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Abstract

The established platinum-based drugs form covalent DNA adducts to elicit their cytotoxic 

response. Although they are widely employed, these agents cause toxic side-effects and are 

susceptible to cancer resistance mechanisms. To overcome these limitations, alternative metal 

complexes containing the rhenium(I) tricarbonyl core have been explored as anticancer agents. 

Based on a previous study (Chem. Eur. J. 2019, 25, 9206), a series of highly active tricarbonyl 

rhenium isonitrile polypyridyl (TRIP) complexes of the general formula fac-[Re(CO)3(NN)(ICN)]
+, where NN is a chelating diimine and ICN is an isonitrile ligand, that induce endoplasmic 

reticulum (ER) stress via activation of the unfolded protein response (UPR) pathway are 

investigated. A total of 11 of these TRIP complexes were synthesized, modifying both the 

equatorial polypyridyl and axial isonitrile ligands. Complexes with more electron-donating 

equatorial ligands were found to have greater anticancer activity, whereas the axial ICN ligands 

had a smaller effect on their overall potency. All 11 TRIP derivatives trigger a similar phenotype 

that is characterized by their abilities to induce ER stress and activate the UPR. Lastly, we 

explored in the vivo efficacy of one of the most potent complexes, fac-[Re(CO)3(dmphen)

(ptolICN)]+ (TRIP-1a), where dmphen= 2,9-dimethyl-1,10-phenanthroline and ptolICN = para-

tolyl isonitrile, in mice. The 99mTc congener of TRIP-1a was synthesized and its biodistribution 

in BALB/c mice was investigated in comparison to the parent Re complex. The results illustrate 

that both complexes have similar distribution patterns, suggesting that 99mTc analogs of these 
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TRIP complexes can be used as diagnostic partner agents. The in vivo antitumor activity of 

TRIP-1a was then investigated in NSG mice bearing A2780 ovarian cancer xenografts. When 

administered at a dose of 20 mg/kg twice weekly, this complex was able to inhibit tumor growth 

and prolong mouse survival by 150% compared to the vehicle control cohort.

Graphical Abstract

A series of tricarbonyl rhenium isonitrile polypyridyl complexes was synthesized and their in vitro 

and in vivo anticancer activities were evaluated.

Introduction

Platinum-based drugs are currently employed in approximately 50% of all cancer treatment 

regimens.1 Despite their widespread use, these drugs have significant drawbacks that limit 

their efficacy. These drawbacks arise from their acute and chronic side-effects and the 

tendency of cancer cells to develop resistance to them.2–5 To overcome these limitations, the 

development of new drugs with mechanisms of action distinct from the platinum-based 

anticancer agents has been pursued extensively. One relatively new promising class of 

anticancer agents comprise compounds that target endoplasmic reticulum (ER) stress 

pathways.6–9 Cancer cells and tumors often exhibit heightened levels of ER stress compared 

to normal cells due to their increased burden of reactive oxygen species (ROS) and higher 

rates of protein misfolding.10–12 To compensate for this stress, cancer cells will upregulate 

the unfolded protein response (UPR) pathway, which helps manage protein homeostasis. 

This upregulation renders cancer cells sensitive to compounds that induce ER stress,13–16 

leading to apoptosis, autophagy, or paraptosis.17–20 The strategy of targeting the UPR and 

triggering ER stress is highlighted by the clinical approval of the anticancer agents 

bortezomib and carfilzomib, which cause ER stress by inhibiting the proteasome.21

Based on the success of these proteasome inhibitors, which validate ER stress as a strategy 

for cancer therapy, there has been a surge of interest in ER-targeted anticancer agents in 

recent years. Among these compounds, organometallic and coordination complexes of Ru,
22–25 Au,26–28 Ir,29–34 Os,35,36 and Pt37,38 have arisen as particularly promising candidates. 

Complexes of these metal ions often exhibit intrinsic ER localization due to their positive 

charges and hydrophobicity, making them outstanding candidates for ER stress-inducing 
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therapeutics. These metal-based agents operate via a wide range of mechanisms, including 

disruption of intracellular Ca2+ trafficking, inhibition of thioredoxin reductases, and 

photoactivated generation of ROS. The broad mechanistic range and potent anticancer 

activity of these compounds demonstrates the potential of inorganic and organometallic 

complexes as ER stress-inducing anticancer agents.

We and others have been investigating rhenium complexes as alternatives to conventional 

platinum-based drugs.39–64 During the course of these studies,65–69 we discovered a 

tricarbonyl rhenium isonitrile polypyridyl complex, [Re(CO)3(dmphen)(ptolICN)]+ 

(TRIP-1a), where dmphen= 2,9-dimethyl-1,10-phenanthroline and ptolICN = para-tolyl 

isonitrile, which has potent anticancer activity in a wide range of cancer cells.69 This 

complex induces apoptosis by increasing the unfolded protein burden and triggering ER 

stress. Furthermore, we have used X-ray fluorescence (XRF) microscopy to verify that these 

complexes are highly stable in cells,70 and we have developed an ovarian cancer cell line 

that is resistant to TRIP, which is a consequence of their enhanced expression of drug efflux 

transporters and metallothioneins.71

Though our previous experiments have thoroughly characterized the biological activity of 

TRIP, our current understanding of these complexes could be furthered significantly by 

exploring new derivatives. To better understand TRIP-1a, we designed a small library of 

related rhenium tricarbonyl complexes bearing various equatorial polypyridyl and axial 

isonitrile ligands in order to probe structure-activity relationships (SARs) for this compound 

class. In this study, we describe the synthesis and characterization of 10 new analogs of 

TRIP-1a and an evaluation of their anticancer activities and ER stress-inducing properties. 

Through these studies, we have found that complexes with more hydrophobic and electron-

donating ligands have higher cytotoxicities. Furthermore, we describe in vivo studies that 

elucidate the biodistribution of TRIP-1a and its 99mTc analog, as well as its anticancer 

activity in an ovarian cancer xenograft model. Collectively, this study demonstrates the 

viability of TRIP complexes as a new class of metal-based ER stress-inducing agents with 

promising in vitro and in vivo anticancer properties.

Results and Discussion

Library Design.

The modular coordination environment of the TRIP complexes makes them amenable for 

making systematic modifications to tune their properties. Both the hydrophobicity and 

electron-donating properties of the TRIP ligands alter the biological and physical properties 

of these complexes. To assess the role of the ligands on these attributes, we designed a 

library to modify both the equatorial polypyridyl and the axial isonitrile ligands. We chose 

the equatorial ligands dmphen (1), 1,10-phenanthroline (2), 2,2’-bipyridine (3), 4,4’-

dimethyl-2,2’-bipyridine (4), 4,4’-dimethoxy-2,2’-bipyridine (5), 4,4’-

bis(trifluoromethyl)-2,2’-bipyridine (6), and 4,4’-di-tert-butyl-2,2’-bipyridine (7) based on 

their different steric, hydrophobic, and electronic properties. These equatorial ligands were 

paired with the para-tolyl isonitrile (ICN) axial ligand a to obtain the seven complexes 

TRIP-1a, TRIP-2a, TRIP-3a, TRIP-4a, TRIP-5a, TRIP-6a, and TRIP-7a (Chart 1). To 

probe the role of the ICN ligand, we prepared another series of TRIP complexes that keep 
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the polypyridyl ligand constant (1), while varying the axial ligand through addition of either 

para-tolyl ICN (a), 2,6-dimethylphenyl ICN (b), 3,5-dimethylphenyl (c), para-

methoxyphenyl ICN (d), or para-chlorophenyl ICN (e). Thus, an additional 4 TRIP 

complexes, TRIP-1b, TRIP-1c, TRIP-1d, and TRIP-1e, comprise this subset of the library. 

A total of 11 complexes was incorporated into our full complex library (Chart 1).

These TRIP complexes were synthesized using a modification of a previously reported 

procedure.69 Briefly, fac-[Re(CO)3(NN)Cl], where NN = polypyridyl ligand, was heated 

under reflux with 1 equiv of AgOTf (OTf = trifluoromethanesulfonate) in dry 

tetrahydrofuran (THF) for 3 h to abstract the chloride ligand. Solid AgCl was removed by 

filtration, and an excess (4 equiv) of the desired ICN ligand was added. After refluxing 

overnight, the products were isolated in moderate yields, and purified either by repeated 

recrystallization or column chromatography. The products were yellow to off-white 

powders, with more strongly donating equatorial ligands giving rise to whiter products. 

These 11 complexes were characterized by 1H NMR spectroscopy (Figures S1–S10, 

Supporting Information (SI)), high resolution electrospray ionization mass spectrometry 

(HR-ESI-MS), and Fourier-transform infrared (FTIR) spectroscopy (Figures S11–S20, SI), 

and their purities were verified with high-performance liquid chromatography (HPLC, 

Figures S21–S30, SI) and elemental analysis. The products are extremely stable. They may 

be stored indefinitely in the dark at room temperature, and previous studies have indicated 

that TRIP-1a exhibits no measurable degradation after a week in aqueous solution, even in 

the presence of glutathione.69

Physical Characterization.

The physical properties of the complexes were evaluated using several techniques, including 

FTIR spectroscopy, single-crystal X-ray diffraction (XRD), cyclic voltammetry (CV), and 
1H–15N-HMBC (Heteronuclear Multiple Bond Correlation) NMR spectroscopy. Within the 

IR spectra, 3 C≡O stretching modes are expected due to the Cs symmetry of these 

complexes. In some cases, the two lower energy stretching modes overlap and are 

unresolved. Additionally, a diagnostic C≡N stretching mode in the energy range of 2155–

2186 cm–1 was also detected, confirming the incorporation of this axial ligand. In comparing 

TRIP-1a–TRIP-1e, complexes which all bear the same equatorial dmphen ligand but 

different ICNs, the 3 C≡O stretching frequencies are relatively invariant and span a narrow 

range of 2033–2036, 1957–1967, and 1926–1941 cm–1. The C≡N stretching frequency, 

however, does predictably change depending on the type of substituents that are present on 

the ICN ligand. ICN ligands with more electron-donating substituents give rise to lower 

energy C≡N stretches than those with less electron-donating groups. For example, the C≡N 

stretching frequency for TRIP-1d, which bears an electron-donating p-methoxy ICN, is 

found at 2179 cm–1, whereas for TRIP-1e with an electron-withdrawing p-chloro ICN, this 

mode occurs at 2185 cm–1. A notable outlier in this series is that of TRIP-2a. For this 

complex, the C≡N stretch occurs at a 2155 cm–1, an energy that is significantly lower than 

that of the other complexes. Structural data, obtained via X-ray crystallography (vide infra), 

indicate that the ICN ligand has a pronounced bend in this complex, providing a rationale for 

the lower energy C≡N stretch in TRIP-2a. As the equatorial ligand is varied over TRIP-1a–

TRIP-7a, however, changes in the energy of the C≡O stretching modes are apparent with 
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more electron-donating ligands giving rise to lower energy vibrations. This trend is most 

apparent for complexes TRIP-3a–TRIP-6a, which all contain derivatives of the 2,2’-

bipyridine (bpy) ligand. For instance, TRIP-6a, which bears the electron-deficient 4,4’-

bis(trifluoromethyl)-2,2’-bipyridine ligand, has relatively high-energy C≡O stretching 

frequencies at 2045, 1976, and 1944 cm–1, whereas TRIP-7a, with the strongly electron-

donating 4,4’-di-tert-butyl-2,2’bipyridine ligand, exhibits lower-energy C≡O stretching 

frequencies at 2028, 1959, and 1931 cm–1. For these complexes, more electron-donating 

ligands give rise to more electron-rich metal centers that engage in more extensive π-back-

bonding with the CO ligands, resulting in a weaker C≡O bond. As shown by the relative 

lack of variability in the C≡O stretching frequencies of complexes TRIP-1a–TRIP-1e, the 

equatorial polypyridyl ligand has a larger effect on the electron-richness of the metal center 

than the ICN axial ligand.

