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Abstract

Although abiotic catalysts are capable of promoting numerous new-to-nature reactions, only 

a small subset has so far been successfully integrated into living systems. Research in 

intracellular catalysis requires an interdisciplinary approach that takes advantage of both chemical 

and biological tools as well as state-of-the-art instrumentations. In this perspective, we will 

focus on the techniques that have made studying metal-catalyzed reactions in cells possible 

using representative examples from the literature. Although the lack of quantitative data in 
vitro and in vivo has somewhat limited progress in the catalyst development process, recent 

advances in characterization methods should help overcome some of these deficiencies. Given its 

tremendous potential, we believe that intracellular catalysis will play a more prominent role in the 

development of future biotechnologies and therapeutics.
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1. INTRODUCTION

Biological catalysts (e.g., enzymes) have likely existed since the beginning of life,1 which 

is believed to have occurred billions of years ago.2,3 In comparison, the deliberate use of 

synthetic catalysts to accelerate chemical reactions was first documented around the 1800s.4 

Chemical catalysis today has attained a high level of sophistication, as exemplified by the 

large number of reactions that have been discovered and our growing insight into mechanism 

and catalytic species.5–7 An emerging frontier in chemical catalysis is the integration of 

synthetic metal catalysts with living systems.8–13 Fundamentally, these efforts are driven by 

intellectual curiosity. Given that nature required millions of years to develop the chemistry 

of life through natural evolution, can chemists introduce new intracellular transformations 

on a much shorter timescale? The ability to orchestrate chemical processes inside living 

systems also has many practical benefits. For example, synthetic catalysts could be used to 

replace dysfunctional enzymes, label biomolecules,14–16 activate prodrugs,17,18 or degrade 

toxins.19

Researchers have taken two parallel approaches to introduce new-to-nature reactions inside 

biological hosts,9 either by using artificial enzymes or synthetic metal catalysts. Artificial 

enzymes could be engineered using directed evolution20,21 or by combining known protein 

scaffolds with inorganic complexes.22–25 Synthetic metal catalysts, on the other hand, 

are not supported by biological scaffolds and have metal active sites that are typically 

exposed to the external environment.8–13 These complexes can either be homogeneous 

(e.g., SIMCats = small molecule intracellular metal catalysts8) or heterogeneous (e.g., 

nanozymes26,27). The advantages of synthetic metal catalysts are that they are cell 

permeable, synthetically tunable, and easily produced on gram scales or larger. The first 

demonstration of using metal catalysts to promote intracellular reactions was reported in 

198528 and since then, an increasing number of reports has appeared in the literature.29–31 

To date, metal catalysts have been used to carry out diverse intracellular reactions, including 

azide-alkyne cycloaddition,32–36 amide coupling,37 azide reduction,38,39 C–C bond cross­

coupling,40,41 olefin metathesis,42 protecting group cleavage,43–49 ring formation,50,51 and 

transfer hydrogenation52,53 (Scheme 1). Although these examples are remarkable, they 

represent only a small percentage of what synthetic catalysts is capable of achieving.5 

Unfortunately, translating chemistry developed in the reaction flask for applications inside 

cells or organisms is not trivial.

Although there is no standard approach for developing biocompatible metal catalysts,8–13 

most studies contain some, if not all, of the elements shown in Scheme 2. In a typical 

workflow, the first step is to identify a target reaction. The ideal reaction should not interfere 

with native biochemical processes (i.e., is bioorthogonal)54 and is novel to the biological 

host. In step 2, a variety of catalyst candidates should be selected based not only on 

Nguyen et al. Page 2

ACS Catal. Author manuscript; available in PMC 2021 November 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



their reactivity but also on their likely tolerance toward dioxygen (except when working 

with anaerobes), water, and biological additives. At this stage a robust protocol should 

be established to screen the activity of these complexes under physiologically relevant 

conditions (e.g., in phosphate buffered saline (PBS) at 37 °C in air). Next, in step 3, the 

most promising candidates should be evaluated for their biocompatibility with one or more 

cell lines. Some useful properties to measure include their cellular uptake and 50% growth 

inhibition concentration (IC50). In step 4, the catalytic activity of the complexes should 

be tested in cells, keeping in mind that the catalyst loading should be kept far below its 

IC50 value to minimize cellular toxicity. For intracellular reaction studies, pro-fluorogenic 

substrates are commonly used so that upon conversion to product the fluorescence generated 

could be monitored.43 It is important that neither the starting agents nor products adversely 

affect cell viability since the ultimate goal is to create new biocompatible chemistry, unless 

the goal is to kill cells such as in anticancer chemotherapy. Finally, in step 5, the most active 

catalysts should be subjected to structure-activity relationship (SAR) studies to identify how 

they could be improved.45,55 The lessons learned from each development cycle will help 

inform future design efforts.

