mRNA accumulation in the specific cells, and effluxing of unbound 

probes. Nonhybridized probes must efflux from cells with little or no expression of the target 

mRNA in order to permit a specific image in the targeted cells.

We used peptide nucleic acids (PNA1) (15) because PNA is resistant to biological 

degradation and binds complementary mRNA with affinity, specificity, and stability 
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exceeding those of corresponding DNA/RNA duplexes (16). PNA oligomers are uncharged, 

resulting in poor cellular uptake, which minimizes nonspecific binding to cells (17).

Receptor-mediated endocytosis of PNA drugs or diagnostic probes into malignant cells that 

overexpress insulin-like growth factor 1 (IGF1) receptors can be accomplished with a short, 

cyclized IGF1 peptide analogue, D(Cys-Ser-Lys-Cys), separated from the C-terminus of the 

PNA by a flexible, hydrophilic aminoethoxyethoxyacetic acid (AEEA) spacer (9, 10, 13, 

18). Alanine replacements in the peptide (9, 10, 12, 13, 18), or peptide blocking by native 

IGF1 (13), minimized internalization. Bonding radioactive metal cations to specific chelator-

PNA-IGF1 analogues enabled their delivery to cells for radioimaging in xenografts in living 

subjects (9, 10, 12, 13).

In the case of activated KRAS2 G12D mRNA overexpressed in pancreatic cancer AsPC1 

cells, the melting temperature, Tm, of the complementary KRAS2 G12D PNA 12-mer with a 

KRAS2 G12D RNA 20-mer was 80 °C, independent of the peptide ligand sequence (12), 

following the typical behavior of PNA: RNA duplexes (19, 20). A single mismatch, 

corresponding to the difference between the KRAS2 G12D mutant sequence and the KRAS2 
G12 wild-type sequence, lowered the Tm by 20 °C. Three mismatches lowered the Tm by 

30 °C. Those thermodynamic results predicted single mismatch hybridization specificity 

under intracellular conditions.

Uptake of [99mTc]SBTG2-DAP-AEEA-KRAS2 PNA-AEEA-IGF1 analogue by AsPC1 cells 

at 37 °C was 3-fold greater than accumulation of a corresponding CCND1 probe (21). Those 

results are consistent with greater cellular retention due to KRAS2 complementarity. 

Confocal fluorescence microscopic measurements of the mass transfer coefficients of 

AsPC1 cellular uptake of fluorescent analogues of the KRAS2 G12D PNA probes revealed 

10-fold less uptake by dual amino acid mismatch probes (22).

[64Cu]DOTA-AEEA-KRAS2 PNA-AEEA-IGF1 analogues enabled PET imaging in 

pancreatic cancer AsPC1 G12D xenografts, with single base mismatch precision in the PNA. 

Tumor core PET contrast intensities were 8-fold greater than contralateral muscle PET 

intensities for the KRAS2 G12D complementary probe. Much lower tumor core PET 

intensities in the cases of G12 wild-type (one mismatch), G12 V (one mismatch), G12K 

(two mismatches), and G12E (three mismatches) sequence controls implied that PET 

imaging intensity depended upon accurate mRNA hybridization (12).

Similarly, a dual amino acid mismatch sequence in the IGF1 analogue, with a fully matched 

PNA sequence, reduced PET contrast intensities (12). Furthermore, reduced PET intensities 

were observed in G12 V single mismatch pancreatic CAPAN2 xenografts, after 

administration of the G12D probe, and in KRAS2− breast cancer BT474 xenografts. Four 

hours of distribution, cellular efflux, and systemic excretion were necessary before clear 

images could be obtained (12).

1Abbreviations: AEEA, aminoethoxyethoxyacetate linker; DAP, diamidopropanoyl; DOTA, 1,4,7,10-tetra(carboxymethylaza)cy-
clododecane; HATU, 2-(7-aza-1H-benzotriazole-1-yl)-1,1,3,3-tetra-methyl-uronium hexa-fluorophosphate; PDAP, 
polydiamidopropanoyl; PET, positron emission tomography; PNA, peptide nucleic acid; SBTG, S-benzoyl-thioglycoloyl; Tm, melting 
temperature.
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Those KRAS2 PET imaging experiments all depended on probes with a single chelator 

binding a single radionuclide. To increase mRNA-specific contrast by genetic probes, 

particularly for less abundant mRNAs, it would be desirable to increase the number of metal 

ions per hybridization probe. For that purpose, we designed novel polydiamidopropanoyl 

(PDAP) dendrimers with increasing numbers of primary amines by coupling Fmoc-AEEA 

monomers and Fmoc-diaminopropanoate (DAP) monomers to the N-terminus of PNA–

peptide chimeras extended from polymer supports (23). To each amine, we coupled a DOTA 

chelator by one of its carboxylates, converting it into a DOTA moiety.

