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Abstract 

The employment of antibodies as a targeted drug delivery vehicle has proven successful which 

is exemplified by the emergence of antibody-drug conjugates (ADCs). However, ADCs are not 

without their shortcomings. Improvements may be made to the ADC platform by decoupling the 

cytotoxic drug from the delivery vehicle and conjugating an organometallic catalyst in its place.  

The resulting protein-metal catalyst conjugate was designed to uncage the masked cytotoxin 

administered as a separate entity. Macropinocytosis of albumin by cancerous cells suggests the 

potential of albumin acting as the tumor-targeting delivery vehicle. Herein reported are the first 

preparation and demonstration of ruthenium catalysts with cyclopentadienyl and quinoline-

based ligands conjugated to albumin. The effective uncaging abilities were demonstrated on 

allyloxy carbamate (alloc)-protected rhodamine 110 and doxorubicin, providing a promising 

catalytic scaffold for the advancement of selective drug delivery methods in the future. 

 

  



Introduction 

The antibody-drug conjugate (ADC) therapy platform has emerged as a promising class of 

cancer therapeutics.1,2 The typical ADC includes a linker covalently connecting a therapeutic to 

an antibody protein with epitope selectivity for cancer markers (Figure 1). This linker is cleaved 

in the lysosomal chemical environment upon internalization by a malignant cell, thereby 

releasing the cytotoxic payload intracellularly. While successful in treating malignancies through 

this rather eloquent strategy,1,2 ADCs are not without their own issues.3,4 Efficacy limitations 

arising from the confined DAR (drug to antibody ratio),4,5 off-target release due to the 

susceptibility of the linker to non-specific cleavage,4,6 the requirement for timely internalization,3,7 

development of resistance due to the survival of bystander cells,7,8 lack of penetration into solid 

tumors,9 etc, all contribute to the challenges in clinical application of ADCs. 

 

Figure 1. a ADC consisting of an antibody linked to a cytotoxic payload, b Artificial 

metalloenzyme consisting of bovine serum albumin conjugated to a ruthenium organometallic 

catalyst designed to deallylate an alloc-masked drug. 

In the meantime, the field of bio-orthogonal chemistry has made advancements, including 

uncaging reactions catalyzed by transition metals under physiologically relevant conditions, 

such as the presence of air, water, and thiols.10–15 Particularly impressive is Meggers and 

coworkers’ long term work with deallylation catalyzed by ruthenium catalysts under such 

conditions.13,16,17 For example, the catalyst 1 is readily accessible through a short synthesis from 

a commercially available material and has a robust reported turnover number (TON) of near 300 

for unmasking an alloc-aminocoumarin fluorophore.13 

Various modes of developing artificial metalloenzymes (ArM) have been reported recently to 

introduce new-to-nature chemistry.18–21 The directed evolution strategy was utilized to engineer 

various ArMs, in which an organometallic catalyst for deallylation was attached to streptavidin 

via a biotinylated linker.22 The repertoire of other reactions enabled by ArMs include ring-closing 

metathesis,23,24 asymmetric Diels-Alder cycloaddition,25 cyclopropanation,26 various redox, 

hydrolysis, and C-H activation.19 We hypothesized that conjugation of an organo-ruthenium 

catalyst to an antibody with affinity for antigens present on malignant cell membrane may 

enable a novel therapeutic platform wherein caged cytotoxic drugs can be selectively uncaged 



at the cancer tissue by the conjugated metal catalyst.27,28 Herein we refer to this proposed 

therapy platform as PMC, protein-metal catalyst conjugate. 

This proposed platform could overcome a number of issues associated with ADCs. Assuming 

>1 TON, the amount of the cytotoxic drug released within the tumor microenvironment could 

exceed that of the corresponding ADC counterpart, which is limited by its DAR.4,5 Furthermore, 

stable bio-orthogonal masking groups are not as likely to be prematurely uncaged as some 

ADCs that have suffered from off-target cleavage of the linker.4 For example, cathepsin-

cleavable dipeptide linkers are susceptible to cathepsin in general circulation and acid-labile 

hydrazone linkers designed for the low pH of lysosomes are hydrolyzed in human plasma with a 

t½  = 2 days.29 In the PMC platform, there is no need for the conjugated moiety to be cleavable. 

Bystander cells that adapt to downregulate the targeted antigen expressions could still be 

affected by the extracellularly released drug.7,8 Therefore, the PMC platform would deter 

resistance development in the tumor.  

