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Tandem catalysis using an enzyme and a polymeric ruthenium-
based artificial metalloenzyme
Edzna S. Garcia,a Thao M. Xiong,a Abygail Lifschitz,a and Steven C. Zimmerman*a

A Ru-containing single chain nanoparticle (SCNP) was prepared in three steps using radical polymerization of 
pentafluorophenylacrylate, post-polymerization functionalization with three different alkylamines, and coordination of Ru. 
The polymer was characterized by 1H NMR, 19F NMR, UV-vis, and DLS. The catalytic activity of the Ru-SCNP for Ru-catalyzed 
cleavage of allylcarbamates was evaluated by fluorescence spectroscopy and higher percent conversion and initial rate of 
reaction was observed when compared to that of the free catalyst in buffer and cell media. The catalytic SCNP was also 
shown to perform tandem catalysis with β-galactosidase.  

Introduction

Water is considered the most environmentally benign solvent 
for organic synthesis.1,2 Thus, it comes as no surprise that 
considerable effort has been invested in developing synthetic 
transformations without the need for organic solvents. 
Performing transition metal catalysis in water is of particular 
interest because of the potential application in bioorthogonal 
transformations relating to bioconjugation reactions,3-5 cell 
surface modifications,6-8 and in situ drug synthesis.9-15  
However, many transition metal catalysts are not water soluble 
and their activity in water is compromised.
   Polymer scaffolds have been used to improve the 
compatibility, longevity, and overall performance of transition 
metal catalysts in water and biorelevant conditions.10,13,16-19 The 
polymeric scaffolds can serve various functions, including their 
ability to impart water solubility, enhance catalyst stability in 
environments that would otherwise deactivate them, and 
provide pockets for substrate binding thereby allowing low 
concentration reactions to proceed with serviceable rates. 
These characteristics of catalytic SCNPs make them an 
important new class of reagents for chemical biology, and more 
specifically for performing bioorthogonal reactions. More 
broadly, the use of the transition metal catalysts greatly 
expands the range of chemical transformations that can be 
performed in biological systems. Applications to date include in 
cellulo or in vivo drug synthesis,10-15 unmasking of pro-drugs,9,12 
and biomacromolecule labelling.3-5

Meggers and coworkers have developed several 
nonpolymeric ruthenium catalysts that promote the uncaging 
of alloc protected amines in aqueous media and inside living 

cells.20,21 The initial work featured a Kitamura catalyst with a 2-
quinolinecarboxylate ligand that was shown to work well in 
cells.20 In 2017 Meggers and Volker reported an 8-hydroxy-
quinolate Ru complex with improved catalytic activity and low 
cell toxicity.21 

Given the demonstrated biocompatibility of these catalysts, 
we wondered if covalent linking one to a polymer would further 

improve its properties, especially allowing enzyme-like 
substrate binding. Further, our previous work on 
clickases8,10,13,18 and photoreductases19 used SCNPs that were 
covalently cross-linked with the metal ligand or the metal itself. 
To streamline the preparation of the SCNP, we sought to 
covalently attach the metal ligand by a single attachment and 
to use the collapse of the hydrophobic interior to form the 
nanoparticle. Finally, we recently described19 an example of 
intracellular synthesis that involved tandem catalysis with the 
coupling of an SCNP-based artificial enzyme with a natural 
enzyme. Tandem catalysis in biological relevant conditions is a 
very exciting and important step toward more complex in-cell 
therapeutic synthesis. Indeed, a few examples have already 
been reported.19,22,23 Herein, we test in aqueous solution 
several of these ideas using a ruthenium containing single-chain 
nanoparticle (SCNP) formed from a random amphiphilic 
copolymer.aDepartment of Chemistry, University of Illinois at Urbana-Champaign, 

Urbana, Illinois 61801, United States.
E-mail: sczimmer@illinois.edu
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Scheme 1  Biocompatible ruthenium catalysts.
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Results and discussion
Synthesis of polymers