Studying catalysis inside living systems can be significantly more challenging than in 

solution. First, living environments are heterogeneous so the behavior of catalysts in cells 

can vary depending on a variety of factors, such as local pH, presence of biological 

nucleophiles, or solution viscosity. Thus, any catalytic properties measured in the reaction 

flask might not necessarily be the same as inside biological cells. In fact, it has been 

demonstrated that the kinetic parameters Km and kcat for enzymes can differ by several 

orders of magnitude in living systems vs. in solution.56,57 Second, the species of interest 

(e.g., small molecules or proteins) are typically present in very low concentrations in cells, 

often well below micromolar ranges, so extremely sensitive instruments are needed to detect 

such analytes. In addition, because studies of dynamic catalyst behavior must be conducted 

with intact cells, non-invasive techniques are usually preferred over invasive ones. Lastly, it 

is often difficult to determine whether reactions take place intracellularly or extracellularly. 

To minimize unwanted reactions outside cells, researchers commonly wash cells with fresh 

media after they are pre-treated with catalyst or substrate (the order of addition usually 

depends on the cytotoxicity and reactivity of the various agents). However, unless these 

chemical species could be tagged and monitored directly in real time, the possibility that 

small molecules could be readily transported in and out of cells make it challenging to 

ascertain precisely where and when reactions take place. Thus, techniques that give high 

spatial and temporal resolution are needed to address this ambiguity.

This perspective article will provide a critical overview of the tools available to probe 

the chemical and biological properties of metal catalysts in cells, including discussions of 

where new technologies could enhance our investigative power. The sections below are 

divided into major techniques, specifically fluorescence microscopy, flow cytometry, mass 

spectrometry, and biological assays (Table 1). We have selected representative examples 

from the literature to illustrate how these methods are used for studying various aspects 

of intracellular catalysis (Scheme 1). Most researchers employ a combination of methods 

in their work but in the interest of clarity, our discussions will focus primarily on the 

techniques relevant to a particular section. The reader is referred to the original sources for 
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additional details. Because the conditions and environment under which a catalyst is studied 

can critically influence its behavior, we will make the following distinctions: “in vivo” will 

be used to describe studies in intact living organisms (e.g., inside zebrafish),56 “in vitro” 

will be used to describe studies in living models (e.g., in cells grown in petri dish),56 and 

“in solution” will be used to describe studies in the reaction flask without living specimen. 

Although researchers sometimes use the term in vivo to refer to biological cells outside their 

native environment,9,33 we will adhere to the stricter interpretation of the Latin translation.

The description “living system” will be employed as a generic term for all biological cells 

and organisms, regardless of their origin. This article will focus primarily on studies in cells 

due to their less complex nature in comparison to whole organisms. We hope the information 

contained in this article will be useful to a broad scientific audience, from synthetic chemists 

to life science researchers.

2. FLUORESCENCE MICROSCOPY

2.1 General Background.

A fluorescence microscope is an instrument that can detect fluorescent signals emanating 

from light-emitting specimens. In cell biology, fluorescence microscopy provides a way for 

researchers to not only visualize biological samples at subcellular levels, but also analyze 

and quantify complex physiological processes in real-time.58 This versatile and non-invasive 

technique has enabled studies of many intracellular processes, such as protein localization 

and interactions, DNA transcription, ion transport, and metabolism.59,60 During the past few 

decades, advances in fluorescence microscopy have allowed scientists to acquire images 

with deeper penetration, higher resolution, and in less time, making this technique one of the 

most powerful for life science research.61

When designing fluorescence microscopy experiments, two basic considerations should 

be taken into account. First, it is important to understand the pros and cons of various 

imaging modalities available so that the most appropriate could be selected for a particular 