Recently, we reported the synthesis of (Gd-DOTA-AEEA)n-PDAPm-AEEA2-KRAS2 PNA-

AEEA-IGF1 analogue MRI contrast agents (24). MRI phantom experiments showed 

proportional increase of the MRI intensity and T1 relaxivity with increases in the number of 

Gd(III) chelated to those probes. To estimate the fraction of internalized GdnKRAS2 PNA 

agents that would be hybridized to available KRAS2 mRNAs in live tumor cells, the Tm of 

each probe was measured with increasing generations of the PDAP dendrimers hybridized to 

KRAS2 G12D 20-mer RNA. Fully matched (Gd-DOTA-AEEA)n-PDAPm-AEEA2-KRAS 
G12D PNA-IGF1 analogues formed stable complementary PNA/RNA hybrid complexes 

with melting temperatures (Tm) of 79–80 °C. The generation of the PDAP dendrimers did 

not influence the Tm values of PNA/RNA hybrid duplexes. A single mismatch, 

corresponding to the single base difference between the G12D mutant sequence and the G12 

V mutant sequence, lowered the Tm by 12 °C (24). These thermodynamic results predict 

single mismatch hybridization specificity for the dendrimeric PNA probes under 

intracellular conditions.

However, before evaluation of such dendrimeric probes for noninvasive molecular imaging 

of intracellular mRNA and oncogene expression, several questions must be addressed. First 

of all, how does the number of metal cations chelated to the PNA probes or the generation of 

PDAP dendrimers influence their uptake and accumulation in the tumor-targeted tissue and 

in other tissues? Second, how does the concentration of the dendrimeric PNA probes 

influence the imaging of the tumor? As a result of the sensitivity limitations of MRI with 

Gd(III) contrast, we chose to label the dendrimeric hybridization probes with 111In(III) [γ, 

0.171, 0.245 MeV, half-life 67.32 h (2.8 d)] for scintigraphic imaging. Free, unchelated 
111In(III) accumulates nonspecifically in the kidneys, liver, spleen, bone, and tumors of mice 

bearing colon, lung, or neuroblastoma xenografts (25). However, chelated 111In(III) is 

exceedingly stable, dissociating by no more than 1% in 10 days at 37 °C in the presence of 

serum, correlating with a binding constant of ~1024 (26).

Here, we report the sensitivity of noninvasive scintigraphic imaging of overexpressed 

oncogene KRAS2 mRNA with γ-emitting ([111In]DOTA-AEEA)n-PDAPm-AEEA2-KRAS2 
PNA-IGF1 analogues, WT5195, WT8900, and WT13842, specific for KRAS2 G12D or 

KRAS2 G12 V mRNA, with up to n = 16 111In(III) per probe. We investigated the 

accumulation of the [111In]nKRAS2 probes in immunocompromised mice bearing human 

AsPC1 (G12D) or CAPAN2 (G12 V) pancreatic cancer xenografts. We also investigated the 

effect of administering mixtures of 111In(III)-chelated PNA hybridization probes with 

increasing doses of nonradioactive Gd(III)-chelated hybridization probes in order to saturate 

nonspecific tissue binding sites. This approach permitted us to determine how the 
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concentration and dendrimer generation of our Gd(III)-chelated agents influenced the 

specificity and intensity of KRAS2 mRNA scintigraphic imaging.

MATERIALS AND METHODS

Synthesis of (DOTA-AEEA)n-PDAPm-AEEA2-KRAS2 PNA-AEEA-IGF1 Analogue 
Nanoparticles

The unlabeled hybridization probes (Scheme 1, Table 1) containing 12-base PNAs flanked 

by the dendrimeric radionuclide chelators DOTA2, DOTA8, or DOTA16 at the N-terminus, 

and a short retro-inverso cyclized fragment of IGF1, D(Cys-Ser-Lys-Cys), at the C-terminus 

(Figure 1), were assembled by solid-phase synthesis from Fmoc-monomers, purified, and 

characterized as described (24), and in the Supporting Information.

Radiolabeling of DOTAn-KRAS2 PNA Probes with 111In(III)

DOTAn-KRAS2 PNA probes (n = 2, 8, 16; G12D and G12 V KRAS2 mutants, Table 1) 

were labeled with 111In(III) essentially as described (6). Briefly, 5–10 μL of 111InCl3 at 3.7–

7.4 MBq/μL (100–200 μCi/μL) in 0.05 M HCl (MDS Nordion, Kanata, ON, Canada) 

containing 37 MBq (1 mCi) (~21 pmol, assuming the specific activity for carrier-free 
111InCl3, 1.723 GBq/nmol, 46.6 Ci/μmol), were incubated with 45μL of 0.10–0.15 mM (~6 

nmol) of the indicated DOTAn-KRAS2 PNA probes in 0.10 M NaOAc, pH 7.0, for 15 min at 

80 °C. The radiolabeling yield (typically >95%) was analyzed by HPLC as below. Thus, the 

final specific activity of the PNA probes, assuming stoichiometric chelation, was ~6 MBq/

nmol (0.17 Ci/μmol). Similarly, 500 nmol of DOTA was labeled with 74 MBq (2 mCi) (~42 

pmol) of 111In as a control probe, with a calculated specific activity of ~0.15 MBq/nmol 

(0.004 Ci/ μmol) in a final volume of 100 μL.