Lastly, albumin can be deployed in place of the antibody as a drug delivery vehicle,30 which 

would significantly reduce the cost of the therapy (Figure 1). Albumins themselves are 

preferentially taken up by KRAS-mutated malignant cells through macropinocytosis,31,32 which 

can be enhanced further through nutritional manipulation of the tumor via AMP-activated protein 

kinase (AMPK).33 Human serum albumin (HSA) has been investigated as a scaffold for ArM due 

to the anticipated low immunogenicity in humans and glycosylated HSA showed selective 

targeting properties toward cancer cells.34,35 

Results and Discussion 

 

Figure 2. Albumin conjugated to a ruthenium catalyst unmasking bis-alloc-rhodamine 110. a 

Concentrations of 1 and 3 were 20 µM and 100 µM (Meggers et al) and those of 2 and 3 were 

30 µM and 150 µM (this study). b The fluorescent intensity reached a plateau after 10 minutes 

for 1.13 The catalyst 2 retains catalytic activity after an overnight reaction. 

 



Bovine serum albumin (BSA) possesses a free cysteine residue (Cys34)36,37 and is convenient 

for preliminary experiments involving conjugation of maleimide-based linkers38 compared to 

antibodies, which would require reduction of the disulfides prior to conjugation.39 In order to 

evaluate the catalytic efficiency of the albumin-Ru catalyst conjugate, previously reported alloc2-

rhodamine 110 (3)16 was prepared as a model compound to substitute for the caged drug in the 

proposed PMC platform (Figure 2). In order to ensure that the uncaging activity is due to the 

ruthenium catalyst that is covalently bonded to the albumin, unconjugated small molecules were 

eliminated by the use of a 10k molecular weight cut off (MWCO) filter. 

 

Scheme 1. Synthesis of 2-carboxylatequinoline-based ligands 11 and 12. 

The initial ligand designed for the organo-ruthenium catalyst was the quinolinecarboxylate 9 

(Scheme 1). This bidentate ligand was synthesized from a known quinoline ester 540 by 

deprotection and appending a maleimide linker via a pentafluorophenyl ester.41,42 However, 

when 9 was treated with (MeCN)3CpRu, the resulting catalyst was not stable presumably due to 

ruthenium’s affinity toward the maleimide olefin. Therefore, 9 was conjugated to BSA prior to the 

addition of ruthenium to avoid the side reaction (entry 1, Table 1).13,16  Upon treatment with 

(MeCN)3CpRu, this material (11) showed deallylation activity against 3. The incubation time for 

coordination of the ligand to ruthenium was varied from 15 minutes to 16 hours and the optimum 

time was determined by measuring the corresponding fluorescence by the uncaged rhodamine 

110 (Table-S2). After 16 hours, the catalytic activity significantly diminished, suggesting some 

instability of the conjugated protein. The uncaging yield as determined by fluorescence peaked 

with a 2-hour incubation, which can be shortened to 30 minutes without significant loss of 

performance. 

The zwitterion 9 could not be completely purified from the pentafluorophenol byproduct and 

other impurities even by reverse phase HPLC. In order to ease the purification process for 

improved catalytic activity, the allyl ester ligand 10 was prepared according to scheme 1.43 

Deconvoluted ESI-LCMS analysis of the conjugated material (12) confirmed the expected 

molecular weight increase for the BSA.44 The extent of conjugation was estimated to be >50% 

within the first 30 minutes of incubation at 37 °C based on the mass spectrum (Figure-S3). The 

relatively low yield of conjugation could be attributed to the cysteine-34 thiol being partially 

unavailable for conjugation due to oxidation.45 Pre-treatment of BSA overnight with an excess 

reducing agent, dithiothreitol (DTT) at pH 6.5, yielded approximately >70% conjugation after 30 

minutes of incubation (Figure-S4). Reducing conditions in this pH range apparently do not 

disrupt the integrity of the disulfide bridges.45,46 Any longer incubation did not lead to 

improvements in conjugation as observed by LCMS. 