application.62 The most basic form is widefield fluorescence microscopy, which employs a 

fluorescent light source to excite samples of interest and an eyepiece or a camera to observe 

the emitted light (Chart 1A). Light filters are commonly used to select for specific excitation 

and emission wavelengths. Widefield fluorescence microscopy (WFM) is advantageous 

because of its fast acquisition time (ms/frame), ease of use, and relatively low cost. Its 

need for lower power light source (usually μW) is less likely to damage living samples and 

minimizes photobleaching of fluorophores (Table 2). On the other hand, WFM is diffraction 

limited (~200 nm) and has poor imaging depth so it is not the most ideal for imaging 

thick samples such as live cells and tissues.63 Laser scanning confocal microscopy (LSCM) 

can overcome some of the limitations of WFM.62,64 A laser scanning confocal microscope 

uses advanced optics to focus laser light to a diffraction-limited spot in the sample and the 

emitted light is directed to a pinhole that allows optical sectioning (Chart 1B), which gives 

axial resolution between 0.6–1.0 μm. Although LSCM provides better z spatial resolution 

than WFM, it has slower acquisition time (s/frame), requires special training to use, can 

cause phototoxicity65 and photobleaching, and is more expensive. However, because of 
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its high z spatial resolution, LSCM is the preferred choice by many researchers studying 

metal-catalyzed reactions in live cells.

A second consideration in the design of fluorescence microscopy experiments is the 

selection of fluorophores. These light-emitting units can comprise macromolecules,66,67 

small-molecules,68,69 or semiconductor nanocrystals70 and should have high quantum yield 

as well as absorption and emission wavelengths within a desired optical window. Although 

protein-based fluorophores such as green-fluorescent proteins66,67 are commonly used in 

biological imaging studies, their major disadvantages are that their large size may interfere 

with the localization or function of the species of interest and certain emission wavelengths 

are not easily obtainable. In contrast, synthetic small molecule fluorophores are smaller 

in size, have more variety in color, can cross cellular membranes, and can be attached 

to molecular substrates or catalysts.68,71–73 They must also be nontoxic to be biologically 

useful. Due to their many advantages, synthetic fluorophores are commonly employed in 

studies of metal-catalyzed reactions in cells.

A fundamental question to ask in intracellular catalysis studies is do the reactions take place 

inside the living host (e.g., Step 4 in Scheme 2)? To answer this question, researchers have 

devised creative reaction schemes in which successful catalytic events lead to fluorescence 

labeling of biomolecules or generation of light-emitting species (Scheme 3). These strategies 

are highly effective because they offer a straightforward way to monitor reactions in real­

time without damaging living specimens. A few other relevant questions to probe in these 

investigations include: What is the catalytic efficiency? Is catalysis localized in specific 

cellular compartments? Does catalysis occur inside the cell, outside the cell, or on the cell 

surface? As we explore the literature examples below, we will examine how some of these 

inquiries may or may not be possible to answer via fluorescence microscopy.

2.2. Studies of Intracellular Metal-Catalyzed Reactions Using Fluorescence Microscopy.

To circumvent the need for genetic manipulations to introduce fluorescent reporters to 

proteins, Tirrell and coworkers (2005) took advantage of copper-catalyzed azide-alkyne 

cycloaddition in live cells (Scheme 4).14 The investigators expressed the model protein 

barstar in E. coli by using either homopropargylglycine (Hpg) as a methionine surrogate 

or ethynylphenylalanine (Eth) as a phenylalanine surrogate. The bacterial cultures were 

then treated with CuBr, a tripodal ligand, and 3-azido-7-hydroxycoumarin and allowed to 

incubate for 14–15 h at 4 °C. After washing twice with fresh buffer, the cells were imaged 

by fluorescence microscopy. It was observed that cells containing barstar with either Hpg 

(Scheme 4A) or Eth (Scheme 4B) were strongly emissive, whereas those in the control 

groups that lacked recombinant barstar were not. Although these results suggested the 

coumarin fluorophores reacted with the alkyne groups in live cells, it is not clear what 

percentage of Hpg or Eth in barstar were converted to their corresponding triazole products. 