Solutions were diluted with 100 μL of 0.9% saline. Aliquots of each labeling mixture (10–14 

μCi, 0.37–0.52 MBq) were analyzed by reversed-phase HPLC on a 4.6 × 150 mm C18 

column (Altima, Alltech) coupled to a UV detector, NaI (Tl) radioactivity monitor, and a 

rate meter. The column was eluted with a 30 min gradient from 4% to 72% CH3CN in 

aqueous 0.1% CF3CO2H, at 1 mL/min, at 23 °C. Other aliquots of the labeling mixtures 

(250–350 μCi, 9.0–13.0 MBq) after dilution with 0.9% saline up to a total volume of 200 μL 

were used for tail vein administration into mice to image tumors.

In Vitro Stability

Labeled probes were tested for stability in 0.9% saline, and with 100-fold molar excesses of 

diethyl-enetriaminepentaacetic acid (DTPA), human serum albumin, or cysteine at 22 °C for 

more than 2 days. Stability was determined by HPLC as above.

Chelation of DOTAn-KRAS2 PNA Probes with Gd(III)

DOTAn-KRAS2 PNA probes (n = 2, 8, 16; G12 V KRAS2 mutants, Table 1), 0.5 mM in 0.1 

M NaOAc, pH 6.0, were incubated with at least a 10-fold excess of GdCl3 at 80 °C for 15 

min to maximize chelation, as described (24). Spectrophotometric quantitation of remaining 

unchelated Gd(III) ions was carried out by titration with 1 mM DTPA solution in water in 

the presence of arsenazo III dye, which changes from a cherry-red color with a peak at 665 
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nm to a blue color after forming a specific Gd(arsenazo III)2 complex in 0.15 M NaOAc, pH 

4 (27, 28). 90–98% of the DOTA residues in the hybridization probes were occupied by 

Gd(III) ions. The final Gd-chelated products were purified on a 22 × 250 mm Alltima C18 

column eluted with a linear 30 min gradient from 0% to 30% CH3CN in aqueous 0.1% 

CF3CO2H, at 10 mL/min, at 50 °C, monitored at 260 nm (24).

Cell Culture and Xenografts

The human pancreatic cancer cell line AsPC1 (American Type Culture Collection, 

Rockville, MD), isolated from ascites of a female patient with invasive pancreatic 

adenocarcinoma (29), expresses a 12th codon GGT→GAT, G12D mutant KRAS2 oncogene 

(30), and over-expresses IGF1R (31). As a KRAS2 sequence control, the human pancreatic 

cancer cell line CAPAN2 (American Type Culture Collection, Rockville, MD), which was 

isolated from a male patient with invasive pancreatic adenocarcinoma (32), expresses a 12th 

codon GGT→GTT, G12 V mutant KRAS2 oncogene (33), and overexpresses IGF1R (34). 

Pancreatic cancer cells were maintained in log phase in RPMI 1640 (AsPC1) or McCoy’s 5a 

(CAPAN2) media supplemented with 2 mM glutamine, 5000 U/mL penicillin, 50 μg/mL 

streptomycin, 10% fetal bovine serum (Sigma Chemical Co., St. Louis, MO), incubated at 

37°C in a humidified incubator containing 5% CO2/95% air and cultured to 80% confluence 

prior to splitting or implantation. Quantitative RT-PCR analysis of total RNA from AsPC1 

cells yielded about 20 000 KRAS2 mRNA per cell (12).

For tumor induction, approximately (5–6) × 106 cells in 0.2 mL of culture medium were 

implanted intramuscularly through a sterile 27 gauge needle into the thighs of 6–8-week-old 

20–25 g female immunocompromised NCR mice obtained from NCI. Tumors were grown to 

no more than 1 cm in diameter. All animal studies were conducted in accordance with 

federal and state guidelines governing the laboratory use of animals, and under approved 

protocols reviewed by the Animal Care and Use Committee at Thomas Jefferson University. 

All animals were anesthetized by approved methods, and when required, the animals were 

restrained using methods and devices specifically designed to provide a minimum of 

discomfort to the animal. Animals were euthanized in a halothane chamber, consistent with 

USDA regulations and American Veterinary Medical Association recommendations.

Systematic Administration and Tissue Distribution of Labeled Probes

To assess KRAS2 probe imaging and distribution, 7.4–11.1 MBq (200–300 μCi), ~2 nmol, 

of the [111In]n-KRAS2 G12D and G12 V probes in 0.2 mL of sterile 0.14 M NaCl, pH 7, 

was administered to groups of 3–5 mice with xenografts each through a lateral tail vein 

using a sterile 27 gauge needle. Distributions were also measured for mixtures of 

[111In]nKRAS2 G12 V probes with an additional 11, 48, or 94 nmol of Gdn-KRAS2 G12 V 

probes. ~11 MBq (~300 μCi), 80 nmol, of [111In]DOTA was administered as a control. Free, 

unchelated 111In(III) was not used as a control due to its nonspecific accumulation in the 

kidneys, liver, spleen, bone, and tumors of mice bearing a variety of xenografts (25).