The postulated Ru-catalyzed deallylation mechanism (Scheme-S1)13 suggests that the rate-

determining step (RDS) could be either the uncaging step or the nucleophilic interception of the 

allylic cation bound to ruthenium. The kinetics of the uncaging step is thought to be largely 

influenced by the π-donating ability of the metal,17 which in turn is regulated by the electronic 

properties of the ligands. Meggers and coworkers showed in their pseudo-Hammet plot that 

there is an optimal level of electron withdrawing / donating properties of the ligands and a slight 

change in the electronic properties result in decreased yields.17 In consideration of the proposed 

two-step mechanism involving an uncaging step and nucleophilic interception of allylic cation 

(Scheme-S1),13 wherein the actual RDS may be elusive, we explored two parallel strategies to 

improve the uncaging yield; modification of the quinoline ligand to increase its electron-density 

and introduction of nucleophilic additives for the two proposed steps respectively. 

The recent report that an 8-hydroxyquinoline-based Ru catalyst had a higher TON than the 

quinolinecarboxylate-based catalyst 117 inspired us to pursue the ligand-linker compound 16, 

which was prepared according to Scheme 2 starting with the known quinolinecarboxylic acid 13. 

Following the literature protocols,47 the condensation of glycerol with 3-amino-4-hydroxybenzoic 

acid to construct the quinoline core structure met with much difficulty in isolating the desired 

product. This issue was remedied by employing diethyl acetal of acrolein as the starting material 

instead of glycerol (Supplementary Information).  

The absence of the ligand virtually abrogated the uncaging ability of the BSA (entry 10, Table 1). 

In this experiment, BSA was not treated with any ligand, but was treated with CpRu, which was 

subsequently washed off using a 10k MWCO filter. Therefore, the negligible uncaging yield of 

0.5% can be attributed to some amount of CpRu bound to the surface of BSA. Ruthenium is 

known to bind to albumin fairly well and the Ru-albumin complex is of interest for prevention of 

metastasis.48 CpRu by itself, however, does not catalyze deallylation significantly as seen in 

entry 11 of Table 1.  

In our hands, the ArM resulting from 10 performed better than that from 11 in deallylation of 3 

(entries 2 and 4, Table 1). In order to evaluate the influence of the albumin conjugation, 

catalysts not bound to a protein were prepared in an organic solvent from 7 and 15, and were 

tested. These protein-free catalysts were subjected to the same reaction conditions, including 

ligand exchange of Ru occurring in an aqueous solution. A consistent trend was observed that 

the carboxylate quinoline catalyst Ru-12 (2) provided higher yields than the phenoxide-based 

catalyst Ru-17 in contrast to the previous report (entries 2-5, Table 1).17 When the unbound 

catalyst derived from 7 was 17 was compared against Ru-12, there was no increase in the yield 

(entries 2 and 7, Table 1). This implies that the ruthenium coordination and uncaging by the 

ligand 10 conjugated to BSA are not hindered by the protein.  

However, with the 8-hydroxyquinolinate-based ligands, a large discrepancy in the yield between 

the free (15) and conjugated ligands (16) was observed, which may indicate that the 

coordination of ruthenium by 17 is not optimized (entries 4 and 8, Table 1). Hence the 

equivalency of CpRu and the incubation duration for coordination were increased in an attempt 

to optimize deallylation by Ru-17. While the prolonged incubation time with CpRu did not 

improve the yield, increasing the equivalence of CpRu for treatment of the conjugated protein 

prior to washing in the MWCO filter significantly improved the yield from 35% to 56% (entries 4 

and 6, Table 1). The relative inefficiency of Ru-18 indicates that simplification of the quinoline 

ligand to an aminophenol scaffold may not be achievable. 



 

Scheme 2. Synthesis of the 8-hydroxyquinoline-based ligand 17. 

 

Table 1. Uncaging of alloc2-rhodamine 3 by organoruthenium catalystsb. 

 

Entry Ligand BSA CpRu Catalysta 

(30 μM) 
GSH Yield of 4 

(%) 

1 9 (150 µM) 30 M 300 μM Ru-11  3.5 mM 20 

2 10 (150 µM) 30 M 150 μM Ru-12  3.5 mM 67 

3 10 (150 µM) 30 M 150 μM Ru-12  0 mM 22 

4 16 (150 µM) 30 M 150 μM Ru-17  3.5 mM 35 

5 16 (150 µM) 30 M 150 μM Ru-17  0 mM 16 

6 16 (150 µM) 30 M 750 μM Ru-17  3.5 mM 56 

7c 7 (30 µM) 0 M 30 μM Ru-7  3.5 mM 66 

8c 15 (30 µM) 0 M 30 μM Ru-15 3.5 mM 68 

9 18 (30 µM) 0 M 30 μM Ru-18 3.5 mM 8.2 

10d none 30 M 150 μM  BSA  3.5 mM 0.5 

11e none 0 M 30 μM CpRu  3.5 mM 0.7 

12 none 30 M 0 BSA  3.5 mM 0.0 

a The corresponding ligand was conjugated to BSA in PBS (pH 7.4) at 37 °C for 2 hours. 