Single crystals of TRIP-2a, suitable for XRD analysis, were grown by diffusion of diethyl 

ether into a dichloromethane (DCM) solution. Crystallographic refinement and data 

collection parameters and relevant interatomic distances and angles are reported in Tables S1 

and S2 (SI), respectively. The structural metrics of this complex are generally comparable to 

those of TRIP-1a and other related rhenium tricarbonyl isonitrile structures.69,72–76 A key 

difference between these structures, however, is the Re–C4–N3 bond angle of the ICN. This 

angle in TRIP-2a is noticeably bent at 169.4(3)° (Figure 1a). By contrast, the same angle in 

TRIP-1a is close to being linear at 176.1(3)° (Figure 1b),69 consistent with other reported 

rhenium isonitrile complexes, which have bond angles ranging from 173.6(3)–176.1(3)°. 

The deviation from linearity in TRIP-2a may be a consequence of increased back-bonding 

from the Re center to the ICN ligand. This type of interaction populates the π* orbital of the 

ICN ligand, leading to an effective decrease in C≡N bond order and a shift in hybridization 

of the carbon atom closer to sp2. As noted above, this hypothesis is supported by the 

significantly lower energy C≡N stretching frequency of 2155 cm–1 for TRIP-2a relative to 

the other derivatives, which exhibit C≡N stretching frequencies between 2171–2186 cm–1. 

The C≡N stretching frequencies for two previously reported and crystallographically-

characterized rhenium isonitrile complexes, fac-[Re(CO)3(1,10-phenanthroline)(ortho-

methoxyphenyICN)]PF6 and fac-[Re(CO)3(bpy)(2,6-dimethylphenylICN)]OTf, are 2173 

and 2181 cm–1, respectively. These two structures show only moderate deviations from 

linearity with Re–CICN–NICN bond angles of 175.8(3) and 173.6(3)°, respectively.72,75 

However, for more electron-rich, low-valent first row transition metal complexes, the 

bending of the ICN ligands can give rise to angles of less than 135°,77,78 indicating that the 

effects observed for TRIP-2a are relatively modest.

To probe the electronic properties of these complexes, we employed 1H–15N-HMBC NMR 

spectroscopy. Although the low gyromagnetic ratio and 0.37% natural abundance of 15N 

makes it difficult to detect directly in unenriched samples, magnetization transfer from other 

nuclei, such as 1H, can allow for signal enhancement via 2D NMR spectroscopic methods 

including HMBC.79 Heteronuclear NMR spectroscopy is especially useful for analyzing 

metal-based anticancer agents because NMR-active nuclei, such as 15N and 31P, are often 

directly bound to the metal center of interest.80 Based on this precedence, we used 1H–15N 

HMBC NMR spectroscopy to determine the 15N chemical shifts of TRIP-3a–TRIP-7a, the 
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complexes bearing bpy ligands. The 15N chemical shifts of the bpy nitrogen atoms of these 

complexes span approximately 40 ppm, beginning at 202 ppm for TRIP-5a and ranging up 

to 237 ppm for TRIP-6a (Table 1, Figures S31–S36, SI). These shifts are comparable to 

those previously reported for the 15N nuclei within bpy and 1,10-phenathroline (phen) 

ligands that are present within a series of Pd(II) and Pt(II) complexes. The 15N chemical 

shifts for these complexes also hover around 200 ppm, ranging from 203 to 218 ppm and 

201 to 216 ppm for Pd and Pt, respectively.81 These 15N chemical shifts are related to the 

electron-donating properties of the equatorial ligands. Stronger donors, like 4,4’-

dimethoxy-2,2’-bipyridine in TRIP-5a, give rise to more upfield shifts, and weaker donors, 

like 4,4’-bis(trifluoromethyl)-2,2’-bipyridine in TRIP-6a, give rise to downfield shifts. 

Although in principle detecting the 15N resonance of the ICN ligands should be possible as 

well, we generally found this signal to be undetectable within a time span of less than 4 h. 

Only for a highly concentrated sample of TRIP-4a were we able to observe a 15N, 1H 

crosspeak resonating at 175 ppm in the 15N channel. Although we could not reliably 

measure the 15N resonance of the isonitrile ligands, our data for the equatorial bpy ligands 

indicates that these chemical shifts can be used as a reporter of the electronic properties of 

these complexes.

Because redox processes often play a critical role in mediating the anticancer activities of 

metal-based drug candidates,82,83 the electrochemical properties of the TRIP compounds 

were investigated using cyclic voltammetry (CV) in acetonitrile (Table 1, Figures S37–S47, 

SI). The cyclic voltammograms of these complexes all display a prominent irreversible 

reduction peak at potentials spanning –0.75 to –1.33 V vs SCE. Based on prior 

electrochemical studies of rhenium tricarbonyl complexes with polypyridyl and isonitrile 

ligands, these peaks in the voltammograms are assigned to ligand-based reductions.84 

Notably, all of these reduction events occur at potentials that are outside of the biologically 

relevant range. However, the values of these reduction potentials can be used as a readout on 

the electronic properties of these complexes. These potentials correlate, as expected, with the 

electron-donating properties of the diimine ligands. For example, TRIP-6a, which bears the 

most electron-deficient polypyridyl ligand, has the most positive reduction potential. The 

redox potentials for TRIP-3a–TRIP-6a also correlate with the 15N chemical shifts of the 

diimine ligands with an R2 value of 0.71 (Figure S48, SI). This correlation reflects the fact 

that both parameters provide a complementary measure for the electron-donating strengths 

of the diimine ligands.

Because rhenium tricarbonyl complexes have been extensively used as cellular imaging 

agents,85,86 we investigated the photophysical properties of these TRIP complexes to assess 

their suitability for this application. The absorbance (Figures S49–S58, SI) and emission 

(Figures S59–S68, SI) spectra for all complexes were collected in phosphate-buffered saline 

(PBS, pH 7.4) containing ≤1% DMSO (Table 1). The absorbance and emission profiles of 

TRIP-1a–TRIP-1e, complexes containing the same dmphen equatorial ligand but different 

axial ICN ligands, are all nearly identical with only small differences in emission quantum 

yields and lifetimes. By contrast, when the equatorial ligands are varied across TRIP-1a–

TRIP-7a, significant differences in the absorbance and emission energies are observed. As 

the equatorial polypyridyl ligands become more electron-deficient, the lowest energy 
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absorbance maxima, which are attributed to metal-to-ligand charge transfer (MLCT) 

transitions, undergo a red-shift. Likewise, the emission of these complexes, which is 

attributed to a relaxation of the 3MLCT excited state, also undergoes a red-shift as the 

ligands contain more electron-withdrawing substituents. For instance, the emission 

maximum of TRIP-6a, with the electron-withdrawing 4,4’-bis(trifluoromethyl)-2,2’-

bipyridine ligand, is at 584 nm, whereas for TRIP-5a, which bears the donating 4,4’-

dimethoxy-2,2’-bipyridine ligand, this maximum occurs at 525 nm. Both the lack of effect 

of the axial ICN ligands and the importance of electron-withdrawing substituents on the 

equatorial ligands are consistent with the MLCT nature of these excited states in which the 

accepting ligand π* orbital resides solely on the diimine.87 However, for related complexes 

with large aromatic ICN axial ligands, MLCT states featuring these ligands are accessible.87

The emission quantum yields (Φ), measured relative to quinine sulfate as a standard, range 

from 1 to 8% in air-equilibrated PBS. As expected, these values are generally correlated to 

the energy of the excited state, following the well-known energy-gap law.88 TRIP-6a, for 

example, has the lowest quantum yield (0.8%), which coincides with it also having the 

lowest energy absorbance and emission energies in the series. The emission quantum yields 

are generally higher for complexes containing derivatives of bpy (TRIP-3a–TRIP-7a) 

compared to those that contain derivatives of phen, which is somewhat surprising in the 

context of the energy-gap law because the phen ligands have higher energy emission 

maxima. The luminescence lifetimes of the complexes (Figures S69–S78, SI) range from 0.1 

to 2 μs in air-equilibrated PBS. Furthermore, these lifetimes increase by a factor of 1.5 to 5 

in an atmosphere of N2. These results provide further confirmation that the emission arises 

from an O2-sensitive 3MLCT excited state. In general, the complexes containing derivatives 

of phen as equatorial ligands (TRIP-1a–1e and TRIP-2a) exhibit much larger changes in 

their luminescence lifetimes in response to the presence of O2, which may also account for 

their lower Φ in air-equilibrated buffer compared to the bpy derivatives. The relatively high 

emission quantum yields of these complexes in aqueous buffer suggest that they could be 

valuable for various biological imaging applications. The photophysical properties for 

several other series of Re polypyridyl complexes bearing ICN ligands have been previously 

reported.72,84,89 These prior studies reveal similar trends to what we observed here for the 

TRIP complexes. Specifically, greater donating-capacity of the equatorial ligand results in a 

blue-shift in the emission maxima, electron-deficient equatorial ligands decrease the 

emission quantum yields, and the axial ICN ligand has little effect on the emissive properties 

of the complexes.72,84,89

Anticancer Activity and Intracellular Luminescence.

With the physical properties of the TRIP complexes thoroughly investigated, we next sought 

to evaluate their in vitro anticancer activities. The cytotoxicities of all 11 complexes in HeLa 

cells were tested with the colorimetric 3-(4,5-dimethylthiazol-2-yl)-2,5-tetrazolium bromide 

(MTT) assay. We chose to investigate HeLa cells because they are one of the most common 

models for initial investigation of chemotherapeutics, and they are an extremely well-

characterized cell line. Furthermore, the original lead compound, TRIP-1a, exhibited potent 

cytotoxicity toward HeLa cells in our previous studies. The concentration required to inhibit 

50% of the cell population (IC50 value) was determined for all of the TRIP derivatives 
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(Table 2, Figures S79–S88, SI). The IC50 values of these complexes range from 1.2 to 53 

μM, demonstrating that this class of complexes is cytotoxic. The relative activities of these 

complexes appear to be related to the electron-donating properties of the polypyridyl ligand. 

For example, TRIP-6a, which contains the weakly donating 4,4’-bis(trifluoromethyl)-2,2’-

bipyridine ligand, is the least active complex with an IC50 value of 53 μM (Figure S83, SI). 

The more electron-rich TRIP-5a, on the other hand, has a much lower IC50 value of 8.4 μM 

(Figure S82, SI).

