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Abstract

Oxidized collagen, wherein lysine residues are converted to the aldehyde allysine, is a universal 

feature of fibrogenesis, i.e. actively progressive fibrosis. Here we report the small molecule, 

allysine-binding positron emission tomography (PET) probe, 68Ga-NODAGA-indole, that can 

noninvasively detect and quantify pulmonary fibrogenesis. We demonstrate that the uptake of 
68Ga-NODAGA-indole in actively fibrotic lungs is 7-fold higher than in control groups and that 

uptake is linearly correlated (R2 = 0.98) with the concentration of lung allysine.

Graphical Abstract

Pulmonary fibrosis is a respiratory disease that is a consequence of chronic tissue injury and 

is characterized by the accumulation of extracellular matrix (ECM) molecules that make up 
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scar tissue.1 The progressive replacement of normal lung parenchyma with fibrotic tissue 

leads to impaired lung function and eventually death. Idiopathic pulmonary fibrosis (IPF) is 

the most common and the most lethal fibrotic lung disease with an estimated prevalence of 

20 cases per 100,000 and a median survival of 3–5 years from the time of diagnosis.2 IPF is 

a heterogeneous disease and there are no good tools to predict disease progression or to 

identify which patients may respond well to treatment. The ability to image disease activity 

(fibrogenesis) would allow clinicians to 1) identify which patients are likely to progress 

rapidly, 2) identify if a drug treatment is effective in reducing fibrogenesis, and 3) better 

stratify patients when evaluating new treatments in clinical trials.

There have been considerable efforts to develop non-invasive imaging agents able to detect 

and stage fibrotic disease to facilitate early diagnosis, to monitor disease progression and 

therapeutic response, and to advance drug development.3–5 In the lung, high-resolution 

computed tomography (CT) can show extent of disease.6 Direct targeting of collagen 

deposition that occurs during scar tissue formation with magnetic resonance imaging (MRI),
7 single photon emission computed tomography (SPECT),8–9 or positron emission 

tomography (PET)10–11 imaging probes has been used to image pulmonary fibrosis, but 

these probes measure total fibrosis and cannot distinguish actively progressive fibrosis from 

stable scar tissue.

A universal feature of fibrogenesis is the oxidation of collagen by the lysyl oxidase family of 

enzymes, which convert ECM lysine residues to the aldehyde allysine.12 Allysine can 

undergo condensation reactions to crosslink collagen proteins, which in turn stabilizes the 

fibrotic ECM.13 Recently, it was shown that pulmonary fibrogenesis can be imaged by 

targeting allysine with MRI probes.14–15 Waghorn et al. employed an oxyamine 

functionalized derivative of Gd-DOTA capable of undergoing reversible condensation 

reactions with aldehydes to target allysine.15 They observed 2-fold higher lung uptake of 

their targeted probe in an animal model of pulmonary fibrosis compared to naïve animals. 

We sought to develop a targeted PET probe to image fibrogenesis. PET is a quantitative 

imaging modality, and the very low mass dose used in PET results in an abbreviated 

preclinical development path to initiate human studies compared to MRI probes.

Here, we report the small molecule, allysine-targeted PET probe, 68Ga-NODAGA-indole, 

and demonstrate its ability to detect pulmonary fibrogenesis by targeting oxidized collagen. 

It consists of the positron emitting 68Ga isotope chelated by the 1,4,7-triazacyclononane-1-

glutarate-4,7-acetate (NODAGA) chelator, a hydrophilic polyethylene glycol (PEG) linker, 

and an aminooxy-functionalized indole that rapidly forms hydrolytically stable condensation 

products with aldehydes at physiological pH (Fig 1a).16

We chose the NODAGA chelator for its ability to rapidly chelate 68Ga and form stable 

complexes. The PEG linker increases hydrophilicity and reduces nonspecific protein 

binding. The aminooxy-functionalized indole was selected for its ability to form a 

hydrolytically stable C-C bond upon reaction with aldehydes (the Pictet-Spengler ligation). 

Unlike MRI contrast agents, that are administered in high concentrations (0.1 – 0.3 mmol kg
−1) and must be completely eliminated from the body after imaging, PET imaging requires 

extremely low mass doses (nmol, microgram mass range).17 Consequently, in vivo labeling 
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with a targeted PET probe does not necessarily require a reversible reaction. We reasoned 

that formation of a hydrolysis resistant, covalent bond between Ga-NODAGA-indole and the 

allysine target would result in greater uptake in actively progressive pulmonary fibrosis. 