Estimation of catalytic efficiency would also require measurement of the intracellular copper 

concentration, which was not reported. The authors noted that the microscope images 

showed punctate fluorescence originating from inclusion bodies. However, it is uncertain 

whether catalysis occurred within these units or if the inclusion bodies formed due to 

barstar-coumarin aggregation.
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In 2006, Meggers and coworkers demonstrated that deprotection of pro-fluorogenic 

substrates is a convenient strategy to study intracellular catalysis (Scheme 5).43 In this 

work, the researchers employed an organometallic ruthenium catalyst Ru1 and thiophenol 

to promote the cleavage of allyl carbamate groups to primary or secondary amines. In 

solution studies, they showed that Ru1 was capable of converting non-fluorescent 1 into 

the well-known fluorophore rhodamine 110 (compound 2) with up to 80% yield in the 

presence of glutathione in cell extract. In biological studies, HeLa cells were first incubated 

with compound 1 and the membrane dye carbocyanine DilC18, washed with PBS to 

remove excess substrate, and then treated with Ru1 and thiophenol. Real-time imaging 

by LSCM showed strong emission from the cell interior since the green fluorescence from 

2 superimposed quite well with the red fluorescence from the membrane dye (Scheme 

5, bottom). It was determined that the fluorescence intensity increased by about 10-fold 

(presumably relative to background) over 10 min. Unfortunately, this relative change in 

fluorescence does not provide information about the exact concentration of starting materials 

or products so reactions yields could not be determined. Based on the cell images provided, 

it does not appear that the fluorescence signals from 2 were localized within specific regions 

of the cell. In subsequent studies, Meggers’ group identified other ruthenium complexes that 

showed significantly greater catalytic activity than Ru1,45,74 indicating that the catalysts are 

highly tunable. Recent work by Waymouth, Wender, and coworkers suggest that for at least 

one Ru catalyst variant,75 it is either extracellular or is readily removed from inside cells 

by washing. However, these studies were performed using 4T1 breast tumor cells with a 

different probe than that used by Meggers and coworkers.43

The protecting group cleavage strategy was expanded to include removal of other chemical 

functionalities. In 2010, Shin, Ahn, and coworkers developed a propargyl ether deprotection 

scheme as a way to detect palladium in living organisms (Scheme 6).76 They found that 

the non-fluorescent propargyl ether compound 3 showed selective turn-on in the presence of 

various palladium sources (Pd(PPh3)4, PdCl2, Na2PdCl4) due to formation of a fluorescein 

derivative (4). Remarkably, the investigators demonstrated that this reaction could occur 

inside live zebrafish. Using five-day-old zebrafish, compound 3 and various concentrations 

of PdCl2 (0–20 μM) were added to the fish media for 30 min at 28 °C. Visualization 

by WFM revealed increasing fluorescence inside the living specimen as a function of 

increasing palladium concentrations. In separate experiments, 3-month-old zebrafish were 

similarly treated with 3 and PdCl2 for 30 min and then dissected to isolate their organs and 

tissues. Fluorescence from 3 was detected by microscopy mostly in the brain, eye, and fin. 

Unfortunately, the fluorescence integrations in these images were not reported so the relative 

distribution of the probe in these studies could not be determined. It is also not clear whether 

the location of the probe is indicative of where the palladium was distributed inside the 

zebrafish since it is possible that the activated probe molecules could have migrated between 

different organs.

Rather than using an uncaging approach to generate active fluorophores, Bradley 

and coworkers sought to synthesize fluorescent products in vitro from non-fluorescent 

precursors. In 2011, the researchers used palladium nanoparticles to promote Suzuki­

Miyaura C–C bond cross-coupling in live cells (Scheme 7).41 In these experiments, HeLa 

Nguyen et al. Page 6

ACS Catal. Author manuscript; available in PMC 2021 November 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



cells were incubated with fluorescently labeled palladium microspheres (Pd1) for 24 h and 

then thoroughly washed with fresh growth media. The mono-triflate 5 and boronic ester 6 
were then added and allowed to incubate for 48 h before the cells were fixed and imaged 

by LSCM. The presence of green fluorescence indicated that 4 was successfully generated 

in vitro. Furthermore, 4 appeared to colocalize with Mitotracker Deep Red, which suggests 

it preferentially targets mitochondria. However, the extent of overlap between 4 and the 

mitochondrial stain is unclear since no correlation analysis was reported (e.g., Pearson’s or 

Manders’ coefficients).77–79 A disadvantage of fixing cells prior to imaging is that reaction 

changes over time cannot be observed in these studies. Furthermore, although the cellular 

structures were preserved due to fixation, the possibility that 7 could still diffuse in or out of 

cells leads to some uncertainty about whether it had formed intracellularly.