Excess ligand and [CpRu(NCMe)3]PF6 (CpRu) were removed by washing in a 10k MWCO filter 

tube. b Alloc2-rhodamine (3, 150 μM) was treated with the resulting BSA-Ru catalyst at 37 °C 

overnight with agitation.  c The ligand was treated with CpRu in CH2Cl2 and the resulting 

catalyst was isolated prior to the uncaging reactions. d Control experiment where BSA treated 



with [CpRu(CNMe)3]PF6, followed by removal of excess CpRu, was used as the catalyst e 

[CpRu(CNMe)3]PF6 alone was used as the catalyst. 

The observation that the albumin-Ru catalyst conjugate seems to lose its catalytic activity after a 

long incubation time at 37 °C (Table-S2) prompted investigations into improving the stability of 

the catalyst by escalating the steric bulk of the cyclopentadienyl ligand. It was hoped that 

pentamethylcyclopentadienyl ligand (Me5Cp) would prevent degradation of the catalyst and 

thereby increasing the TON and perhaps even accelerate the release of allylated nucleophile 

due to the increased steric hindrance. However, the Me5Cp ligand diminished the uncaging yield 

by 13-fold, which is consistent with some earlier reports.13 Further, we evaluated the stability of 

the ruthenium catalysts resulting from 12 and 17 by letting their PBS buffer solutions sit at rt in 

the air for 24 hours and then employing them in the uncaging reaction. The one-day old Ru-12 

catalyst uncaged 3.2% of alloc2-rhodamine 3 while the one-day old Ru-17 gave 1.7%, implying 

decomposition of the Ru catalysts over time under physiological conditions, which included 3.5 

mM GSH. 

Notwithstanding, the 67% yield obtained with the ligand 10 paves a promising path forward for 

the PMC therapy platform. The concentration of the albumin-Ru catalyst conjugates (30 µM) 

was 5-fold less than the doubly caged dye (3, 150 µM), with the reaction conducted at 37 °C. 

The achieved uncaging yield surpassing 20% suggests a turnover number (TON) of at least 1, 

and arguably twice that TON since 3 harbors two allyloxycarbamate groups requiring hydrolysis.  

The uncaging yield of 67% equates to 101 µM of free rhodamine 110 (4) being produced from 3 

and 201 µM of uncaged amine groups, indicating a TON of 6.7. While the TONs and % yields 

reported here appear to be inferior to those reported by Meggers et al for deallylation of alloc-

aminocoumarine (270 TON), when comparing the uncaging yield against the same substrate (3), 

Ru-12 (2) performed significantly better than Meggers’ unbound catalyst (Figure 2).13 This 

quantum yield comparison may represent more accurate evaluation of catalytic utility than the 

conventional Michaelis value comparison (kcat/Km).49 

The kinetic experiments with 2.0 µM catalysts at 20 °C revealed that the catalytic efficiency 

(kcat/Km) of the Ru-12 was 9.6 M-1s-1 and that of Ru-17 was 13 M-1s-1. These values were 

obtained by assuming 100% conjugation of the ligands and 100% loading of Ru. If the actual 

conjugation and loading efficiencies were less than quantitative, the true catalytic efficiencies 

would have been higher than reported here. These albumin-based catalysts appear to have 

strong affinity for the caged rhodamine substrate on par with many enzymes (Km = 1.4x10-6 M 

and 2.3x10-6 M, respectively), but their actual reaction rates leave room for improvement. In light 

of the catalytic efficiencies, the higher uncaging yield by Ru-12 than Ru-17 may be explained by 

the relative stability of the quinolinecarboxylate-based catalyst.   

Given the sufficiently low Km, the overall TON could be improved by facilitating the suspected 

RDS of the nucleophilic interception of the allylic cation (Scheme-S1). Based on Megger’s report 

that the presence of strong nucleophiles such as thiophenol improved the deallylation reaction 

for some catalysts,16 we became interested in screening nucleophilic additives that could be 

relevant under physiological conditions. In our hands, glutathione (GSH) improved the uncaging 

yield significantly (entries 2 and 3, Table 1), but other nucleophiles such as PhSH, piperazine, 

and ascorbate slightly decreased the yields. In these uncaging reactions, the concentration of 

GSH was kept at a commensurate level with that found in tumor tissues (3.5 mM).50 This is 

advantageous for targeted delivery due to the tumor microenvironment being normally hypoxic 



and thereby promoting a relatively high GSH concentration.51,52 Meaningful release could be 

confined to such microenvironments.  