At 4, 8, and 24 h postinjection, mice were lightly anesthetized with a mixture of ketamine 

(200 mg/kg), xylazine (10 mg/kg), and acetopromazine (2 mg/kg), then imaged using a 

Starcam (GE Medical, Milwaukee, WI) gamma camera equipped with a parallel hole 
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collimator. For each image, 300 000 counts were collected. Digital scanning of region-of-

interest intensities with the interfaced Integra computer (GE Medical) across each 

scintigraphic image from the tumor-free left flank to the tumor-bearing right flank provided 

quantitation of tumor images. Statistical significance was assessed by standard error of the 

means, assuming normal distributions.

After 24 h, mice were euthanized. Portions of muscle, intestine, heart, lungs, blood, spleen, 

kidneys, liver, and tumor were collected. We did not attempt to dissect out the pancreas, 

because in mice, the pancreas is remarkably small and wrapped tightly around the small 

intestine. Portions of tail were not collected separately from muscle, because previous 

imaging experiments had not shown excess residual probe remaining in the tails. The 

dissected tissues were washed free of blood, blotted dry, and weighed, and radioactivity 

associated with each tissue was counted in an automatic gamma counter (Packard Series 

5000, Meridien, CT), together with a standard radioactive solution of a known quantity 

prepared at the time of injection. Results were expressed as percent of injected dose per 

gram of tissue (% ID/g). Null probabilities were calculated by Student’s t test.

In Vivo Stability

Analysis of urine samples will reveal catabolism of labeled probes occurring throughout the 

body of the animals. [111In]chelates are so strong as to preclude transchelation to serum 

proteins (26). Urine was collected up to 3.5 h postinjection from groups of 3–5 mice injected 

with radiohybridization probes for assessment of probe stability. The urine samples were 

combined, sedimented at 2000 × g for 10 min, filtered through Millipore HAWP 025 

membranes with 0.22 μm pores, and analyzed by RP-HPLC as described in Radiolabeling.

RESULTS

Characterization of (DOTA-AEEA)n-PDAPm-AEEA2-KRAS2 PNA-AEEA-IGF1 Nanoparticles

Theoretically, the number of free amino groups on the growing PDAP dendrimers on the 

polymer support at each generation should double at each coupling. The number of amino 

groups available at each generation was determined by measuring the absorbance of the 

dibenzofulvene-piperidine adduct (ε301 = 7800 M−1 cm−1) released upon Fmoc deprotection 

after each coupling of (Fmoc)2-DAP-COOH as described (24). The number of Fmoc 

deprotection residues released from the growing PDAP dendrimers at each step increased 

from 1.00 to 2.00, 3.98, then 7.61 (95.0% yield) for PDAP3 with 8 theoretical amines, as 

reported (24). For PDAP4 dendrimers with 16 theoretical amines, Fmoc deprotection 

residues released increased from 1.00 to 1.95, 3.82, 7.58, then 14.16 (88.5% yield) (24).

Analysis of [111In]nKRAS2 PNA Probes

A ≥600-fold excess of DOTA residues (≥15 nmol) over ~21 pmol of 111InCl3 promoted 

chelation of 111In(III) to DOTA-dendrimer PNA probes. The lack of free 111In(III) permitted 

administration of [111In]nKRAS2 PNA probes directly after labeling. Before administration 

to mice, aliquots of radiolabeled probes were analyzed by HPLC, monitoring with both UV 

detector at 260 nm and with NaI (Tl) radioactivity monitoring detector. Analytical HPLC of 

the [111In]16KRAS2 G12D probe WT13842 is shown as an example (Figure 1AB). 
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Generations 1 and 3 are shown in Figures S1 and S2 in the Supporting Information. On the 

basis of the HPLC results, routine radiochemical yields of more than 95% with specific 

activities of ~6 MBq/nmol (0.17 mCi/nmol) of [111In]nKRAS2 PNA probes were obtained. 

Theoretically, >600-fold greater specific activity of [111In]n-KRAS2 PNA probes could be 

obtained, if stoichiometric amounts of 111InCl3 were used.

Radiohybridization Probe Stability in Vitro

These preparations were stable at 22 °C for more than 2 days, as determined by HPLC, and 

were stable to challenges with 100-fold molar excesses of diethylenetriaminepentaacetic 

acid (DTPA), human serum albumin, or cysteine. The analyses indicated that essentially all 

of the 111In(III) was bound to DOTAn-KRAS2 PNA probes. These results made it possible 

to administer the labeled probes directly without the necessity for further purification. Due 

to the efficiency of labeling observed, each labeled probe was used directly for 

administration into the tail veins of immunocompromised mice bearing AsPC1 xenografts.