Random amphiphilic copolymer P1 was prepared as outlined in 
Fig. 1, beginning with poly(pentafluorophenyl acrylate) 
(pPFPA100), which was prepared by reversible addition-
fragmentation chain-transfer (RAFT) polymerization following a 
reported procedure.24 The activated ester groups of pPFPA 
readily undergo substitution reactions with amines, providing a 
convenient way to obtain functional polymers by post-
polymerization functionalization. Thus, the polyacrylamide P1 
was obtained by amine functionalization of pPFPA100 with 
sequential addition of quinoline 1, naphthalene 2, and 
Jeffamine M-1000 in THF/DMF at 50 °C in the presence of 
DIPEA. The general synthetic approach follows from an 
approach developed by Palmans, Meijer, and coworkers.17 The 
amounts of each amine were carefully controlled to obtain a 
functionalization ratio of 20:30:50 of 1:2:Jeffamine M-1000, 
respectively. This particular graft ratio and the choice of 
hydrophobic amine 2 was guided by a quick screen of the 
ultimate catalysts that indicated SCNP derived from 2 
performed better than those based on dodecylamine and that 
30% naphthyloxyhexyl units gave a higher rate and conversion 
than did 20% or 40% (vide infra). The design of 2 was based on 
the observation that proteins have both aliphatic and aromatic 
side-chains. Thus, we chose to explore a group that contains 
both segments. The aromatic group provides a more polar 
microenvironment that may be useful to the catalytic process. 

The progress of the amine grafting reaction was monitored 
by 19F NMR (Fig. S1). The percent conversion was calculated 
from the ratio of the peak integrations of fluorine signals from 
the released pentafluorophenol and that of pPFPA100. The 
observed percent conversions of 23%, 34%, and 43% are 

consistent with the feed ratio of 1, 2, and Jeffamine M-1000, 
respectively. Polymer P1 was further characterized by size-
exclusion chromatography (SEC) in DMF with 0.1 M LiBr to 
obtain a molecular weight (Mn) of 54.8 kDa and a low dispersity 
(Mw/Mn) of 1.2.

Polymer Ru-P1 was obtained by treating P1 with 
[CpRu(MeCN)3]PF6 in MeCN, Ru coordination to the quinoline 
ligands21 and the reaction progress was readily monitored via 
1H NMR (Fig. 2). The allyl protons of quinoline side chain 1 
experienced an upfield chemical shift, which indicates 
coordination to the electron dense Ru center. In addition, the 
appearance of a broad cyclopentadienyl peak at δ 6 ppm and 

Fig. 2. 1H NMR in CD3CN of a) P1 before and b) after addition 
of Ru. The resolution of quinoline protons (green arrows), 
appearance of a cyclopentadienyl peak (red arrow), and 
upfield shift of the allyl protons on the ligand (pink arrows) 
were observed 20 h after addition of Ru.
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Fig. 1. Ru-P1 was synthesized via post-polymerization functionalization of pPFPA with quinoline 1, naphthalene 2, and Jeffamine M-
1000 followed by Ru coordination.

O O

100

F

F
F

F

F

HN O O

NHO

N
O

HN

O

HN O

O

O

20 30 50

3

19

HN O O

NHO

N
O

HN

O

HN O

O

O

20 30 50

3

19

Ru

[CpRu(MeCN)3]PF6

PF6

MeCN
r.t., 20 h

1) 1
2) 2
3) Jeffamine M-1000

THF, DMF, DIPEA
50 °C, 20 h

N
O

N
H

O
NH3

TFA

O
NH2

O
O

NH2
3

1

2

Jeffamine M-1000

pPFPA P1 Ru-P1

19

Page 2 of 6Polymer Chemistry



Journal Name  ARTICLE

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 3

Please do not adjust margins

Please do not adjust margins

resolution of the quinoline protons at δ 9 ppm were observed. 
These proton chemical shifts are consistent with those 
observed for the quinoline and allyl groups in the small catalyst 
model Ru1 (Fig. S2).

Quantification of catalyst loading

To quantify the efficiency of the Ru coordination to P1, small 
molecule models 3 and Ru1 were synthesized (Fig. 3a).  P1, Ru-
P1, and the small molecule models were characterized by UV-
vis spectroscopy in MeCN (Fig. 3b,c). Ligands 3 and polymer P1 
have absorption bands below 350 nm. Small molecule catalyst 
model Ru1 has an absorption band at λmax = 401 nm, which 
corresponds to the metal-to-ligand charge transfer (MLCT) 
process.25 This MLCT band was also observed for Ru-P1 and was 
used to quantify the concentration of catalyst loading after Ru 
coordination to P1. A calibration curve was generated from the 
UV-vis spectra of Ru1 at various concentrations ranging from 5 
µM to 200 µM (Fig. S3). Based on the calibration curve and the 
Mn of P1, it is calculated that Ru-P1 contains approximately 15 
Ru per polymer chain. 