Doxorubicin (20), which is a cytotoxic drug candidate for the next phase of our PMC platform 

development due to its well-known pharmacology and the availability of a primary amine in the 

structure, is administered at a comparable concentration in the human plasma (19~23 µM)53 to 

this study. Masked doxorubicin (19) is well-tolerated by HeLa cells and a survival rate of almost 

80% was noted when treated with 100 M of 19.13 The IC50 of doxorubicin (20) for HeLa cells is 

reported to be 2.4 M, providing an ample therapeutic window.54 If an antibody is employed in 

place of albumin, up to 8 molecules of 16 could be conjugated via the reduced cysteine thiols. 

The demonstrated catalytic efficiency of 12 could then be significantly more than sufficient to 

provide therapeutically meaningful activation of caged doxorubicin.  

To conclude this proof-of-concept study for the PMC platform, we tested the catalysts Ru-12 

and Ru-17 against alloc-doxorubicin (19), which was prepared as reported.55 The uncaging yield 

of 27% as determined by ESI-LCMS SIM integration of 20, equating to 27 μM of 20, again 

corroborates the promising nature of our proposal. Interestingly, when 12 was treated with 25 

equivalences of CpRu and excess CpRu was removed, the uncaging reaction was apparently 

complete with no detectable amount of 19 remaining (Figure 3). However, the yield as 

determined by the LCMS quantification of 20 was still consistently around 20-30%, with no 

evidence of decomposition, possibly implying that some amount of doxorubicin 20 may be 

bound to albumin. 
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Figure 3. Unmasking of 100 μM alloc-doxorubicin 19 by Ru-12 or Ru-17 (30 mol%). A – LCMS 

chromatogram of uncaging by Ru-12 (single ion monitoring for 544 m/z for 20 [M+H]+ and 650 

m/z for 19 [M+Na]+). B – uncaging by Ru-17. C – control experiment lacking a ligand. 

 

Conclusions 

In conclusion, we have developed a protocol in which albumin-conjugated ruthenium catalysts 

efficiently deallylate alloc-protected amines under conditions simulating tumor 

microenvironments (physiological pH in PBS buffer with elevated GSH level).16,56 An alternative 

to the traditional ADC platform was proposed and the successful proof-of-concept experiments 

described herein will encourage future work utilizing ligands like 10 and 16 conjugated to 

albumin or antibodies to develop a tissue-selective activation of caged anticancer drugs. While 

the BSA-Ru catalyst conjugate concentration employed in this study may be considered rather 

high at 30 M, the prospect of multiple conjugations of the catalyst per antibody is expected to 

lower the requisite antibody-Ru conjugate quantity to a level comparable to the micromolar to 

sub-micromolar plasma concentrations deployed in monoclonal antibody therapies.57 Moreover, 

the expected accumulation of the antibody in the targeted tissue would increase the actual 

concentration of antibody-Ru-conjugate exposed to the caged drug. Alternatively, the target 

delivery vehicle could remain to be albumin, considering the human plasma concentration of 

albumin is 530~830 μM,58 in large excess of the concentrations of BSA-Ru employed in this 

study (30 μM). Furthermore, the albumin-Ru conjugate could be enriched in the tumor 

microenvironment through nutritional manipulation of the malignant cells, providing sufficient 

uncaging selectively. 

While this manuscript was being prepared, we became aware of Mao and coworkers’ elegant in 

vivo work with an 8-hydroxyquinolinate-based ruthenium catalyst conjugated to an anti-PD-L1 

nanobody uncaging alloc-doxorubicin,59,60 which substantially validated our PMC hypothesis. 

However, their catalytic efficiency may not have been as high as reported (Supplementary 

Information), highlighting the slightly superior in vitro performance of Ru-12. Based on our study, 

the in vivo uncaging efficiency may be enhanced with a quinolinecarboxylate-based ligand, such 

as 12. Building on this current work, further optimization of the uncaging reaction and efficacy of 

the PMC platform are currently under investigation, with results anticipated to be disclosed in 

due course. 
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