Radiohybridization Probe Stability in Vivo

To check the in vivo stability of radiohybridization probe, [111In]nKRAS2 PNA probes were 

injected into the tail veins of immunocompromised mice bearing AsPC1 pancreatic cancer 

xenografts. HPLC analysis of radioactivity in the combined 3.5 h urine sample from mice 

injected with [111In]2KRAS2 G12D probe, WT5195 (Figure 1C) and [111In]16KRAS2 
G12D probe, WT13842 (Figure 1D) revealed a void volume peak of free 111In that included 

less than 1% of radioactivity and a probe peak eluting at 9 min with more than 99% of the 

radioactivity.

Breakdown fragments of [111In]WT5195 and [111In]WT13842 were not detected. In a 

comparable study with [64Cu]DOTA-AEEA-CCND1 PNA-AEEA-IGF1 analogue in 

immunocompromised mice bearing breast cancer xenografts, no evidence was seen for 

transchelation to serum or tissue proteins (13).

Systemic Administration of Radiohybridization Probes

Scintigraphic images of γ-particles emitted from immunocompromised mice bearing 

pancreatic cancer xenografts 24 h after administration of [111In]nKRAS2 PNA probes are 

shown in Figure 2A for the fully matched [111In]nKRAS2 G12D probes and in Figure 2B for 

the single mismatch [111In]nKRAS2 G12 V probes. Imaging of PNA-free [111In]DOTA as a 

control is also presented in Figure 2A.

Digital scanning of the xenograft region-of-interest on the right flank vs the mirror image 

tumor-free region-of-interest on the left flank (muscle) was carried out to determine the 

tumor/ muscle (T/M) intensity ratios of each subject. The intensity averages and standard 

deviations of the T/M ratios are shown at the bottoms of each image in Figure 2 and in Table 

S1 in the Supporting Information.

In the case of imaging with fully matched [111In]nKRAS2 G12D PNA sequences, the T/M 

ratios increased from 3.1 ± 0.2 at n = 2, WT5195; to 4.1 ± 0.3 at n = 8, WT8900; to 6.2 

± 0.4 at n = 16, WT13842. Kruskal–Wallis one-way analysis of variance on ranks indicated 
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that the differences in the mean values among the four treatment groups were greater than 

would be expected by chance (p < 0.001). Comparison of each treatment group with every 

other treatment group by the Holm-Sidak all-pairwise multiple comparison procedure 

revealed that each group was statistically significantly different from the others (p ≤ 0.05).

On the other hand, imaging with single mismatch [111In]n-KRAS2 G12 V PNA control 

probes showed lower T/M ratios (3.0 ± 0.6 at n = 2, WT5204; 2.6 ± 0.9 at n = 8, WT8910; 

and 3.7 ± 0.3 at n = 16, WT13851). Kruskal–Wallis one-way analysis of variance on ranks 

indicated that the three treatment groups were indistinguishable from each other. T/M ratios 

from single mismatch [111In]nKRAS2 G12 V control probes were comparable to the T/M 

ratios for the PNA-free [111In]DOTA control (Figure 2A). The single mismatch control 

results established a basis for determination of PNA sequence specificity for the 

accumulation of fully matched [111In]nKRAS2 G12D probes in the xenografts.

Upon comparing the image intensity T/M ratios obtained for fully matched [111In]nKRAS2 
G12D probes in AsPC1 xenografts in mice (Figure 2C), it is apparent that the T/M ratio for 

[111In]2KRAS2 G12D remained at ~3 at 4, 8, and 24 h after injection, while T/M for 

[111In]8KRAS2 G12D remained at ~4, and T/M for [111In]16KRAS2 G12D remained at ~6. 

This result implies that the avidity of the xenografts for the [111In]nKRAS2 G12D probes, 

relative to the avidity of the contralateral muscle, had already leveled out by 4 h after 

administration.

Dose Dependence of Radiohybridization Probe Administration

In view of our intent to use Gd(III)-chelated probes for MRI of mRNA expression (24), we 

assessed the effect of elevated doses of GdnKRAS2 G12 V probes with constant doses of 

[111In]8KRAS2 G12 V probes on scintigraphic image intensity. Nonradioactive GdnKRAS2 
G12 V probes (n = 2 or 8) (1.9, 11, 48, and 94 nmol) were mixed with ~2 nmol (300–350 

μCi, 11–13 MBq) of fully matched [111In]8KRAS2 G12 V probe, then administered to 

immunocompromised mice bearing CAPAN2 (G12 V) pancreatic cancer xenografts. 

Scintigraphic images recorded 24 h after administration of [111In]8KRAS2 G12 V probes 

are shown in Figure 3A for added Gd8KRAS2 G12 V probe, WT8910, and in Figure S3 of 

the Supporting Information for Gd2KRAS2 G12 V probe, WT5204. Elevated doses of 

Gd8KRAS2 G12 V probes increased accumulation of the fully matched [111In]8KRAS2 G12 

V probe in CAPAN2 (G12 V) xenografts, thereby increasing the T/M ratio from 3.9 ± 0.4 to 

6.3 ± 0.6 (Figure 3A).