Another method to produce fluorescent products from non-fluorescent (or weakly 

fluorescent) starting materials is through chemical reduction. Our research group in 2017 

disclosed our efforts to develop reductase enzyme mimics using organometallic iridium 

complexes to catalyze transfer hydrogenation reactions in cells (Scheme 8).52 After testing 

a variety of probe candidates, we found that the weakly emissive BODIPY-aldehyde 8 
converted to a strongly fluorescent compound 9 upon reduction using Ir1 and a hydride 

source. This reaction was tested in NIH-3T3 mouse fibroblast cells by first treatment with 

8 for 4 h, washed with fresh media, and then exposed to Ir1. Imaging by LSCM revealed 

that these cells showed gradual increase in fluorescence, suggesting that successful transfer 

hydrogenation had occurred to form 9. Integration of the fluorescence images using the 

program ImageJ indicated that cells containing 8/Ir1 yielded 1.6-fold higher emission 

intensity than that of controls containing 8 only, 8/IrCl3, or 8/Ir1/pyruvate (Scheme 8, 

bottom). The addition of pyruvate suppressed formation of reduced nicotinamide adenine 

dinucleotide (NADH), which is presumed to be the endogenous hydride source required 

for transfer hydrogenation in these studies. Although quantification of the microcopy data 

allowed comparison between the different treatment groups, it does not provide information 

about the iridium catalyst efficiency or its cellular distribution. In recent work, we have 

created improved variants of Ir1 but their activity in vitro has not yet been evaluated.19,55

2.3. Challenges and Opportunities.

Fluorescence microscopy is a highly sensitive technique capable of providing a tremendous 

amount of information simultaneously (Table 1), such as the subcellular location of light­

emitting analytes, dynamic changes of reactants, and morphology of biological specimens. 

Although the examples above illustrate why it is an indispensable tool in the investigation 

of metal-catalyzed reactions in living systems, there are some limitations. First, conventional 

fluorescence microscopy, including both widefield and confocal (Table 2), has a maximum 

spatial resolution of ~200 nm due to the diffraction limit of light used.80 The fluorescence 

images acquired in such studies are ensemble averaged since individual macromolecules 

(~10 nm) or small-molecules (~1 nm) cannot be resolved. Thus, conventional fluorescence 

microscopy is unable to probe differences in individual catalyst behavior. Because the living 

environment is heterogeneous, it is possible that important chemical information is lost 

through ensemble averaging of the fluorescence data. Second, the integrated fluorescence 

detected in cells is not necessarily proportional to the total number of light emitters 
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produced. For example, some fluorophores could be photobleached by high intensity light 

or consumed by subsequent reactions with cellular components.62 Unfortunately, this means 

that estimation of the amount of substrates, products, or catalysts present in cells is usually 

made qualitatively rather than quantitatively. Third, prolonged exposure of living specimens 

to high-power light sources can cause phototoxicity (e.g., continuous illumination using 

lasers).81 This possibility is important to consider in biocompatibility studies since cell 

viability measurements are not typically performed under imaging conditions (Scheme 2).

The discovery of super-resolution fluorescence microscopy (SFM) has allowed imaging 

beyond the diffraction limit,80 which was a milestone achievement recognized by the Nobel 

Prize to Betzig, Hell, and Moerner in 2014.82 This advance made it possible to visualize 

biological processes on the single molecule level,83,84 such as protein interactions,85 gene 

expression,86,87 and enzyme catalysis.88,89 Although SFM has not yet been applied to 

studies of synthetic metal-catalyzed reactions in cells, we believe it could reveal intracellular 

behavior not observable by other methods. For example, we could use SFM to monitor 

individual catalytic events in living cells using pro-fluorogenic substrates and fluorescently 

labeled catalysts. These data would allow calculation of the reaction kinetics of different 

catalyst molecules at various cellular locations. In conventional studies, the amount of 

product generated (or starting material consumed) and the quantity of catalyst present in 