As discussed above, the C≡O stretching frequencies and 15N chemical shifts of these 

complexes also correlate with the electron-donating strengths of the equatorial ligands. As 

such, it is reasonable that these parameters may serve as predictors of potency of these 

compounds. Figure 2a shows a plot of the 15N chemical shifts versus log (1/IC50) for the 

complexes that contain bpy-ligand derivatives, TRIP-3a–TRIP-7a. If TRIP-7a is excluded 

as an outlier, a linear correlation (R2 = 0.77) shows that complexes with upfield 15N 

chemical shifts, like TRIP-5a, exhibit higher potency against HeLa cells. The need to 

remove TRIP-7a from this trend may be a consequence of its unusual steric profile 

compared to other compounds in this series. Correlations between 13C NMR chemical shifts 

and biological activities of compounds is a surprisingly common phenomenon.90 The trend 

involving the 15N NMR chemical shifts observed within the TRIP series shows that these 

types of relationships may also apply to other nuclei. A similar plot of the highest energy 

C≡O stretching frequency versus log (1/IC50) for complexes bearing bpy-ligand derivatives, 

TRIP-3a–TRIP-7a, also yields a clear linear correlation with R2 = 0.90 (Figure 2b). These 

two correlations illustrate how experimentally measured physical properties can be used in a 

predictive sense for determining the anticancer potential of this class of compounds. More 

specifically, these trends show that more electron-rich TRIP complexes, a property that can 

be quantified by key IR and NMR spectroscopic signatures, exhibit higher cytotoxicity 

toward HeLa cells. Although these correlations only use the bpy-based TRIP complexes (n 

=5 for both plots), the observed trends indicate that the activities of this class of compounds 

may be predicted on the basis of their physical properties.

To analyze the role of the ICN ligand, we can compare the activities of complexes 

TRIP-1a–TRIP-1e, which contain the same equatorial dmphen ligand, but different axial 

ligands. Overall, the nature of the ICN ligands has a smaller effect on the cytotoxicity of the 

compounds, as evidenced by the smaller range of IC50 values that span from 1.4 to 9.3 μM. 

Upon analysis of the different physical properties of these complexes, it is apparent that 

these activities, log (1/IC50), correlate with the C≡N stretching frequencies, as shown in 

Figure 2c. Complexes with greater C≡N stretching energies exhibit lower cytotoxicity. As 

noted above, the relative energies of the C≡N stretching frequencies themselves are related 

to the presence of electron-donating or -withdrawing groups on the ICN ligand. Thus, it 

appears that more electron-rich complexes give rise to enhanced cytotoxicity.

In addition to electronic effects, sterics and lipophilicity also appear to play a role in 

mediating the cytotoxic activities of the complexes. For example, TRIP-7a, which bears a 

bulky and lipophilic 4,4’-di-tert-butyl-2,2’-bipyridine, is more active than TRIP-5a, which 

bears a diimine of equal electron-donating capabilities. Based on these results, we 

investigated potential correlations between the lipophilicities of the complexes, which are 
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typically quantified by their partition (P) between octanol and water, and their activities. The 

log P values of the polypyridyl and isonitrile ligands were calculated separately using 

ALOGPS 2.1 software,91,92 which is only parameterized to determine these values for 

organic compounds. We took the sum of these ligand log P values to quantitatively gauge the 

relative lipophilicities of each complex (Table S3, SI).93 A plot of the calculated log P values 

versus the compound activity is provided in Figure S89, SI. Based on this analysis, there was 

a poor correlation between toxicity and calculated log P, indicating that other factors dictate 

the toxicities of the complexes.

Surprisingly, none of these TRIP derivatives exhibited significantly greater activity than the 

parent complex, TRIP-1a, which has an IC50 value of 1.4 μM in HeLa cells. Notably, we 

have previously identified the complex fac-[Re(CO)3(dmphen)(OH2)]+ to be more active 

than related rhenium tricarbonyl complexes bearing axial water ligands.65 Thus, the use of 

this diimine ligand with rhenium tricarbonyl complexes appears to give rise to favorable 

anticancer properties.

In addition to testing the in vitro anticancer activity of the TRIP derivatives, we explored 

their intracellular luminescence properties via confocal fluorescence microscopy. The 

reasonably high aqueous emission quantum yields and long lifetimes of rhenium tricarbonyl 

compounds make them useful agents for biological imaging, enabling their intracellular 

localization to be tracked.85,86,94,95 Confocal fluorescence microscopy experiments were 

performed on HeLa cells treated with 10 μM of the TRIP derivatives for 2 h. The total 

emission intensity emanating from the cells was quantified to investigate the distribution and 

uptake of the TRIP complexes. With the exception of TRIP-7a, all of the complexes gave 

rise to intracellular luminescence intensity that was 3–8 times that of the autofluorescence of 

the untreated control (Figure S90, SI). Notably, cells treated with TRIP-7a were 

approximately 16 times brighter than the untreated control. As shown in Table 1, TRIP-7a 
has the largest emission quantum yield of the series, a property that may account for its high 

intracellular luminescence signal. However, other factors, such as cellular uptake and 

environmental sensitivity of photophysical properties, also likely play a role in mediating the 

bright intracellular photoluminescence of these compounds. In comparing the fluorescence 

microscopy images, it is apparent that the complexes have different intracellular localization 

patterns. For instance, the photoluminescence of TRIP-1a and TRIP-1e is primarily 

localized around the nucleus in a punctate pattern. By contrast, TRIP-7a and TRIP-1c are 

distributed evenly throughout the cytoplasm. Interestingly, none of the complexes appear to 

localize to the nucleus. This result may indicate that these complexes do not target the 

nucleus. However, caution should be exercised in interpreting localization of these 

compounds based on fluorescence microscopy because the photoluminescence of the 

rhenium tricarbonyl complexes is highly sensitive to environmental factors. For example, 

previous studies have shown how intracellular localization of rhenium tricarbonyl complexes 

as determined by inductively coupled plasma mass spectrometry (ICP-MS) and optical 

emission spectroscopy (ICP-OES) does not match that obtained via fluorescence 

microscopy.43,46,67,96 For these TRIP complexes, we have recently confirmed their cytosolic 

localization using XRF, demonstrating that in this case fluorescence microscopy works well 

for predicting their distribution in cells.70 Furthermore, these XRF studies were used to 
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verify that the axial ligands remain bound to the Re center within cells, showing the 

remarkable stabilities of these complexes.

ER Stress-Inducing and UPR-Activation Properties.

As previously shown,69 the parent complex in this series, TRIP-1a, increases the level of 

misfolded proteins in cells, which triggers ER stress. Subsequently, activation of the UPR 

and apoptosis ultimately lead to cell death. Based on these results, we aimed to determine if 

the other TRIP complexes in this library act via a similar mechanism of action. Because we 

have previously explored the cytotoxic mechanism of TRIP-1a in great detail, we performed 

a select subset of assays to investigate whether other TRIP derivatives induce cell death via a 

similar pathway. One of the key early phenotypic responses of cells treated with TRIP-1a is 

mitochondrial fission and accumulation of misfolded proteins, processes that happen within 

the first 30 min of exposure. To determine the importance of mitochondrial fission for the 

other TRIP complexes, we tested the most and least toxic complexes within this library. 

Prior to confocal fluorescence microscopy and exposure to 10 μM of a TRIP derivative, 

HeLa cells were treated with the mitochondria-specific dye, MitoTracker Red, to image the 

morphology of this organelle, and the nuclear stain Hoechst to identify viable cells. 

TRIP-1b, one of the most cytotoxic complexes in the series, induced rapid rounding of the 

mitochondria and loss of intensity of the MitoTracker Red dye within several minutes, 

features that are consistent with mitochondrial fission. Conversely, the least active 

compounds, TRIP-3a and TRIP-6a, did not give rise to any changes in mitochondrial 

morphology over the same time period with an equivalent dose (Figure 3a, Videos 1–4). To 

more quantitatively analyze these morphological changes, we used an established procedure 

for counting the number of individual mitochondria with ImageJ.97 After mitochondrial 

fission, the number of distinct mitochondria within the cells will increase. The number of 

mitochondria were quantified at 0, 14, and 30 min in the complex-treated and untreated 

cells. As shown in Figure 3b, of these three complexes only TRIP-1b, the most cytotoxic 

compound, was able to cause an increase (2-fold) in the number of mitochondria after a 14-

min treatment period. These results illustrate that the cytotoxicities of these compounds are 

related to their ability to cause mitochondrial fission. Furthermore, the phenotypic similarity 

between the parent complex TRIP-1a and the new analog TRIP-6a show that structural 

modifications to these compounds do not change their mechanisms of action.

To determine if these compounds can cause the accumulation of misfolded or aggregated 

proteins like TRIP-1a, we employed Thioflavin T (ThT), a compound that undergoes an 

increase in fluorescence upon binding to protein aggregates.98 This dye is commonly used to 

detect amyloid beta plaques in postmortem brains of Alzheimer’s Disease patients.99,100 

HeLa cells were treated with ThT for 2 h prior to being exposed to 10 μM of each of the 11 

TRIP derivatives. Changes in fluorescence intensity was monitored at 0 and 30 min post-

treatment (Figure S91, SI) using confocal fluorescence microscopy. The results show that 

the 3 most cytotoxic species, TRIP-1a, TRIP-7a, and TRIP-1b, give rise to a 2-fold or 

greater increase in ThT fluorescence, demonstrating that these compounds cause protein 

aggregation. For comparison, the least active compound, TRIP-6a, was unable to change the 

ThT fluorescence levels relative to untreated cells. In analyzing all 11 compounds, a positive 

linear correlation between the cytotoxicity and the enhancement of ThT fluorescence 
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intensity is apparent (R2 = 0.53, Figure 3c). The correlation is not as strong as one might 

expect, which may be due to the assay’s limited sensitivity and relatively high deviation. For 

example, the maximum fluorescence signal increase that we have observed is approximately 

3-fold, but the cytotoxicities of the compounds range over an order of magnitude. However, 

this relationship suggests that the cytotoxic activity of this class of complexes is related to 

their ability to cause the formation of intracellular protein aggregates. These data show that 

almost all these complexes induce protein aggregation within 30 min. Thus, this phenotypic 

response appears to be a general feature of this class of compounds.

As observed previously for TRIP-1a, the accumulation of misfolded or aggregated proteins 

causes cells to shutdown translation and initiate the proapoptotic wing of the ER stress 

response via activation of the UPR and expression of CHOP.101–103 For TRIP-1a, activation 

of the PERK arm of the UPR occurs, resulting in phosphorylation of eIF2α. This 

phosphorylation causes global protein synthesis inhibition, activation of the transcription 

factor ATF4 and CHOP, and finally apoptosis.104 Thus, we sought to verify that this process 

proceeds in the same manner for the newly reported TRIP analogs. Translation inhibition 

was investigated in HeLa cells with the puromycin incorporation assay. Puromycin is a 

tyrosine mimic that is incorporated into newly synthesized proteins in place of tyrosine. This 

unnatural amino acid can be detected via Western blot, and its relative amounts present in 

cells scale with the rate of protein translation.105 The HeLa cells were treated with 10 μM of 

each TRIP complex for 2 h, after which puromycin was added. The most potent compounds, 

TRIP-1a and TRIP-7a, cause the most efficient inhibition of protein synthesis, as evidenced 

by the low levels of puromycin incorporation into the proteome. Conversely, the least active 

complexes, TRIP-3a and TRIP-6a, have the greatest amount of puromycin incorporation, 

with levels comparable to that of the untreated cells (Figure S92, SI), indicating that these 

compounds are not effective translation inhibitors. Thus, these data show that protein 

translation inhibition is related to the cytotoxic properties of these compounds. As a final 

confirmation on the ER stress-inducing properties of this class of compounds, we 

investigated a small subset of these complexes to probe their ability to induce CHOP 

expression, which is diagnostic for proapoptotic ER stress. HeLa cells were treated with 10 

μM of either TRIP-1a, TRIP-6a, TRIP-7a, TRIP-1b, or TRIP-1e for 24 h, prior to 

analyzing cell lysates for CHOP expression via Western blotting. We found that all 

complexes tested, except for the least cytotoxic compound TRIP-6a, induce CHOP 

expression after 24 h. In conjunction with the results discussed above, these data collectively 

show that the cytotoxic TRIP analogs all cause the same ER stress phenotype in cancer cells. 