Moreover the aminooxy-functionalized indole features significantly enhanced condensation 

reaction kinetics at physiological pH compared to other oxyamine-based functionalities.
18–19 natGa-NODAGA-indole was prepared via condensation reaction between 2-

(trimethylsilyl) ethoxycarbonyl (Teoc) protected indole 3 and chelator NODAGA-PEG-NH2 

(5), followed by complex formation using natGa(NO3)3 in acetate-acetic acid medium at pH 

4.5. Cleavage of the Teoc protection group with caesium fluoride yielded the final product 
natGa-NODAGA-indol (Supporting information, Scheme 1). As a negative control, we 

employed Ga-NODAGA-carboline, which is incapable of undergoing condensation reactions 

with aldehydes (Fig 1b). natGa-NODAGA-carboline was isolated after condensation reaction 

between indole 8 and chelator NODAGA-PEG-NH2 (5), followed by complex formation 

using natGa(NO3)3 in acetate-acetic acid medium at pH 4.5 (Supporting information, 

Scheme 2).

To validate the reactivity of Ga-NODAGA-indole towards aldehydes at pH 7.4, we treated 

100 µM natGa-NODAGA-indole with 1.0 mM butyraldehyde in phosphate buffered saline 

(PBS) under pseudo first order conditions and monitored product formation by HPLC with 

an ICP-MS detector. The formation of the desired condensation product proceeded cleanly at 

room temperature (Fig. S1), with a second order rate constant of 0.29 ± 0.02 M−1 s−1, which 

is similar to previously reported values for the aminooxy-functionalized indole moiety (Fig. 

S2).16 We then investigated the binding of natGa-NODAGA-indole to tissue. The aorta is 

rich in allysine (µmol/g) due to high lysyl oxidase activity and high turnover of elastin and 

collagen.20 Segments of porcine aorta (~ 25 mg) were incubated with either 200 µM of 
natGa-NODAGA-indole or natGa-NODAGA-carboline at 37 ˚C and pH 7.4 for 20 h. The 

aorta bound Ga was analyzed by ICP-MS. Figure 1c shows that natGa-NODAGA-indole 

binds to aorta tissue, whereas natGa-NODAGA-carboline showed negligible amounts of 

nonspecific binding. To demonstrate the specificity of the probe for tissue allysine, we 

pretreated segments of aorta with 4.0 mM 3-(2-(((methylamino)oxy)methyl)-1H-indol-1-yl) 

propanoic acid (7) (Supporting Information, Scheme 3), which exhibits the same aldehyde-

reactive aminooxy functionality as Ga-NODAGA-indole. After blocking the aldehyde 

moieties in this manner, we incubated the pretreated aorta segments with each of the probes 

under the same conditions. We found similar negligible amounts of non-specific aorta 

binding for both probes, that were identical to the amounts of Ga-NODAGA-carboline taken 

up by untreated aorta tissue (Fig 1c).

Together, these observations confirm the ability of Ga-NODAGA-indole to specifically 

target aldehydes.

Both probes are very stable in human blood plasma over the course of 24 h at 37 ˚C, with 

respect to transmetallation or the formation of small molecule degradation species, as 

evaluated by HPLC-ICP-MS (Fig. S3 and S4).

Radiolabeling of the indole probe with 68Ga was performed by applying a protecting group 

strategy to avoid any side reactions of the highly reactive aminooxy-functionalized indole, as 
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depicted in scheme 1. Fluorenylmethyloxycarbonyl (Fmoc) protected NODAGA-indole (1) 

was obtained via condensation reaction between Fmoc protected indole 11 and chelator 

NODAGA-PEG-NH2 (5) (Supporting Information, Scheme 3). 1 was quantitatively 

radiolabeled in 5 minutes at 60 °C (Fig S5). Cleavage of the Fmoc protection group under 

basic conditions gave 68Ga-NODAGA-indole without the need for HPLC purification (Fig 

S6). Radiolabeling of NODAGA-carboline (10) (Supporting information, scheme 2) to 

obtain 68Ga-NODAGA-carboline was performed directly in 5 minutes at 60 °C and gave 

high radiochemical yields (> 99 %) (Fig S7).

We then evaluated the ability of 68Ga-NODAGA-indole to detect fibrogenesis in a 

bleomycin mouse model of pulmonary fibrosis. Transtracheal instillation of bleomycin is a 

well-established method to cause pulmonary fibrosis in animal models.21 We studied two 

groups of mice: i) mice injured with a single transtracheal instillation of bleomycin (BM, 1.0 

unit/kg) and ii) mice that underwent a sham procedure with instillation of PBS only as a 

control group (SH). 13 – 15 days after instillation, the animals were injected intravenously 

with approximately 100 µCi of either 68Ga-NODAGA-indole or 68Ga-NODAGA-carboline. 

All animals were sacrificed for ex vivo analysis 2 h after administration of the different 

probes.

Bleomycin injury induced pulmonary fibrosis as demonstrated by Sirius Red histological 

staining where the presence of fibrosis is evident from the increase in areas stained in red 

(Fig S8). Hydroxyproline is a quantitative biomarker of collagen and hence, fibrosis.22 We 

found that bleomycin-injured mice had a 1.5-fold higher hydroxyproline content in their 

lung tissue compared to sham animals (Fig S9). Allysine is a quantitative biomarker of 

fibrogenesis and bleomycin-injured mice exhibited a 2.0-fold higher allysine content in their 

lung tissue than sham animals (Fig S10).