The time courses of [111In]8KRAS2 G12 V probe accumulation in tumor and muscle were 

similar for 1.9 and 11 additional nanomoles of nonradioactive probe, but shifted up 

markedly for 48 and 94 additional nanomoles (Figure 3B). The effect of additional 

nonradioactive probe was apparent as early as 4 h after administration. Tissue distribution 

data for all time points are shown in Table S2 in Supporting Information.

Tissue Distribution of Radiohybridization Probes

Tissue distribution of each of the [111In]nKRAS2 PNA probes in immunocompromised mice 

bearing human AsPC1 pancreatic cancer xenografts was measured at 24 h after 
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administration. The measured tissue distribution data are presented in Table 2. Tissue 

distribution data for [111In]nKRAS2 G12 V probes in CAPAN2 xenografts are presented in 

Table S2 in the Supporting Information. Probe distribution into the mouse pancreas was not 

measured, because it is wrapped around the intestine in a thin layer, unlike the human 

pancreas.

In addition to typical measurements of percent of injected dose per gram of tissue (%ID/g) 

for individual tissues, we calculated the total percent of injected dose per gram of tissue. The 

total percent of injected dose per gram of tissue informs us of the total radioactivity that 

remains in the body after injection. That number reports how quickly the radioactive probes 

can be utilized or excreted. Interestingly, we found that this value, total percent of injected 

dose per gram of tissue, is different for different generations of dendrimers and different 

kinds of radioactive probes.

At 24 h after injection, the total %ID/g increased in all tissues with the size of the dendrimer 

and number of 111In per probe, which implies that larger probes are retained longer in the 

tissues prior to renal excretion. This phenomenon was seen with both the fully matched 

[111In]nKRAS2 G12D probes (Table 2A) and with the single mismatch [111In]nKRAS2 G12 

V probes (Table 2B). Tumor %ID also increased with dendrimer size, particularly for n = 16 

(Table 2A). The muscle %ID also increased in the same order, which correlates with little 

change in the tumor/ muscle (T/M) ratios as a function of n (Table 2A). On the other hand, 

the kidney/tumor ratios (K/T) were least for n = 16 (Table 2AB).

In contrast, the total %ID/g for the PNA-free [111In]DOTA control was 26–83 times less 

than the total %ID/g for the [111In]nKRAS2 PNA probes (Table 2A), which implies that the 

low molecular mass [111In]DOTA does not accumulate readily in tissues, unlike the 

significant nonspecific organ accumulation of free 111In(III) (25), and is cleared much more 

rapidly than high molecular weight probes like [111In]nKRAS2 PNA probes. The 

[111In]DOTA complex does not dissociate appreciably over the time course of the 

experiment, precluding redistribution to naturally occurring proteins in blood and tissues. As 

a result, the chemically stable and neutral [111In]DOTA complex exits the body quickly by 

renal excretion. The T/M ratios for [111In]DOTA were comparable to that for 

[111In]nKRAS2 PNA probes (Table 2).

Elevated doses of nonradioactive Gd8-KRAS2 G12 V probe, 1.9 to 94 nmol, added to 

[111In]8KRAS2 G12 V probe, increased image intensity of the fully matched [111In]8PNA 

probe in CAPAN2 (G12 V) xenografts 24 h after administration (Figure 3A). As a result, 

T/M ratios of 111In image intensity at 24 h increased from 3.9 ± 0.4 to 6.3 ± 0.6 (Figure 3A). 

T/M ratios for all time points increased upon addition of Gd2,8-KRAS2 G12 V probes 

(Figure 3B, and Table S2 in Supporting Information).

Tissue distribution measurements (Table S2 in Supporting Information) showed increased 

accumulation of the fully matched [111In]8PNA probe, in combination with elevated doses 

of nonradioactive Gd2,8-KRAS2 G12 V probe in CAPAN2 (G12 V) xenografts, as well as in 

other tissues, by 3–6-fold, except for a 2-fold decrease in kidney accumulation. The K/T 

ratio decreased dramatically and significantly, more than 5-fold, from 174 ± 17 to 28 ± 3, 24 
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h after coinjecting 94 nmol of nonradioactive Gd2,8-KRAS2 G12 V probe with 2 nmol of 

[111In]8KRAS2 G12 V probe (Figure 3C). K/T reduction by the Gd2-KRAS2 G12 V probe 

vs the Gd8-KRAS2 G12 V probe, analyzed by the Mann–Whitney rank sum test, was not 

significantly different (p = 0.886).

DISCUSSION

These studies revealed that [111In]nKRAS2 PNA-IGF1 analogue nanoparticles permeated 

xenografts, entered cancer cells, and accumulated in a sequence-specific manner. We 

observed that the relative T/M intensity of scintigraphic images of AsPC1 pancreatic cancer 

xenografts increased with the size of the dendrimer and the number of DOTA chelating 

groups, up to n = 16, but only for fully matched [111In]nKRAS2 G12D probes. In contrast, 

the relative T/M intensity of scintigraphic images of AsPC1 pancreatic cancer xenografts 

stayed constant for single mismatch [111In]nKRAS2 G12 V probes, independent of size and 

number of chelated 111In cations.