Characterization of polymers

In water, amphiphilic random copolymers such as P1 and 
Ru-P1 may intramolecularly fold into the desired SCNP or 
intermolecularly aggregate to form micelles.26-29 The Sawamoto 
and Terashima groups have extensively studied the self-
assembly of amphiphilic random copolymers into unimolecular 
micelles in water.30-32 Because our polymers are not covalently 
crosslinked, their ability to form a SCNP is similarly 
concentration dependent. We sought to determine the critical 
micelle concentration (CMC) of P1 and Ru-P1 in PBS by 

observing their ability to encapsulate Nile Red, a fluorescent 
probe that exhibits low fluorescence in aqueous environments 
but has a dramatic increase in fluorescence intensity when the 
dye inhabits a hydrophobic environment.33-35 The fluorescence 
emission of Nile Red in PBS was measured in the presence of 
concentrations of P1 and Ru-P1 ranging from 0.5 μg/mL (9.1 
nM) to 1.0 mg/mL (18.2 µM) (Fig. 4). The CMC value for P1 was 
calculated as approximately 0.025 ± 0.003 mg/mL (456 ± 55 nM, 
average of two independent studies and standard error is 
reported). We were unable to determine a CMC value for Ru-P1 
due to an interference of the dye fluorescence by the Ru-
complex. Characterization by dynamic light scattering (DLS) 
indicated a hydrodynamic diameter of 8.1 ± 1.3 nm and 8.6 ± 
0.6 nm for P1 and Ru-P1, respectively when measured at 0.1 
mg/mL or 1.8 µM (Fig. S4). When measured around the CMC 
value at 0.02 mg/mL (365 nm) the hydrodynamic diameters are 
9.6 ± 0.5 nm and 10.6 ± 0.5 nm for P1 and Ru-P1 respectively. 
Because the particles form from the intramolecular chain 
folding without covalent bonds, some variation in size is 
expected. This size is consistent with what has been reported in 
the literature for copolymers with similar molecular weight.36 

Ru-catalyzed cleavage of allylcarbamates

Fig. 3. a) Structure of small molecule models 3 and Ru1, and UV-
Vis spectra in MeCN of b) 3 (100 µM) and P1 (0.5 mg/mL, 9.1 µM) 
and c) Ru1 (100 µM), Ru-P1 (138 µM Ru), and [CpRu(MeCN)3]PF6 
(100 µM).
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Fig. 4. a) Critical micelle concentration study by encapsulation of 
Nile Red (1 µM) by P1 in 10 mM PBS pH 7.4 at λex = 553 nm. 
Fluorescence emission spectra were recorded from 561-700 nm. 
b) Fluorescence emission intensities at 619 nm were extracted 
and plotted.
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Next, we compared the activity of Ru-P1 to previously 
reported free catalyst Ru2. We expected that the polymeric 
system would provide an advantage by supporting substrate 
binding and creating a higher local concentration of substrate 
and catalyst thus enhancing catalysis compared to a small 
molecule catalyst.8,18 The catalytic activity of Ru-P1 and Ru2 for 
Ru-catalyzed cleavage of allylcarbamates was analysed using 
fluorescence spectroscopy. Caged coumarin 4 is non-
fluorescent, but decaged amine 5 is fluorescent (Fig. 5a).37 The 
study was performed at room temperature in PBS buffer 
containing 300 µM glutathione (GSH, which was used by 
Meggers and coworkers21) with a fixed concentration of 4 (20 
µM) while varying the concentration of Ru-P1 and Ru2, and the 
reaction progress was monitored by the increase in 
fluorescence emission over 20 min (Fig. 5b). We used Ru 
concentrations of 10, 5 and 3 µM, which for Ru-P1 are 
concentrations that are above (830 nM), at (415 nM), and below 
(248 nM) the CMC, respectively. Initial rates and percent 
conversions increase with increasing Ru concentration. Overall, 
higher percent conversions and faster initial rates of reactions 

were observed with Ru-P1 compared with the small molecule 
model Ru2. 

The performance of Ru-P1 and Ru2 was also investigated in 
biologically relevant conditions. The allylcarbamate cleavage 
reactions were performed in PBS containing 5 mM GSH, 
Dulbecco’s Modified Eagle Medium (DMEM), and DMEM 
containing 5 mM GSH (Fig. 6). Under these conditions, Ru-P1 
achieved conversions of 56-69% and initial rates of 28-35 nM/s. 
On the other hand, conversions of 17-27% and initial rates of 
4-6 nM/s were observed for small molecule catalyst Ru2 under 
the same biologically relevant conditions. In addition, the 
catalytic activity of Ru-P1 and Ru2 was assessed in HeLa cell 
lysate to probe their ability to perform in complex biological 
environments. Slower initial rates and lower percent 
conversions were observed for Ru-P1 catalysed reactions 
carried out in cell lysate. This was expected due to the complex 
environment off cell lysate. In general, Ru-P1 exhibited faster 

initial rates and higher conversions than Ru2 in all the reactions 
carried out in PBS and DMEM. However, Ru-P1 and Ru2 have 
similar initial rates and conversions in cell lysate. The lower 
activity of Ru-P1 compared to Ru2 in cell lysate suggests a 
reduced ability to bind substrates and provide a protective 
environment for the catalyst, potentially due to unfolding of the 
polymer chain that enhances interactions with specific cellular 
biomacromolecules. However, additional studies would be 
needed to determine the origin of this observation.