the cell must be measured separately in order to determine the ensemble averaged catalyst 

activity. Using SFM, however, there is no need for such measurements since the reaction 

kinetics of each catalyst molecule are provided directly from the imaging data. It is worth 

noting that in SFM experiments, photobleaching of fluorophores is actually a desirable 

process.90 In addition, imaging by SFM will help resolve ambiguity regarding whether 

catalysis occurs inside cells, outside cells, or on cell surfaces because it can pinpoint exactly 

when and where individual reaction events take place. In the ensemble-averaged studies 

described in the preceding section, even if rigorous cell washing procedures were used, there 

is always the possibility that substrates and catalysts can diffuse outside of the cell where 

they can react and then subsequently get transported back inside.

To address concerns regarding phototoxicity, there are a variety of options to mitigate the 

destructive effects of light on biological samples.91 For example, two-photon excitation, 

temporal separation of light exposure,81 or addition of antioxidants92 have been shown to be 

successful strategies. Improvements in both hardware and software can also help lessen the 

impact of photodamage to living speciemens.91

3. FLOW CYTOMETRY

3.1 General Background.

Flow cytometry is a versatile technique that allows rapid multi-parametric analysis of 

cell populations using optical cameras or detectors.93,94 Modern instruments employ 

microfluidic systems that align suspended cells into single file as they pass through a 

laser source for analysis. The forward scattered (FSC) light provides information about cell 

size whereas the side scattered (SSC) light provides information about cell granularity. In 

fluorescence flow cytometry (FFC) (Chart 2), cells are pre-treated with different fluorescent 

dyes, which can report on a wide variety of characteristics (e.g., cell viability, nucleic acid 
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content, oxidative stress, gene expression, etc.). Analysis of the light emitted in different 

fluorescence channels allows profiling of individual cells. Multi-laser systems can detect up 

to 20 parameters at a rate of ~25,000 cells per second.95 Although other flow cytometry 

detection methods are available (e.g., imaging96 or mass spectrometric95,97),98 only the 

use of fluorescence has been reported so far in investigations of synthetic metal-catalyzed 

reactions in cells.

When designing FFC experiments, one of the most important factors to consider is the 

spectral properties of the fluorophores used. For example, it may be desirable to detect 

the presence of substrates, products, and/or catalysts simultaneously as a way to monitor 

the progress of intracellular reactions. Each of these chemical species need to be tagged 

with fluorophores that do not exhibit significant emission overlap so that they could be 

distinguished from one another using different optical channels. Fluorophores that have high 

quantum yield and good photostability are the most ideal for this application.

Because FFC enables analysis of individual live cells, it is a useful tool for biocompatible 

catalyst development investigations (Scheme 2). FFC probes some of the same features as 

fluorescence microscopy, such as whether catalysis occurred intracellularly, except that it 

can provide information on much larger cell populations in significantly less time due to its 

high throughput capability.

3.2 Studies of Intracellular Metal-Catalyzed Reactions Using Flow Cytometry.

The application of flow cytometry to investigate synthetic catalysis on cells was reported by 

Tirrell and coworkers in 2003 (Scheme 9).32 In this work, the researchers were interested 

in developing bioorthogonal methods to selectively label cell surfaces. They found that the 

methionine surrogate azidohomoalanine (10) could be metabolically incorporated into the 

outer membrane protein C (OmpC) in E. coli to yield OmpC-azide, which placed azido 

groups on the cell exterior. Mutant cells were also engineered to increase the methionine 

density of OmpC by six residues relative to that in wild type cells. It was reported 

that treatment of E. coli containing OmpC-azide with alkyne-biotin compound 11 in the 

presence of Cu2 (CuSO4/tripodal ligand) and tris(carboxyethyl)phosphine (TCEP) led to 

successful azide-alkyne cycloaddition. To visualize the cell surface conjugation product, 

cells were stained with avidin Alexa Fluor 488 and then subjected to flow cytometric 

analysis. Mutant cells containing OmpC-azide (Scheme 9C) showed about 10-fold increased 

mean fluorescence in comparison to that of mutant cells containing OmpC-met that lacked 

clickable azide groups (Scheme 9A). The authors proposed that although wild-type cells 

bearing OmpC-azide likely reacted with 11, their biotin sites were too sterically hindered 

to bind avidin for staining (Scheme 9B); thus, these samples gave cytograms similar to 

those obtained from mutant cells containing OmpC-met (Scheme 9A). Finally, mixing cells 

featuring OmpC-azide with those featuring OmpC(−) (without added methionine during 

protein expression) revealed two different cell populations (Scheme 9D) as expected since 

only cells containing azide groups could be labeled.