Tissue distribution measurements of total %ID/g, reaching 45–60%, imply that the largest 

[111In]16KRAS2 PNA probes exhibit longer clearance times than the smaller probes. In the n 
= 16 case, renal excretion was apparently reduced, relative to smaller probes. That 

hypothesis agrees with the reduction in K/T ratios with increasing “n” of DOTA residues per 

PNA probe. For MRI, as well as for scintigraphic imaging, extended retention will increase 

signal intensity over 24–48 h, for which we already observed a preliminary indication (24).

The average diameter of gyration for the Gd16-KRAS2 G12D probe, g/mol, was previously 

calculated to be 3.3 ± 0.1 nm (24). In contrast, the single chelator [64Cu]KRAS2 G12D 

probe, g/mol, was previously calculated to be 2.2 ± 0.1 nm (12). On the nanoparticle scale, 

2–3 nm is still small, minimizing the probability of nanoparticle toxicity. DOTA holds 

Gd(III) so strongly (35) that toxicity by transchelation is most unlikely. In practice, Gd-

chelator toxicity occurs only in the context of poor kidney function (36). Considering 

potential toxicity of the PNA, no hepatic or renal toxicity was observed in mice after 

administration of 2.5 mg/kg of PNA (37), nor immunogenicity (38), mutagenicity, or 

clastogenicity (39).

In our previous report (24), we noted that concentration of KRAS2 PNA hybridization 

probes in AsPC1 cells should approach a maximum, based on our QRT-PCR analysis (12), 

of 2 × 104 KRAS2 mRNAs in a 1 pL pancreas cancer cell, or ~30 nM. At 1 111In(III) or 

Gd(III) per DOTA chelator, 480 nM intracellular 111In(III) or Gd(III) might thus be achieved 

at 16 Gd(III) per probe. These calculated concentrations of intracellular Gd(III) are in accord 

with the minimum concentration of 300 nM Gd-nanoparticle calculated for molecular MR 

visualization in T1-weighted imaging (40). That estimate was confirmed in turn for fourth-

generation polyamidoamine dendrimers conjugated with 40 Gd(III)-DTPA chelators and a 

fluorescently labeled anti-EGFR antibody. That large, slowly rotating probe displayed a 

relaxivity of 323.5/mM ·s (40). Furthermore, we discussed at length (24) the phenomena of 

restricted mobility and degrees of freedom for Gdn-KRAS2 PNA probes bound to high 

molecular mass KRAS2 mRNA/polyribosome complexes in viscous cytoplasm that would 

all contribute to increased relaxivity, relative to Gd-DTPA. This analysis predicts favorable 
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tumor accumulation of the Gd8-chelated KRAS2 probe at elevated doses, which correlates 

with the positive preliminary MRI result we reported earlier (24).

After finding sequence-specific images of KRAS2 mRNA expression in pancreatic cancer 

xenografts with 2 nmol doses of complementary [111In]nKRAS2 G12D probes, we modeled 

the circumstances of MRI, requiring higher doses of nonradioactive Gd-chelated probes. 

Upon mixing increasing doses of Gdn-KRAS2 G12 V probe with constant [111In]8KRAS2 
G12 V probe prior to administration, we observed more intense CAPAN2 G12 V xenograft 
111In images, and less intense kidney images, as the nonradioactive Gdn-KRAS2 G12 V 

probe dose increased. In parallel, elevated doses of Gd2.8-KRAS2 G12 V probe added to 

[111In]8KRAS2 G12 V probe significantly decreased K/T.

This phenomenon suggests that nonspecific binding sites in the kidney consume a significant 

portion of the 2 nmol doses of undiluted [111In]8KRAS2 G12 V probes, but only a small 

portion of the 96 nmol doses of the [111In]8KRAS2 G12 V-Gdn-KRAS2 G12 V mixture. In 

the AsPC1 xenograft, however, IGF1R turns over continuously over the 48 h of these 

experiments, continually delivering probes with IGF1 analogues into the cytoplasm of 

AsPC1 cells. Furthermore, continuous transcription of new KRAS2 mRNAs over the 48 h of 

these experiments suggests that available KRAS2 mRNA binding sites are not saturated. If 

the intracellular KRAS2 mRNAs are not saturated, then both labeled and unlabeled PNA 

probes can accumulate inside pancreatic cancer cells over time, yielding our observation of 

significantly decreased K/T at 24–48 h.