Importantly, the cytotoxicities of these complexes are correlated with their abilities to induce 

this phenotype, indicating that the ER stress response is a key feature of their mechanisms of 

action. A more in-depth characterization of the ER stress-inducing properties of TRIP-1A 

have been previously reported.69

In vivo Biodistribution and Anticancer Activity of TRIP-1a.

A valuable aspect for the development of rhenium-based anticancer agents is the availability 

of the imaging radionuclide 99mTc.106,107 The chemistries of technetium and rhenium are 

largely similar, and therefore direct structural analogs of complexes of these metal ions can 

be prepared.108–110 In the context of developing new rhenium-based anticancer agents, the 
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corresponding 99mTc analogs can be used as diagnostic partners to more easily ascertain 

pharmacokinetic properties of the parent drug candidate. Isonitrile ligands exhibit high 

affinity for Tc, and several Tc complexes containing ICN ligands have been reported as 

novel agents for biological imaging.111–116 To evaluate the potential use of 99mTc analogs of 

these TRIP complexes, we synthesized the 99mTc analog of the parent compound, 

fac-[99mTc(CO)3(dmphen)(ptolICN)]+, called technetium tricarbonyl isonitrile polypyridyl 

or TTIP, using an established approach from fac-[99mTc(CO)3(H2O)3]+.117 Briefly, an 

aqueous solution of the 99mTc starting material was heated at 60 °C for 1 h in the presence 

of a large excess of the dmphen ligand in water (pH 7). The ptolICN ligand was then added, 

and the mixture was further heated at 60 °C for 90 min to yield the product, TTIP, which 

was purified by HPLC. The purity and identity of the product were analyzed via radio-

HPLC (Figure S93, SI), which revealed a single peak in the chromatogram with a retention 

time that matched that of the non-radioactive rhenium analog TRIP-1a.

To evaluate the suitability of TTIP as a diagnostic analog for TRIP-1a, we carried out 

biodistribution studies of these complexes in mice. In general, biodistribution studies of drug 

candidates are important for determining their in vivo localization and excretion pathways, 

and they may help identify potential off-target accumulation sites. Furthermore, a 

comparison of the biodistributions of TRIP-1a and TTIP is needed to assess their suitability 

as a matched therapeutic and diagnostic pair. Both of these complexes (⁓100 μCi 99mTc and 

0.2 μmol Re) were administered simultaneously in BALB/c mice via tail vein injection to 

determine their biodistribution. Cohorts of mice were sacrificed at 0.5, 2, and 4 h, their 

organs were excised, and then either digested with HNO3 and analyzed by ICP-OES for Re 

or subjected to gamma counting for quantifying 99mTc. The results of this biodistribution 

study are shown in Figure 4. Overall, the distribution of the two complexes is similar, with 

both exhibiting large kidney and moderate liver uptake. Uptake in these organs suggests that 

these compounds are undergoing renal and hepatobiliary excretion, similar to other 

previously reported Re and Tc tricarbonyl complexes.118 Both TRIP-1a and TTIP also 

accumulate in the heart and lungs. The relatively high cardiac uptake may be due to the 

positive charge of the complexes, which is often observed in 99mTc complexes, such as the 

homoleptic isonitrile complex Cardiolite® that is used for myocardial perfusion imaging.
119,120 Furthermore, analogous 99mTc complexes to TTIP with the general formula 

fac-[99mTc(CO)3(NN)(ICN)]+, where NN are different bpy and phen derivatives and ICN are 

different isonitriles, exhibit high cardiac uptake, consistent with our observations.121 The 

major significant difference in the distribution of the Re and 99mTc compounds lies in the 

spleen. TRIP-1a is taken up to a much higher extent in this organ compared to TTIP. The 

spleen is known to be a site of accumulation for macromolecular structures and aggregates.
122–124 Therefore, high Re uptake in this organ may suggest that the compound is forming 

aggregates in vivo. The much lower concentrations of administered 99mTc would prevent 

aggregation of TTIP. Collectively, this comparison between the biodistribution of TRIP-1a 
and TTIP demonstrates that these compounds exhibit largely similar organ uptake profiles 

and suggests that 99mTc analogs of these TRIP complexes are useful partner diagnostic or 

imaging agents.
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Based on the promising in vitro anticancer activities of these complexes and favorable 

biodistribution, we sought to evaluate the in vivo antitumor activity of TRIP-1a in mice 

bearing A2780 ovarian cancer xenografts. We chose to use TRIP-1a for these investigations 

because in addition to its status as the most explored derivative, it also possesses higher 

solubility than similarly active TRIP complexes such as TRIP-7a. Our choice of A2780 

ovarian cancer xenografts was motivated by our initial study of TRIP-1a that showed this 

compound to be significantly active against this cell line. Prior to testing the in vivo efficacy 

of TRIP-1a, we performed a maximum tolerated dose (MTD) study, which showed no 

obvious sign of distress up to injections of 40 mg/kg. Based on the MTD, mice bearing the 

A2780 cancer xenografts were treated with 5, 10, or 20 mg/kg of this complex, administered 

in 20% DMSO/PBS solutions via tail vein injection, twice weekly. Although TRIP-1a is 

soluble up to 2 mM in water or PBS, a DMSO cosolvent was needed to achieve the 

concentrations for in vivo dosing. Their tumor growth rates and overall health were 

monitored over 27 days (Figure 5a). For several mice in this study, dosing was discontinued 

due to weight loss or necrosis at the injection site. The exact dosing schedule and survival 

time for each mouse in the study is reported in Table S4, SI. The lower doses (5 and 10 

mg/kg) of TRIP-1a have no effect on tumor growth rate. At 20 mg/kg, however, TRIP-1a 
significantly inhibits tumor growth as shown in Figure 5a and 5b. From days 10 to 20 after 

beginning treatment, the 20 mg/kg cohort exhibited tumors with less than half the average 

volume of the vehicle-treated group. Thus, although TRIP-1a was not able to entirely 

eradicate these tumors, it was able to markedly decrease the tumor growth rate, 

demonstrating that its anticancer activity is also retained in vivo. These in vivo data can also 

be analyzed by comparing the survival time of the treated mice relative to the untreated 

control. Such survival data may be more useful than tumor volumes in comparing the 

efficacy of drug candidates because different tumor types undergo a wide range of growth 

rates. The effects of TRIP-1a on mouse survival were thus analyzed. In these experiments, 

mice were sacrificed and did not “survive” if their body weight decreased by 25% or if their 

tumor burden increased beyond 5500 mm3. As shown in Figure 5c, 20 mg/kg of TRIP-1a 
prolonged the survival of the tumor-bearing mice by 150% relative to the control group. 

These results demonstrate that this compound is able to significantly increase mice survival 

to levels that are comparable to several clinically investigated Ru anticancer agents.125 

Additionally, the mice treated with the highest concentrations of TRIP-1a exhibited minimal 

side effects, as evidenced by minimal body weight changes (Figure S94, SI). Other side 

effects are discussed in detail in the SI. These data represents only the fifth example in the 

literature where the in vivo anticancer activity of a rhenium tricarbonyl complex is 

demonstrated,42,67,126–128 and it supports the continued investigation of this interesting class 

of compounds as antitumor agents.

Conclusions

The ER has emerged as a promising target for cancer therapy, and a number of recent studies 

have shown that many metal complexes are effective at triggering ER stress-induced cancer 

cell death. In this context, the TRIP compounds reported in this study comprise a novel class 

of metal-based anticancer agents that operate via this mechanism of action. As demonstrated 

here, the physical and biological properties of these TRIP complexes can be tuned in a 
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modular sense by altering the supporting ligands. From this small library of 11 complexes, 

our SAR analysis shows that more electron-rich compounds are more cytotoxic. Because a 

number of spectroscopic features of these complexes are related to their electronic 

properties, it is possible to identify direct correlations between physical and biological 

properties. Thus, correlations between spectroscopic methods, such as C≡O and C≡N IR 

stretching energies and 15N NMR chemical shifts, and cytotoxic activity are apparent. These 

results highlight the potential predictive power of physical characterization methods for use 

in biological SARs of novel metal-based anticancer agents.129–133

An important assumption that is required for the development of SARs is that all compounds 

in the library act via a similar mechanism of action. The 11 complexes tested in this study all 

trigger cell death by inducing ER stress. Furthermore, the ER stress-inducing capacity of the 

compounds relates to their cytotoxicity, as more cytotoxic complexes elicit greater ER stress 

responses at equivalent dosing concentrations. These results stand in contrast to a number of 

other studies on metal anticancer agents, in which subtle ligand modifications led to 

significant changes in anticancer mechanisms.35,47,134,135 Although such mechanistic 

changes are interesting, they present practical challenges in improving and optimizing these 

types of metal-based drug candidates. Based on the consistent ER stress induction across the 

TRIP series, modifications of these complexes to optimize important pharmacokinetic 

properties, such as solubility and clearance rates, can be accomplished without 

compromising their novel mechanism of anticancer activity.

The promising in vitro anticancer activity and novel mechanism of action of TRIP-1a 
prompted us to further explore its activity in vivo. The use of the 99mTc analog, TTIP, 

revealed that the biodistribution of both complexes is comparable, suggesting that these 

compounds may constitute a theranostic pair. Furthermore, experiments conducted on mice 

bearing ovarian cancer xenografts indicate that TRIP-1a retains anticancer activity in vivo. 

The activity of this compound, however, is limited in its ability to slow tumor growth, but 

not eradicate the tumor mass in its entirety. Furthermore, difficulties in the formulation and 

administration of this complex that gave rise to severe local inflammation need to be 

addressed. As noted above, structural modifications to this class of compounds do not lead 

to a change in the mechanism of action, and can therefore be applied to overcome these 

issues associated with formulation. Together, the high potency, distinct mechanism of action, 

broad tunability, and in vivo efficacy of these complexes establish the TRIP scaffold to be a 

promising class of anticancer agents.

Experimental

Methods and Materials.