The pharmacokinetics and biodistributions of 68Ga-NODAGA-indole and 68Ga-NODAGA-

carboline were similar to each other in both sham and bleomycin injured mice (Fig 2a, S12-

S16), with the exception of the lungs and liver. Both probes underwent rapid elimination 

from the blood (estimated t½ = 6 – 9 min) through the kidneys into the urinary bladder and 

partly through the liver and gall bladder into the intestines. 68Ga-NODAGA-indole showed 

higher liver uptake than 68Ga-NODAGA-carboline (Fig 2a).

Bleomycin injury results in tissue edema and the wet lung weights of bleomycin injured 

mice are 2–3 times higher than that of uninjured mice. Therefore we compared lung uptake 

using the amount of probe per whole lung, Fig 2b. There was no significant difference 

between the lung uptake of 68Ga-NODAGA-carboline in bleomycin- or sham-treated 

animals. On the other hand, the lung uptake of 68Ga-NODAGA-indole in fibrotic lungs was 

7-fold higher than in sham animals and 7 to 8-fold higher than the lung uptake of 68Ga-

NODAGA-carboline. The uptake of 68Ga-NODAGA-indole in lung tissue correlates 

strongly (R2 = 0.98) with allysine (Fig 2c), but less so with hydroxyproline (Fig S11, R2 = 

0.68) indicating that this probe may be a quantitative reporter of lung fibrogenesis and 

disease activity,
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Fig 3 shows representative fused PET/CT sagittal images of the head and thorax 110 – 120 

min post injection of either 68Ga-NODAGA-carboline or 68Ga-NODAGA-indole in 

bleomycin-injured or sham mice. 68Ga-NODAGA-indole accumulates specifically in fibrotic 

lungs but not in the healthy lungs of sham animals, whereas 68Ga-NODAGA-carboline 

showed no preferential uptake in fibrotic or healthy lungs.

In summary, we described the first small molecule PET probe that is able to detect and stage 

pulmonary fibrogenesis. 68Ga-NODAGA-indole specifically binds to allysine in fibrotic 

lungs resulting in a 7-fold higher lung uptake in a disease model of pulmonary fibrosis in 

comparison to control groups. The uptake of 68Ga-NODAGA-indole in lung tissue correlates 

strongly with the extent of actively progressive pulmonary fibrosis and provides a 

quantitative noninvasive measure of active disease. This molecular imaging ability of 68Ga-

NODAGA-indole makes it a promising candidate for monitoring disease progression and 

therapeutic response, and ultimately advancing drug development.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(a) Allysine-reactive probe Ga-NODAGA-indole and (b) non-reactive analog Ga-NODAGA-

carboline. (c) natGa-NODAGA-indole and natGa-NODAGA-carboline binding to porcine 

aorta or aorta pretreated with an excess of aldehyde reactive compound showing that natGa-

NODAGA-indole binds specifically to allysine-rich tissue. n = 3 per experiment using 

different segments of porcine aorta from the same animal. Data were analyzed with one-way 

analysis of variance (ANOVA), followed by post-hoc Tukey tests.
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Figure 2. 
(a) Ex vivo distribution of 68Ga-NODAGA-indole and 68Ga-NODAGA-carboline 2 h post 

injection, expressed as percent injected dose per gram of tissue (%ID/g) (mean ± SE) in 

various organs. (b) Ex-vivo uptake of 68Ga-NODAGA-indole and 68Ga-NODAGA-carboline 

in lungs from sham- (n=10) and bleomycin-treated (n=14) mice 2 h post injection, expressed 

as %ID/lung. The uptake of 68Ga-NODAGA-indole in fibrotic lungs is 7-fold higher than in 

sham animals and 7- or 8-fold higher than the lung uptake of 68Ga-NODAGA-carboline in 

bleomycin- or sham-treated mice, respectively. (c) Strong correlation (R2=0.98, p < 0.0001) 

between lung uptake of 68Ga-NODAGA-indole and allysine content in sham- (n=6) and 

bleomycin-treated (n=8) mice, (one outlier is highlighted in red, which was not included in 

the linear regression analysis). Data in 2a and 2b were analyzed with one-way ANOVA, 

followed by post-hoc Tukey tests; * p < 0.05, ** p < 0.01, *** p < 0.001.
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Figure 3. 
Representative fused PET (color scale) – CT (greyscale) sagittal images of the head and 

thorax 110 – 120 min post injection of (left) 68Ga-NODAGA-carboline and (right) 68Ga-

NODAGA-indole in sham- (SH, bottom) and bleomycin-treated (BM, top) animals; the lung 

is highlighted with a dashed white line. The PET signal, expressed as %ID/cc, in the lung is 

low in both sham and BM treated mice with 68Ga-NODAGA-carboline, but is higher in the 

BM treated mouse imaged with 68Ga-NODAGA-indole demonstrating the specificity of the 

latter probe for fibrogenesis.
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Scheme 1. 
Preparation of 68Ga-NODAGA-indole.a
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