Ru-P1 Ru2

Ru
(µM)

4
(µM)

Rate
(nM/s)

Conversion
(%)

Rate
(nM/s)

Conversion
(%)

10 20 72 ± 9 86 ± 3 5.0 ± 0.2 21 ± 1

5 20 42 ± 7 75 ± 3 3.3 ± 0.1 14 ± 1

3 20 33 ± 4 68 ± 3 2.2 ± 0.1 10.3 ± 0.3

Fig. 5. Fluorescence studies of Ru-catalyzed cleavage of 
allylcarbamates using Ru-P1 (circle) and small molecule Ru2 
(diamond) at different concentrations of Ru. [GSH] = 300 µM, 
in PBS 1x, room temp, λex = 375 nm, λem = 440 nm.
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Conditions Rate 
(nM/s)

Conversion 
(%)

Rate 
(nM/s)

Conversion 
(%)

PBS + 5 mM GSH 35 ± 6 69 ± 4 4 ± 1 20 ± 3

DMEM 28 ± 3 56 ± 3 6 ± 1 27 ± 2
DMEM + 5 mM 

GSH 30 ± 1 62 ± 3 3.9 ± 0.3 17 ± 1

Lysate 12 ± 1 21 ± 3 12 ± 1 28 ± 1

Fig. 6. Fluorescence studies of Ru-catalyzed cleavage of 
allylcarbamates using a) Ru-P1 and b) Ru2 with or without 5 
mM GSH. [4] = 20 µM, [Ru-P1] or [Ru2] = 5 µM in Ru, in PBS 1x 
or DMEM, room temp, λex = 375 nm, λem = 440 nm. For clarity, 
error bars are not shown but can be found in Fig S5.
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Tandem Catalysis

We have demonstrated the polymer’s ability to improve the 
catalytic activity of Ru in PBS and DMEM. Next, we explored the 
capacity of Ru-P1 to perform tandem catalysis with a native 
enzyme. The combination of synthetic chemistry by the artificial 
metalloenzyme with biocatalysis provides important new 
synthetic strategies for chemical biology. The enzyme β-
galactosidases (β-gal) is an essential enzyme that is commonly 
used in chemical biology.38 We have recently shown that β-gal 
is compatible with a photocatalyst to perform intracellular 
tandem catalysis.19 We explored the compatibility of Ru-P1 to 
perform tandem catalysis with β-gal. For this, we designed 
substrate 6, a 4-methylumbelliferyl β-D-galactopyranoside 
(MUG) derivative where two hydroxyl groups are randomly 
protected with allylcarbamate phenyl carbonate groups. The 
catalysis starts with two allylcarbamate cleavage reactions 
catalysed by Ru-P1. This generates aniline groups that undergo 
a 1,6-type elimination and decarboxylation to release MUG, 
which serves as a substrate for β-gal releasing fluorescent 
coumarin 7 (Fig. 7a). This type of quinone-methide elimination 
has been used as a tool in prodrug activation, diagnostic probes, 
and self-immolative polymeric systems.39 

The tandem catalysis was performed in PBS and DMEM with 
5 µM of Ru and 20 µM of substrate 6. Ru-P1 achieved 69% 
conversion and an initial rate of 3 nM/s in PBS and 28% 
conversion and an initial rate of 10 nM/s in DMEM. In contrast, 
the reactions catalysed by Ru2 only reached 1-2% conversion 
after 20 min. Because of these low conversions the rates for Ru2 
were not calculated.

Conclusions
In conclusion, we have reported a Ru-containing SCNP Ru-P1 
that does not require covalent crosslinking to enhance catalysis 
in PBS and DMEM. Under these conditions, Ru-P1 outperforms 
the free catalyst for the Ru catalysed cleavage of allylcarbamate 
groups. We have also demonstrated its ability to perform 
tandem catalysis with a natural enzyme to unlock a double 
gated system to release a fluorescent probe. This simple 
strategy to obtain functional SCNPs has the potential to be 
applied to other SCNP-based transition metal catalysts. Indeed, 
eliminating the cross-linking steps should streamline the 
development of such catalysts while further expanding the 
chemist’s toolbox for transition metal catalysis in aqueous 
environments.
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