Rhenium carbonyl was purchased from Pressure Chemicals (Pittsburgh, Pennsylvania, 

USA). Re(CO)5Cl was synthesized as previously described.66 The diimine ligands, 2,9-

dimethyl-1,10-phenanthroline (dmphen, Cayman Chemical, Ann Arbor, MI), 1,10-

phenanthroline (phen, Sigma Aldrich, St. Louis, MO), 2,2’-bipyridine (bpy, Alfa Aesar, 

Ward Hill, MA), 4,4’-dimethyl-2,2’-bipyridine (dmbpy, Chem-Impex International Inc., 

Wood Dale, IL), 4,4’-dimethoxy-2,2’-bipyridine (dmobpy, Sigma Aldrich, St. Louis, MO), 

4,4’-di-tert-butyl-2,2’-bipyridine (tbutylbpy, Sigma Aldrich, St. Louis, MO), and 4,4’-
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bis(trifluoromethyl)-2,2’-bipyridine (CF3bpy, Sigma Aldrich, MO), were used as received. 

The fac-[Re(CO)3(NN)Cl] complexes, where NN is the diimine ligand, were synthesized 

using previously reported procedures.136,137 The isonitrile ligands, para-tolyl ICN 

(ptolICN), 2,6-dimethylphenyl ICN (2,6-dmphenylICN), 3,5-dimethylphenyl (3,5-

dmphenylICN), para-methoxyphenyl ICN (p-methoxyphenylICN, Sigma Aldrich, St. Louis, 

MO), and para-chlorophenyl ICN (p-chlorophenylICN), were purchased or synthesized from 

their respective aniline species using a previously reported procedure.138 fac-

[Re(CO)3(dmphen)(ptolICN)]OTf (TRIP-1a) was synthesized as previously reported.69 All 

solvents were ACS grade or higher.

Physical Measurements.

NMR samples were prepared as solutions using CDCl3, methanol-d4, DMSO-d6, or acetone-

d6 as the solvent. 1H NMR spectra were acquired on a Bruker 500 MHz spectrometer and 
15N HMBC spectra were acquired on a Varian Inova 600 MHz spectrometer. 1H NMR 

chemical shifts were referenced to TMS at 0 ppm and 15N HMBC NMR chemical shifts 

were referenced to acetonitrile as internal standard (240 ppm vs liquid NH3 at 0 ppm). 

Samples for IR spectroscopy were prepared as KBr pellets and were analyzed on a Nicolet 

Avatar 370 DTGS (ThermoFisher Scientific, Waltham, MA). Analytical chromatography 

was carried out on a LC-20AT pump with a SPD-20AV UV-vis detector monitored at 270 

and 220 nm (Shimadzu, Japan) using an Ultra Aqueous C18 column (100 Å, 5 μm, 250 mm 

× 4.6 mm, Restek, Bellefonte, PA) at a flow rate of 1 mL/min with a mobile phase 

containing 0.1% trifluoroacetic acid (TFA) in H2O or MeOH. The method consisted of 5 

min at 10% MeOH, followed by a linear gradient to 100% MeOH over 20 min. High-

resolution mass spectra (HRMS) were recorded on an Exactive Orbitrap mass spectrometer 

in positive ESI mode (ThermoFisher Scientific, Waltham, MA) with samples injected as 

acetonitrile/water solutions with 1% formic acid. Elemental analyses (C, H, N) were 

performed by Atlantic Microlab Inc. (Norcross, Georgia, USA). UV-visible spectra were 

recorded on a Cary 8454 UV-vis (Agilent Technologies, Santa Clara, CA) or a Beckman 

Coulter DU800 UV-vis using 1-cm quartz cuvettes. Fluorescence spectra and 

photoluminescent quantum yield measurements were carried out on a Beckman Coulter 

DU800 UV-vis and Varian Eclipse Fluorometer. Electrochemical measurements were carried 

out using a Pine WaveNow potentiostat with a three-electrode setup consisting of a glassy 

carbon working electrode, a platinum counter electrode, and an Ag wire quasi-reference 

electrode. Complexes were dissolved in anhydrous acetonitrile with 0.10 M [Bu4N][PF6] 

(TBAP) as the supporting electrolyte. Potentials were referenced using an internal standard 

of the ferrocene/ferricenium couple at 0.45 V vs. the saturated calomel electrode (SCE).

Synthesis of fac-[Re(CO)3(phen)(ptolICN)]OTf (TRIP-2a).

fac-[Re(CO)3(phen)Cl] (0.200 g, 0.41 mmol) was dissolved in dry THF (40 ml) and AgOTf 

(0.106 g, 0.41 mmol) was added. The mixture was heated at reflux for 3 h, after which the 

resulting yellow suspension was filtered. To the filtrate, ptolICN (0.2 g, 1.7 mmol) was 

added, and the mixture was heated at reflux overnight. The resulting yellow precipitate is 

filtered and washed with ~25 ml of diethyl ether to yield a yellow solid. Yield: 0.126 g 

(43%). 1H NMR (500 MHz, DMSO-d6): δ 9.55 (d, J = 5.2 Hz, 2H), 9.07 (d, J = 8.3 Hz, 2H), 

8.39 (s, 2 H), 8.19 (dd, J = 8.3, 5.2 Hz, 2H), 7.23 – 7.18 (m, 4H), 2.26 (s, 3H). IR (KBr, 
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cm–1): 2155 m (C≡N), 2036 s (C≡O), 1973 s (C≡O), 1966 s (C≡O). HR-ESI-MS (positive 

ion mode): m/z 568.0646 ([M]+, calcd 568.0671). Anal. Calcd for [Re(CO)3(phen)

(ptolICN)]OTf (ReC24H15F3N3O6S): C, 40.22; H, 2.11; N, 5.86. Found: C, 40.15; H, 2.06; 

N, 5.37.

Synthesis of fac-[Re(CO)3(bpy)(ptolICN)]OTf (TRIP-3a).

fac-[Re(CO)3(bpy)Cl] (0.100 g, 0.22 mmol) was dissolved in dry THF (20 ml) and AgOTf 

(0.056 g, 0.22 mmol) was added. The mixture was heated at reflux for 3 h, after which the 

resulting yellow suspension was filtered. To the filtrate, ptolICN (0.1 g, 0.85 mmol) was 

added, and the mixture was heated at reflux overnight. The resulting orange solution was 

evaporated to dryness under vacuum. To the crude solid, 2 ml of toluene was added and the 

undissolved solid was filtered and washed with ~15 ml of diethyl ether to yield a pale-

yellow solid. Yield: 0.069 g (45%). 1H NMR (500 MHz, CDCl3): δ 9.03 (d, J = 8.2 Hz, 2H), 

8.97 (d, J = 5.4 Hz, 2H), 8.38 (t, J = 7.9 Hz, 2H), 7.69 (t, J = 6.5 Hz, 2H), 7.18 – 7.14 (m, 

4H), 2.34 (s, 3H). IR (KBr, cm–1): 2175 m (C≡N), 2038 s (C≡O), 1971 s (C≡O), 1930 s 

(C≡O). HR-ESI-MS (positive ion mode): m/z 544.0636 ([M]+, calcd 544.0671). Anal. Calcd 

for [Re(CO)3(bpy)(ptolICN)]OTf (ReC22H15F3N3O6S): C, 38.15; H, 2.18; N, 6.07. Found: 

C, 38.41; H, 2.19; N, 6.09.

Synthesis of fac-[Re(CO)3(dmbpy)(ptolICN)]OTf (TRIP-4a).

fac-[Re(CO)3(dmobpy)Cl] (0.130 g, 0.27 mmol) was dissolved in dry THF (25 ml) and 

AgOTf (0.068 g, 0.27 mmol) was added. The mixture was heated at reflux for 3 h, after 

which the resulting yellow suspension was filtered. To the filtrate, ptolICN (0.1 g, 0.85 

mmol) was added, and the mixture was heated at reflux overnight. The resulting orange 

solution was evaporated. The crude residue was then purified using silica gel column 

chromatography (98% DCM: 2% MeOH). Fractions containing the desired product were 

pooled, and the solvent was removed under reduced pressure. The product was isolated as a 

pale yellow solid. Yield: 0.080 g (41%). 1H NMR (500 MHz, CDCl3): δ 8.91 (s, 2H), 8.73 

(d, J = 5.7 Hz, 2H), 7.40 (d, J = 5.6 Hz, 2H), 7.18 – 7.14 (m, 4H), 2.71 (s, 6H), 2.34 (s, 3H). 

IR (KBr, cm–1): 2176 m (C≡N), 2037 s (C≡O), 1958 s (C≡O), 1934 s (C≡O). HR-ESI-MS 

(positive ion mode): m/z 572.0941 ([M]+, calcd 572.0984). Anal. Calcd for 

[Re(CO)3(dmbpy)(ptolICN)]OTf (ReC24H19F3N3O6S): C, 40.00; H, 2.66; N, 5.83. Found: 

C, 40.42; H, 2.75; N, 5.83.

Synthesis of fac-[Re(CO)3(dmobpy)(ptolICN)]OTf (TRIP-5a).

fac- [Re(CO)3(dmobpy)Cl] (0.100 g, 0.19 mmol) was dissolved in dry THF (20 ml) and 

AgOTf (0.049 g, 0.19 mmol) was added. The mixture was heated at reflux for 3 h, after 

which the resulting yellow suspension was filtered. To the filtrate, ptolICN (0.1 g, 0.85 

mmol) was added, and the mixture was heated at reflux overnight. The solvent was then 

removed under reduced pressure. To the crude solid, 2 ml of toluene was added and the 

undissolved solid was filtered and washed with ~15 ml of diethyl ether to yield a pale yellow 

solid. Yield: 0.115 g (81%). 1H NMR (500 MHz, CDCl3): δ 8.62 (d, J = 6.4 Hz, 2 H), 8.48 

(d, J = 2.5 Hz, 2 H), 7.19 – 7.15 (m, 4 H), 7.07 – 7.05 (m, 2 H), 4.27 (s, 6 H), 2.35 (s, 3 H). 

IR (KBr, cm–1): 2179 m (C≡N), 2034 s (C≡O), 1957 s (C≡O), 1924 s (C≡O). HR-ESI-MS 

(positive ion mode): m/z 604.0842 ([M]+, calcd 604.0882). Anal. Calcd for 
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[Re(CO)3(dmobpy)(ptolICN)]OTf (ReC24H19F3N3O8S): C, 38.30; H, 2.54; N, 5.58. Found: 

C, 38.54; H, 2.60; N, 5.72.

Synthesis of fac-[Re(CO)3(CF3bpy)(ptolICN)]OTf (TRIP-6a).

fac- [Re(CO)3(CF3bpy)Cl] (0.072 g, 0.117 mmol) was dissolved in dry THF (8 ml) and 

AgOTf (0.032 g, 0.41 mmol) was added. The mixture was heated at reflux for 3 h, after 

which the resulting yellow suspension was filtered. To the filtrate, ptolICN (0.100 g, 0.085 

mmol) was added, and the mixture was heated at reflux overnight. The resulting solution 

was evaporated under reduced pressure. The crude product was dissolved in a minimum 

amount of DCM (~5 ml), and this concentrated solution was added to di-isopropyl ether 

(>100 mL) with rapid stirring. The product that precipitated out was collected by filtration. 