CONCLUSIONS

(1) mRNA expression in pancreatic cancer xenografts can be selectively imaged with 

([111In]DOTA-AEEA)n-PDAPm-AEEA2-KRAS2 PNA-AEEA-IGF1 analogue probes with 

single mismatch specificity. (2) Tumor/Muscle image intensity ratios for 

([111In]DOTA)nKRAS2 G12D PNA probes increased from 3 to 6, in the order DOTA2 < 

DOTA8 < DOTA16. (3) Elevated doses of Gd8-KRAS2 G12 V probes increased the image 

intensity of [111In]8KRAS2 G12 V probes in xenografts, thereby increasing the tumor-to-

muscle ratios from 3.9 ± 0.4 to 6.3 ± 0.6. Elevated doses of Gd2,8-KRAS2 G12 V probes 

decreased the kidney-to-tumor ratios more than 5-fold from 174 ± 17 to 28 ± 3.

These experiments supported the hypothesis that PDAP dendrimers with up to 16 DOTA 

chelators coupled to PNA-IGF1 analogue probes do not inhibit tumor uptake of PNA-IGF1 

analogue probes. Thus, dendrimeric PNA genetic imaging agents can be used directly for 

preclinical scintigraphic imaging. In addition, dendrimeric PNA genetic imaging agents can 

be used for preliminary radionuclide testing of targeting specificity prior to full preclinical 

development of Gd-chelated PNA agents for magnetic resonance imaging (MRI) of 

pathogenic mRNA in vivo.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
C18 HPLC profiles of [111In]nKRAS2 G12D probes, eluted as described in Materials and 

Methods. (A) Analytical radioactivity profile of [111In]16KRAS2 G12D, WT13842. (B) 

Analytical absorbance profile at 260 nm of [111In]16KRAS2 G12D, WT13842. (C) 

Analytical radioactivity profile of [111In]2KRAS2 G12D, WT5195, in the combined urine 

from 3 immunocompromised mice bearing AsPC1 xenografts 3.5 h after tail vein 

administration. (D) Analytical radioactivity profile of [111In]16KRAS2 G12D, WT13842, in 

the combined urine from 3 immunocompromised mice bearing AsPC1 xenografts 3.5 h after 

tail vein administration.

Amirkhanov et al. Page 16

Bioconjug Chem. Author manuscript; available in PMC 2018 April 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Scintigraphic images of immunocompromised mice bearing human AsPC1 pancreatic 

cancer xenografts at 24 h after tail vein administration of ~2 nmol (300–350 μCi, 11–13 

MBq) of [111In]nKRAS2 probes to groups of 3 mice. (A) Fully matched G12D probe images 

(a) [111In]2KRAS2 G12D, WT5195; (b) [111In]8KRAS2 G12D, WT8900; (c) 

[111In]16KRAS2 G12D, WT13842; (d) 80 nmol [111In]DOTA (~11 MBq, ~300 μCi) 

control. Tumor/Muscle (T/M) γ-particle intensity ratios were calculated for each group of 3 

mice. Holm-Sidak all pairwise multiple comparison revealed that each group was 

statistically significantly different from the others (p ≤ 0.05). (B) Single mismatch G12 V 

probes images (a) [111In]2KRAS2 G12 V, WT5204; (b) [111In]8KRAS2 G12 V, WT8910; 

(c) [111In]16KRAS2 G12 V, WT13851. Kruskal–Wallis one-way analysis of variance on 

ranks indicated that the three treatment groups were indistinguishable from each other. (C) 

Histograms of tumor/muscle (T/M) γ-particle intensity ratios of G12D fully matched probes 

calculated from scintigraphic image intensities. Solid black lines show standard deviations. 

Each group was statistically significantly different from the other three (p ≤ 0.05).
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Figure 3. 
Immunocompromised mice bearing human CAPAN2 (G12 V) pancreatic cancer xenografts 

at 24 h after tail vein administration of ~2 nmol (300–350 μCi, 11–13 MBq) of fully 

matched [111In]8-KRAS2 G12 V, WT8910, mixed with increasing doses of Gd2-KRAS2 
G12 V, WT5512, or Gd8-KRAS2 G12 V, WT10144. (A) Scintigraphic images of mice that 

received (a) 1.9 nmol, (b) 11 nmol, or (c) 94 nmol of nonradioactive Gd8 probes. Additional 

tumor-bearing mice were injected with (d) 80 nmol (~11 MBq, ~300 μCi) or (e) 1000 nmol 

(~11 MBq, ~300 μCi) of [111In]DOTA as controls. Tumor/Muscle (T/M) ratios were 

calculated from γ-particle intensity data. Kidney/Tumor (K/T) ratios were calculated from 

tissue distribution data. (B) Time course of Tumor/Muscle (T/M) ratios from γ-particle 

intensity data. (C) Dependence of kidney/tumor (K/T) tissue distribution ratios on elevated 

Gdn probe dose. The decrease of K/T with added nonradioactive Gdn probes were the same 

for Gd2 probes or Gd8 probes. The Mann–Whitney rank sum test indicated that there was 

not a statistically significant difference (p = 0.886).
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Scheme 1. 
(Metal-DOTA-AEEA)n-PDAPm-AEEA2-KRAS2 PNA-AEEA-IGF1 Analogues
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