This process was repeated two more times to obtain analytically pure compound. Yield: 

0.030 g (31%). 1H NMR (500 MHz, acetone-d6): δ 9.67 (d, J = 5.3 Hz, 2 H), 9.44 (s, 2 H), 

8.31 (d, J = 6.0 Hz, 2 H), 7.29 – 7.25 (m, 4 H), 2.33 (s, 3 H). IR (KBr, cm–1): 2180 m 

(C≡N), 2045 s (C≡O), 1976 s (C≡O), 1944 s (C≡O). HR-ESI-MS (positive ion mode): m/z 
680.0413 ([M]+, calcd 680.0419). Anal. Calcd for [Re(CO)3(CF3bpy)(ptolICN)]OTf 

(ReC24H13F9N3O6S): C, 34.79; H, 1.58; N, 5.07. Found: C, 35.04; H, 1.48; N, 4.96.

Synthesis of fac-[Re(CO)3(tbutylbpy)(ptolICN)]OTf (TRIP-7a).

fac- [Re(CO)3(tbutylbpy)Cl] (0.132 g, 0.23 mmol) was dissolved in dry THF (12 mL) and 

AgOTf (0.060 g, 0.23 mmol) was added. The mixture was heated at reflux for 3 h, after 

which the resulting yellow suspension was filtered. To the filtrate, ptolICN (0.130 g, 1.1 

mmol) was added, and the mixture was heated at reflux overnight. The resulting solution 

was evaporated under reduced pressure, and the crude product was recrystallized from DCM 

and ether. The material could not be purified sufficiently by recrystallization due to its high 

solubility. The crude material was purified by preparatory HPLC (50 to 100% MeOH in 

H2O containing 0.1% TFA over 30 min) to yield a yellow powder. Elemental analysis data 

indicates that this complex was isolated with a mixture of TFA (25%) and OTf (75%) 

counterions (see below). Yield: 0.023 g (12%). 1H NMR (500 MHz, MeOH-d4): δ 9.04 (d, J 
= 6.0 Hz, 2 H), 8.71 (s, 2 H), 7.82 (d, J = 6.0 Hz, 2 H), 7.22 (m, 4 H), 2.34 (s, 3 H), 1.51 (s, 

18 H). IR (KBr, cm–1): 2175 m (C≡N), 2028 s (C≡O), 1959 s (C≡O), 1931 s (C≡O). HR-

ESI-MS (positive ion mode): m/z 656.1882 ([M]+, calcd 656.1923). Anal. Calcd for 

[Re(CO)3(tbutylbpy)(ptolICN)](OTf)0.75(TFA)0.25 (ReC30.25H31F3N3O5.75S0.75): C, 45.65; 

H, 3.93; N, 5.28. Found: C, 45.69; H, 4.03; N, 5.31.

Synthesis of fac-[Re(CO)3(dmphen)(2,6-dmphenylICN)]OTf (TRIP-1b).

fac- [Re(CO)3(dmphen)Cl] (0.200 g, 0.38 mmol) was dissolved in dry THF (40 ml) and 

AgOTf (0.100 g, 0.38 mmol) was added. The mixture was heated at reflux for 3 h, after 

which the resulting yellow suspension was filtered. To the filtrate, 2,6-dmphenylICN (0.2 g, 

1.5 mmol) was added, and the mixture was heated at reflux overnight. The THF is removed 

by rotary evaporation and the crude solid was dissolved in 2 ml of DCM. The DCM solution 

was then added dropwise to 50 ml of diethyl ether to precipitate out a pale yellow solid, 

which was then collected via vacuum filtration and washed with ~20 ml of ether to yield the 

pure product. Yield: 0.230 g (80%). 1H NMR (500 MHz, CDCl3): δ 8.79 (d, J = 8.3 Hz, 2 

H), 8.19 (s, 2 H), 8.07 (d, J = 8.3 Hz, 2 H), 7.15 – 6.96 (m, 3 H), 3.34 (s, 6 H), 1.76 (s, 6 H). 
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IR (KBr, cm–1): 2171 m (C≡N), 2033 s (C≡O), 1967 s (C≡O), 1929 s (C≡O). HR-ESI-MS 

(positive ion mode): m/z 610.1136 ([M]+, calcd 610.1140). Anal. Calcd for 

[Re(CO)3(dmphen)(2,6-dmphenylICN)]Otf (ReC27H21F3N3O6S): C, 42.74; H, 2.79; N, 

5.54. Found: C, 42.88; H, 2.65; N, 5.56.

Synthesis of fac-[Re(CO)3(dmphen)(3,5-dmphenylICN)]OTf (TRIP-1c).

fac- [Re(CO)3(dmphen)Cl] (0.220 g, 0.41 mmol) was dissolved in dry THF (20 mL) and 

AgOTf (0.110 g, 0.43 mmol) was added. The mixture was heated at reflux for 3 h, after 

which the resulting yellow suspension was filtered. To the filtrate, 3,5-dmphenylICN (0.200 

g, 1.5 mmol) was added, and the mixture was heated at reflux overnight. The resulting 

solution was evaporated under reduced pressure. The crude product was dissolved in a 

minimum amount of THF (~5 ml), and this concentrated solution was added to diethyl ether 

(>100 mL) with rapid stirring. The product that precipitated out was collected by filtration. 

This process was repeated two more times to obtain analytically pure compound. 1H NMR 

(500 MHz, CDCl3): δ 8.75 (d, J = 8.3 Hz, 2 H), 8.16 (s, 2 H), 8.04 (d, J = 8.4 Hz, 2 H), 7.00 

– 6.72 (m, 3 H), 3.32 (s, 6 H), 2.22 (s, 6 H). IR (KBr, cm–1): 2186 m (C≡N), 2036 s (C≡O), 

1963 sh (C≡O), 1941 s (C≡O). HR-ESI-MS (positive ion mode): m/z 610.1138 ([M]+, calcd 

610.1140). Anal. Calcd for [Re(CO)3(dmphen)(3,5-

dmphenylICN)]OTf·0.5CH3CH2OCH2CH3 (ReC29H26F3N3O6.5S): C, 43.77; H, 3.29; N, 

5.28. Found: C, 43.84; H, 2.90; N, 5.79.

Synthesis of fac-[Re(CO)3(dmphen)(p-methoxyphenylICN)]OTf (TRIP-1d).

fac- [Re(CO)3(dmphen)Cl] (0.200 g, 0.41 mmol) was dissolved in dry THF and AgOTf 

(0.110 g, 0.43 mmol) was added. The mixture was heated at reflux for 3 h, after which the 

resulting yellow suspension was filtered. To the filtrate, p-methoxyphenylICN (0.240 g, 1.8 

mmol) was added, and the mixture was heated at reflux overnight. The resulting solution 

was evaporated under reduced pressure. The crude product was dissolved in a minimum 

amount of THF (~5 ml), and this concentrated solution was added to diethyl ether (>100 

mL) with rapid stirring. The product that precipitated out was collected by filtration and 

dissolved in methanol (20 mL). The resulting solution was reduced to <1 mL, and water (10 

mL) was added. The mixture was lyophilized to yield a yellow powder. Yield: 0.170 g 

(77%). 1H NMR (500 MHz, CDCl3): δ 8.63 (d, J = 8.4 Hz, 2 H), 8.07 (s, 2 H), 7.95 (d, J = 

8.4 Hz, 2 H), 6.98 – 6.74 (m, 4 H), 3.72 (s, 3 H), 3.29 (s, 3 H). IR (KBr, cm–1): 2179 m 

(C≡N), 2036 s (C≡O), 1960 s (C≡O), 1929 s (C≡O). HR-ESI-MS (positive ion mode): m/z 
612.0928 ([M]+, calcd 612.0933). Anal. Calcd for [Re(CO)3(dmphen)(p-

methoxyphenylICN)]Otf (ReC26H19F3N3O7S): C, 41.05; H, 2.52; N, 5.52. Found: C, 41.15; 

H, 2.60; N, 5.37.

Synthesis of fac-[Re(CO)3(dmphen)(p-chlorophenylICN)]OTf (TRIP-1e).

fac- [Re(CO)3(dmphen)Cl] (0.160 g, 0.31 mmol) was dissolved in dry THF and AgOTf 

(0.080 g, 0.34 mmol) was added. The mixture was heated at reflux for 3 h, after which the 

resulting yellow suspension was filtered. To the filtrate, p-chlorophenylICN (0.160 g, 1.16 

mmol) was added, and the mixture was heated at reflux overnight. The resulting solution 

was evaporated under reduced pressure. The crude product was dissolved in a minimum 

amount of THF (~5 ml), and this concentrated solution was added to diethyl ether (>100 
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mL) with rapid stirring. The product that precipitated out was collected by filtration. This 

process was repeated two more times to obtain analytically pure compound. Yield: 0.110 g 

(42%). 1H NMR (500 MHz, CDCl3): δ 8.68 (d, J = 8.4 Hz, 2 H), 8.11 (s, 2 H), 8.01 (d, J = 

8.3 Hz, 2 H), 7.30 (d, J = 8.7 Hz, 2 H), 7.15 (d, J = 8.8 Hz, 2 H), 3.32 (s, 6 H). IR (KBr, 

cm–1): 2185 m (C≡N), 2034 s (C≡O), 1957 s (C≡O), 926 s (C≡O). HR-ESI-MS (positive 

ion mode): m/z 616.0425 ([M]+, calcd 616.0438). Anal. Calcd for [Re(CO)3(dmphen)(p-

chlorophenyl-ICN)]OTf·0.25CH3CN (ReC25.5H16.75ClF3N3.25O6S): C, 39.50; H, 2.13; N, 

5.87. Found: C, 39.90; H, 2.09; N, 5.79.

X-ray Crystallography.

Low temperature (100 K) X-ray diffraction data was collected on a Rigaku XtaLab Synergy 

diffractometer equipped with a 4-circle Kappa goniometer and HyPix 6000HE Hybrid 

Photon Counting (HPC) detector with monochromated Mo Kα radiation (λ = 0.71073 Å). 

Diffraction images were processed using CrysAlisPro software.139 The structure was solved 

through intrinsic phasing using SHELXT140 and refined against F2 on all data by full-matrix 

least-squares with SHELXL141 following established strategies.142 All non-hydrogen atoms 

were refined anisotropically. Hydrogen atoms were included in the model at geometrically 

calculated positions and refined using a riding model while allowing the torsion angle to 

refine using the appropriate HFIX command. The isotropic displacement parameters of these 

hydrogen atoms were set to 1.2 times the Ueq of the oxygen atom that they are linked to (1.5 

for methyl groups). Details of the structure refinement and selected interatomic distances 

and angles are listed in Tables S1 and S2, SI.

Emission Quantum Yield.

The luminescence quantum yields were measured relative to the standard quinine sulfate (Φ 
= 0.52, 0.5 M H2SO4), which was cross-referenced in our lab to harmaline (Φ = 0.32, 0.05 

M H2SO4).143 An excitation wavelength of 350 nm was used for the samples and standards. 

The compounds were measured as a solution in pH 7.4 PBS containing ≤1% DMSO with 

the absorbance maintained below 0.1 to prevent inner filter effects.143 At least five different 

concentrations of the samples and standards were measured by UV-vis and fluorescence 

spectroscopy, and the absorbance at 350 nm was plotted versus the integrated emission 

intensity. The slopes of the resulting lines were used in equation 1:

Φsample = Φref
Ssampleηsample

2

Srefηref
2 (1)

where Φref is the quantum yield of the reference, quinine sulfate, and S is the slope of either 

the sample or the reference, and η is the refractive index.

Lifetime Measurements.

Laser excitation for the phosphorescence lifetime measurements was provided by pulsing 

the 405 nm laser line from a four-line iChrome MLE laser (Toptica Photonics AG, Munich, 

Germany). The diode laser in the iChrome was triggered by a DG535 Digital Delay/Pulse 

Generator (Stanford Research, Sunnyvale, CA) at 100 KHz and delivered 100 ns FWHM 

405 nm excitation pulses. The 405 nm pulses were fiber-delivered to a sample-filled cuvette 
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and phosphorescence was collected at 90 degrees through second fiber for delivery to a 

Bialkali photomultiplier tube (HC125, Hamamatsu, Bridgewater, NJ) through a 470 nm long 

pass filter (HQ470lp, Chroma Technology, Bellows Falls, VT). The time-resolved photon 

counts were collected in 40 ns time bins using a SR430 Multi-channel scaler (Stanford 

Research, Sunnyvale, CA). Data was transferred to a PC via the SR430 GPIB bus and fit to 

the standard exponential decay model. Measurements were collected in PBS solutions at 10 

μM. For deoxygenated measurements, nitrogen gas was bubbled into the PBS solutions for 

20 min and then the lifetime was determined.

Cell Culture and Cytotoxicity.

The HeLa (cervical cancer) cell line were obtained from American Type Culture Collection 

(ATCC) and cultured using Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented 

with 10% fetal bovine serum (FBS). HeLa cells were grown in a humidified incubator at 37 

°C with an atmosphere of 5% CO2. Cells were passed at 80–90% confluence using trypsin/

EDTA. Cells were tested monthly for mycoplasma contamination with the PlasmoTest™ 

mycoplasma detection kit from InvivoGen.

The compounds TRIP-1a, TRIP-3a, TRIP-4a, and TRIP-5a were dissolved in PBS (pH 

7.4) to prepare 0.5–1 mM stock solutions. The compounds TRIP-6a, TRIP-7a, TRIP-1b, 

TRIP-1c, TRIP-1d, and TRIP-1e were dissolved in DMSO to prepare 5–20 mM stock 

solutions. TRIP-2a stock solutions were prepared in both PBS (pH 7.4) and DMSO and the 

IC50 values were the same for both types of stock solutions, indicating that the stability of 

these complexes is the same in these solutions. For cell viability studies all cells were grown 

to 80–90% confluence, detached with trypsin/EDTA, seeded in 96-well plates at 4000 cells/

well in 100 μL of growth media, and incubated for 24 h. The medium was removed and 

replaced with fresh medium (200 μL) containing varying dilutions of either the rhenium 

compounds or media. The cells were then incubated for 48 h. The additional 48 h incubation 

was performed to ensure that the cells were in the logarithmic growth phase and that the 

cells had adequate time to regrow after exposure to the complexes. The medium was 

removed from the wells, and 3-(4,5-dimethylthiazol-2-yl)-2,5-tetrazolium bromide (MTT) in 

DMEM (200 μL, 1 mg/mL) was added. After 4 h, the MTT/DMEM solution was removed, 

and the formazan crystals were dissolved in 200 μL of an 8:1 mixture of DMSO and pH 10 

glycine buffer. The absorbance at 570 nm in each well was measured using a BioTek 

Synergy HT plate reader. Cell viability was determined by normalizing the absorbance of the 

treated wells to untreated wells. The % viability data shown is an average of three 

independent experiments with six replicates per concentration.

Confocal Fluorescence Microscopy.

A total of 1 × 105 HeLa cells were seeded onto 35 mm glass bottom dishes. After 24 h, the 

cells were treated with the rhenium compound (10 μM) in DMEM media. After 2 h, the 

media was removed and the cells were washed with PBS and fresh media was added. Right 

before imaging, the media was removed and imaging buffer was added (20 mM HEPES pH 

7.4, 135 mM NaCl, 5 mM KCl, 1.8 mM CaCl2, 1 mM MgCl2, 1 mg/mL glucose, and 1 

mg/mL bovine serum albumin). The cells were imaged with a Zeiss LSM 800 or Zeiss LSM 

880 confocal laser-scanning microscope. The rhenium complexes were imaged using a 405 
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nm laser excitation with a 410–550 nm emission filter and images were processed using 

ImageJ software. The cellular images were analyzed using ImageJ software and the 

corrected total cell fluorescence (CTCF) was determined using equation 2:

CTCF = Integrated density – (area of cell × mean fluorescence of background
reading) (2)

The average of at least ten cells was used to determine the average CTCF and the red/green 

ratio.

Mitochondria Morphology Experiment by Fluorescence Microscopy.

For time-lapse experiments, HeLa cells were incubated with MitoTracker Red FM (1 μL of 1 

mM dye) and Hoechst 33342 (1 μL of 20 mM dye) for 30 min, respectively. After incubation 

with the dyes, the media was removed and the cells were washed with PBS and fresh media 

was added. At the microscope, the rhenium compounds were diluted in imaging buffer to 

reach a final concentration of 10 μM and the cells were imaged over 2 min increments for a 

maximum of 30 min. MitoTracker Red FM was excited with a 561 nm laser with an 

emission filter from 630–700 nm. Hoechst 33342 was excited with a 405 nm laser with an 

emission filter of 410–550 nm. The cellular images were analyzed using ImageJ software 

and the mitochondrial morphology was analyzed using a previously reported procedure.97

Thioflavin T (ThT) Assay by Fluorescence Microscopy.

A total of approximately 1 × 105 HeLa cells were seeded onto 35 mm glass bottom dishes. 

After 24 h, the cells were treated with 5 μM ThT for 2 h. After 2 h, the media was removed, 

cells were washed with 1 ml PBS and 1 ml of fresh media was added to the dishes. At the 

microscope, the rhenium complexes (10 μM), were diluted in imaging buffer and imaged at 

0 and 30 min. The cells were imaged using a 405 nm laser excitation with a 410–550 nm 

green emission filter. The cellular images were analyzed using ImageJ software and the 

CTCF was calculated using equation 2.

Immunoblotting.

HeLa cells were treated with the vehicle control (DMSO) or the TRIP derivative (10 μM) for 

24 h. Cells were lysed in TBS buffer (50 mM Tris, pH7.5, 150 mM NaCl, 1 mM EDTA) 

containing 1% Triton X-100, 2 U/ml DNase and protease inhibitor cocktail tablet (Cell 

Signaling). The lysates were incubated on ice for 30 min, followed by heating for 10 min in 

SDS-PAGE sample buffer (50 mM Tris (pH6.8), 100 mM dithiothreitol, 2% SDS, 0.1% 

bromophenol blue, 10% glycerol). Proteins were separated on SDS-PAGE and transferred to 

PVDF membranes (Fisher). Membranes were blocked in TBS containing 5% bovine serum 

albumin and 0.1 % Tween-20 for 1 h, followed by incubation with the primary antibody 

CHOP (Cell Signaling) overnight at 4 °C. After incubation with the horseradish peroxidase-

coupled secondary antibody at room temperature for 1 h, immunoblots were visualized using 

enhanced chemiluminescence (ECLPlus, GE Healthcare) and β-Actin antibody (Sigma-

Aldrich) was used to quantify β-actin as a loading control.
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Puromycin labeling of proteins.

HeLa cells were treated with the vehicle control (DMSO) or the TRIP derivative (10 μM) for 

2 h. After 2 h, 10 μM puromycin was added to the medium, and cells were harvested 10 min 

after the addition of puromycin. Cells were lysed in TBS buffer (50 mM Tris, pH 7.5, 150 

mM NaCl, 1 mM EDTA) containing 1% Triton X-100, 2 U/ml DNase and protease inhibitor 

cocktail tablet (Cell Signaling). The lysates were incubated on ice for 30 min, followed by 

heating for 10 min in SDS-PAGE sample buffer (50 mM Tris (pH 6.8), 100 mM 

dithiothreitol, 2% SDS, 0.1% bromophenol blue, 10% glycerol). Proteins were separated on 

SDS-PAGE and transferred to PVDF membranes (Fisher). Membranes were blocked in TBS 

containing 5% non-fat milk and 0.1 % Tween-20 for 1 h. Puromycin-labeled polypeptides 

were then quantified by incubating membranes with anti-puromycin (Developmental Studies 

Hybridoma Bank, #PMY-2A4) overnight at 4 °C and then with horseradish peroxidase-

coupled secondary antibodies at room temperature for 1 h. Immunoblots were visualized 

using enhanced chemiluminescence and β-Actin antibody (Sigma-Aldrich) was used to 

quantify β-actin as a loading control.

Synthesis of TTIP.

General Methods.—RadioHPLC analysis was carried out using a Shimadzu HPLC-20AR 

equipped with a binary gradient, pump, UV-Vis detector, autoinjector and Laura 

radiodetector. UV absorption was recorded at 254 and 280 nm, samples were analyzed using 

a C18 column (Phenomenex Gemini C18, 150 mm x 4.60 mm), 0.8 mL/min flow, with 

mobile phase method 1: Solvent A: 50 mM TEAP (tetraethylammonium phosphate, pH 2) in 

water, solvent B = MeOH. 0–2 min: 5% B; 2–14 min: 5–95% B;14–19 min: 95% B;19–19.5 

min: 95–5% B; 19.5–25min: 5% B.

Purification of 2,9-dimethyl-1,10-phenantholine (dmphen).—2,9-dimethyl-1,10-

phenantholine (98% purity) as received from Sigma-Aldrich was repurified using automated, 

reverse phase C18 chromatography. The identity of the product was confirmed with mass 

spectrometry.

Synthesis of TTIP.—99mTc-labeling involved the initial synthesis of technetium 

tricarbonyl precursor, [99mTc (CO)3(H2O)3]+. Sodium pertechnetate, Na[99mTcO4], was 

eluted from a 99Mo/99mTc sterile generator as a 1.0 mL saline solution (0.9% v/v) and was 

provided by Triad Isotopes (Hicksville, NY). The radioactive solution was added to a sealed 

vial containing boranocarbonate (4 mg), sodium tartrate (7 mg), and sodium borate 

decahydrate (7 mg). The carbonylation was carried out under heating for 40 min at 100 °C 

using an oil bath. The solution was cooled to room temperature. A separate solution of 

ligand (10–4 M in MeOH) was prepared. To the aqueous [99mTc (CO)3(H2O)3]+ solution 

(34.7 mCi, 1 mL) was added to 1 M HCl, (150–180 μL) to adjust the pH to 7. A 500 μL 

aliquot was removed and mixed with dmphen ligand stock solution (100 μL, 10 mM). The 

mixture was heated to 60 °C for 30 min under vigorous stirring in a sealed reaction vessel. 

The reaction was analyzed using analytical radioHPLC. Preparative purification of 

complexes was carried out using large volume HPLC injections followed by manual 

collection of the assigned product peak. 100 μL of 10 mM dmphen was added and the 

solution was heated 30 min at 60 °C. After confirmation of formation of the 
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[99mTc(CO)3(dmphen)(H2O)]+ intermediate, the isonitrile (100 μL of 10 mM stock solution) 

was added and the reaction mixture was heated at 60 °C for 90 min to afford 

[99mTc(CO)3(dmphen)(ptolICN)]+ (TTIP) as confirmed by HPLC. Following purification 

by HPLC, the solvent was removed in vacuo and the product (1.525 mCi) was resuspended 

for injection in in 1.35 mL PBS pH 7.4. The purified, final, non-decay-corrected 

radiochemical yield was 4.3%.

Biodistribution of TTIP.—All animal experiments for biodistribution were conducted 

according to the guidelines of the Institutional Animal Care and Use Committee (IACUC) of 

Stony Brook University at the Department of Laboratory Animal Resources (DLAR), Stony 

Brook Medicine. Female BALB/c mice (6 weeks old, Taconic Biosciences, Taconic NY) 

were intravenously injected with 51–104 μCi of TTIP and 0.2 μmol of TRIP-1a via a tail 

vein catheter in 10% EtOH/saline. Mice were sacrificed at 1, 2, and 4 hours post injection. 

The following organs were harvested and collected: Blood (obtained via cardiac puncture), 

heart, liver, lung, kidney, spleen, small intestine, muscle (thigh), bone (femur), urine. Urine 

was collected for metabolite analysis via bladder puncture. Radioactivity was counted using 

a gamma counter. Radioactivity associated with each organ was expressed as % ID/g. 

Metabolite analysis of blood and urine was carried out by fractioned collection of HPLC 

eluent and subsequent reconstruction of the chromatogram. For ICP-OES analysis of 

rhenium content, organs were incubated with nitric acid (3 mL) and the organs were left to 

digest for 20 h at 25 °C. 300 μL of organ digest was diluted with 3 mL of ICP diluent and 

subsequently analyzed for Re content using ICP-OES. 20 ppm of Tb was used as an internal 

standard. Percent injected dose per gram (% ID/g) was calculated based on injection 

volumes used for each animal (0.2 μmol for mouse 4; producing an administered Re dose 

was 10 μmol/ kg with 0.2 μmol (mouse)).

In vivo Mouse Studies

Animals.—All animal procedures for tumor xenograft studies were approved by the 

Cornell University IACUC No. 2017–0035 and were in accordance with Cornell University 

policies on the care, welfare, and treatment of laboratory animals. Blinding occurred during 

body weight and tumor volume analyses. For the in vivo tumor growth studies, NSG mice 

(Jackson Laboratory 005557) were used at ~7 weeks old for evaluation in NSG mice bearing 

A2780 ovarian cancer xenografts. Each cage contained up to 5 mice and offered Teklad 

irradiated rodent food by Envigo and water. The animal room was set to maintain between 

68–73 °F, and a relative humidity of 40–45%, a minimum of 15 room air changes per hour, 

and a 12 h light/dark cycle, which was interrupted for study-related activities. Information 

on tumor inoculation is described under the In Vivo Tumor Growth Inhibition section. Mice 

were euthanized using carbon dioxide administration. Mice were placed into an empty, clean 

cage and were administered carbon dioxide at a flow rate of 3.5 liters per second, mice were 

removed from cage after respirations had ceased for a period of one minute.

In Vivo Tumor Growth Inhibition.—A2780 ovarian cancer xenografts were resected 

from propagation mice and implanted subcutaneously in the left flank of 35 mice. The 

animals were then separated into five groups of at least five, and tumors were allowed to 

grow over 100 mm3. Mice were then injected twice weekly intravenously with either vehicle 
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(20% DMSO in PBS) or solutions of TRIP-1a (5, 10 or 20 mg/kg in 20% DMSO/PBS). 

Their body weights and tumor volumes were monitored over 27 days. Tumor volumes were 

estimated by measuring the width (W) and length (L) of the tumor using a caliper and 

calculated using equation 3, where width was equal to the smaller value of the caliper 

measurements:

V olume = W 2L
2 (3)

After treatment completion or upon tumor volumes reaching greater than 30mm in any one 

dimension or a total tumor burden of 5500 mm3, mice were euthanized, and tumors were 

dissected and weighed. Major organs (kidneys, liver, spleen, heart, lung, brain, and tumor) 

were harvested and fixed in 10% formalin.

Ex Vivo Tissue Processing for H&E Stained Slide Review.—Fixed tissues were 

trimmed, placed on cassettes, and loaded onto a tissue processor for embedding with paraffin 

wax. The embedded tissues were then sectioned, mounted onto glass slides, and dried. These 

slides were then stained with H&E using an automated H&E stainer. Slide review was 

conducted at the Section of Anatomic Pathology within the Animal Health Diagnostic 

Center at Cornell University.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(a) X-ray crystal structure of TRIP-2a. The Re–C4–N3 interatomic angle is 169.4(3)° and 

the C4–N3 distance is 1.132(4) Å. Selected interatomic distances: Re–C(1) 1.944(3); Re–

C(2) 1.933(3); Re–C(3) 1.986(3); Re–C(4) 2.081(3); Re–N(1) 2.183(2); Re–N(2) 2.137(2). 

(b) X-ray crystal structure of TRIP-1a taken from reference 69. Selected interatomic 

distances: Re–C(1) 1.908(4); Re–C(2) 1.931(4); Re–C(3) 1.960(4); Re–C(4) 2.083(4); Re–

N(1) 2.221(3); Re–N(2) 2.216(3). Ellipsoids are drawn at 50% probability. Hydrogen atoms 

and counterions are omitted for clarity.
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Figure 2. 
(a) Correlation of 15N chemical shift (ppm) vs the log (1/IC50) values in HeLa cells of the 

bpy-derived TRIP complexes (TRIP-3a–TRIP-6a), excluding TRIP-7a in the linear 

regression. (b) Correlation of the highest C≡O stretching frequency (cm–1) vs the log (1/

IC50) values in HeLa cells of the bpy-derived TRIP complexes (TRIP-3a–TRIP-7a). (c) 
Correlation of the C≡N stretching frequency (cm–1) vs the log (1/IC50) values in HeLa cells 

of the dmphen-bearing TRIP complexes (TRIP-1a–TRIP-1e). The log (1/IC50) were 

determined by using the IC50 values in units of M.

Marker et al. Page 35

Inorg Chem. Author manuscript; available in PMC 2021 July 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
(a) HeLa cells stained with MitoTracker Red (red channel) and Hoechst (blue channel) 

before (0 min) and after (30 min) exposure to 10 μM of a TRIP complex. For further 

characterization of this process, Videos 1–4 are included in the SI. (b) Quantification of the 

number of individual mitochondria after treatment with 10 μM of a TRIP complex at 0, 14, 

and 30 min using ImageJ. (c) Correlation of ThT fluorescence in HeLa cells upon treatment 

with the TRIP derivatives vs the anticancer activity. (d) CHOP Western blot of selected 

TRIP derivatives after 24-h treatment in HeLa cells.
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Figure 4. 
Biodistribution in BALC/c mice of TRIP-1a (striped) and TTIP (solid). The rhenium 

content for the blood, muscle, and bone were below detectable levels by ICP-OES.
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Figure 5. 
(a) Tumor volume of mice bearing A2780 ovarian cancer xenografts (* = p < 0.05, ** = p < 

0.01, *** = p < 0.005). (b) Magnetic resonance images of mice bearing A2780 ovarian 

cancer xenografts treated with the vehicle control (left) or TRIP-1a at 20 mg/kg (right) over 

the course of 14 days. (c) Kaplan-Meier survival plot of mice treated with TRIP-1a 
throughout the duration of the study.
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Chart 1. 
TRIP complexes explored in this study.
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Table 1.

Physical properties of TRIP derivatives.

Compound 15N 
chemical 

shift (ppm)
b

Epc (V vs 
SCE)

λ, nm (ε, M−1cm−1) λ, nm
(Φ, %)

τ (μs) τN2
d 

(μs)

TRIP-1a 223.7 −1.25 230 (39900 ± 2000), 261 (44800 ± 2200), 282 (33800 ± 

1600), 306 (21000 ± 900), 369 (2000 ± 100)
c 505 (3.1 ± 0.3)

c
1.1

c 3.5

TRIP-2a 222.3 −1.18 270 (46600 ± 1200), 301 (16200 ± 300), 364 (3000 ± 
100)

512 (5.3 ± 0.4) 1.8 10.9

TRIP-3a 225.8 −1.18 244 (31000 ± 700), 260 (39100 ± 1800), 306 (17200 ± 
700), 317 (16500 ± 1400), 332 (6100 ± 400)

523 (6.3 ± 0.2) 0.7 1.0

TRIP-4a 217.6 −1.30 244 (34400 ± 700), 261 (43200 ± 900), 303 (18600 ± 
400), 314 (18400 ± 400), 333 (6800 ± 200)

516 (6.7 ± 0.1) 0.8 1.3

TRIP-5a 201.8 −1.33 223 (33900 ± 2100), 260 (41200 ± 2500), 303 (14100 ± 
800), 332 (6600 ± 400)

525 (3.9 ± 0.3) 0.4 0.7

TRIP-6a 236.8 −0.75 260 (35600 ± 1700), 297 (17800 ± 600), 324 (11900 ± 
700), 365 (3800 ± 100)

584 (0.8 ± 0.1) 0.1 0.1

TRIP-7a n.d. −1.30 260 (44200 ± 1200), 304 (19800 ± 100), 315 (18800 ± 
900), 334 (7300 ± 100)

518 (7.7 ± 0.2) 0.7 1.6

TRIP-1b n.d. −1.28 259 (39100 ± 1600), 283 (31200 ± 1200), 305 (19400 ± 
900), 370 (2000 ± 300)

503 (2.7 ± 0.3) 1.2 6.8

TRIP-1c n.d. −1.27 261 (36100 ± 800), 283 (29600 ± 500), 305 (18900 ± 
800), 367 (2500 ± 60)

504 (1.6 ± 0.1) 1.1 5.3

TRIP-1d n.d. −1.26 268 (58200 ± 1700), 283 (46700 ± 1700), 306 (27900 ± 
900), 2369 (600 ± 300)

506 (2.8 ± 0.3) 1.0 4.0

TRIP-1e n.d. −1.29 264 (44400 ± 2300), 284 (34600 ± 1700), 305 (21400 ± 
1200), 369 (2000 ± 30)

501 (2.3 ± 0.1) 1.3 5.6

a
n.d. = not determined.

b
Referenced to the internal standard acetonitrile at 240 ppm vs. liquid NH3 at 0 ppm.

c
Reported in reference 69.

d
Luminescence lifetime measured in nitrogen-saturated PBS (pH 7.4).
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Table 2.

IC50 values of TRIP derivatives and cisplatin in HeLa Cells.

Compound IC50 (μM)

TRIP-1a
a 1.4 ± 0.2

TRIP-2a 5.8 ± 0.5

TRIP-3a 27.5 ± 0.6

TRIP-4a 7.6 ± 0.3

TRIP-5a 8.4 ± 1.9

TRIP-6a 53.1 ± 1.6

TRIP-7a 1.2 ± 0.5

TRIP-1b 1.8 ± 0.1

TRIP-1c 6.8 ± 0.1

TRIP-1d 5.0 ± 1.5

TRIP-1e 9.3 ± 3.7

cisplatin
a 6.6 ± 0.7

a
Reported in reference 69.
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