In a follow-up study in 2004, Tirrell and coworkers discovered that replacing copper(II) 

with copper(I) salts led to dramatic improvements in catalytic rates (Scheme 10).99 Using 

flow cytometry, they were able to show that mutant cells treated with CuSO4/TCEP gave 

Nguyen et al. Page 9

ACS Catal. Author manuscript; available in PMC 2021 November 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



a 20-fold increase in fluorescence relative to background (Scheme 10A), whereas those 

treated with CuBr gave a 150-fold increase (Scheme 10B). Because FFC can analyze much 

larger cell populations than fluorescence microscopy in the same amount of time, the former 

is a more reliable method to obtain aggregate data. An ambiguity in these studies is that 

since not all surface biotins are sterically accessible by Alexa Fluor 488, it is unclear what 

percentage of the total cell surface alkynes had reacted with 11, which is a more accurate 

measure of catalytic efficiency.

Recently in 2016, Bradley and coworkers demonstrated that heterogeneous copper catalysts 

could be used for in situ drug synthesis.35 The authors showed that their entrapped copper 

nanoparticles (Cu3) were non-toxic and structurally robust (<1% copper leaching after 72 

h in H2O at 37 °C). This Cu3 catalyst was used to promote azide-alkyne cycloaddition 

between 12 and 13 to yield combretastatin A4 (14), which is a tubulin polymerization 

inhibitor that is highly cytotoxic to a variety of cancer cell lines. The Cu3 catalyst was 

confirmed to be extracellular based on brightfield microscope images showing that the 

copper particles were larger than the size of individual cells. Reactions performed in the 

presence of ovarian adenocarcinoma SKOV-3 cells were evaluated by flow cytometry to 

interrogate the biological changes induced by in situ formation of 14. Cell proliferation 

measurements using a commercial Click-iT EdU assay revealed that samples treated with 

12, 13, Cu3, and sodium ascorbate (NaAsc) displayed a significantly greater percentage 

(59%) of cells arrested in the G0/G1 phase compared to those in the control (24%) 

(Scheme 11A). Generation of the cytotoxic compound 14 was further confirmed using 

an apoptosis assay, which measures the binding of apoptotic cells to the Annexin V 

protein and absorption of the DNA intercalator propidium iodide (PI) (Scheme 11B). It 

was observed that cells grown in combination with drug precursors, reductant, and copper 

catalyst exhibited 48% apoptosis, which is substantially higher than the 13% in untreated 

cells (Scheme 11B). The flow cytometry data suggest that 14 generated extracellularly was 

able to be uptake up by the SKOV-3 cells to induce its cytotoxic effects. However, additional 

studies are needed to quantify the amount of 14 produced in these in situ reactions.

To overcome the necessity of using large excess of metal salts in intracellular catalysis, 

Bradley and coworkers reported a simple yet elegant delivery strategy in 2017.100 In this 

work, the researchers designed a cell-penetrating tris(lysine) peptide containing a pyridine­

carbene chelator and sulfonated cyanine Cy5 dye (Scheme 12). Metalation of this peptide 

with a Pd precursor produced Pd2, which is water soluble and fluorescently traceable. 

Characterization of a related Pd complex showed it was taken up by cells more readily than 

Pd(OAc)2. To test the intracellular activity of Pd2, it was incubated with the pro-fluorogenic 

compound 15 in human prostate PC-3 cells to induce propargyl carbamate cleavage. 

Because both the product 2 and Pd2 are strongly emissive, the cells could be analyzed 

by flow cytometry using the green (530/30 nm for 2) and red (660/20 nm for Pd2) band 

pass filters. As expected, control samples that were either untreated (Scheme 12A) or treated 

with 15 alone (Scheme 12B) exhibited only background fluorescence. In contrast, cells 

containing both 15 and Pd2 displayed increased intensity in both green and red fluorescence 

(Scheme 12C), suggesting that the presence of palladium is necessary for catalysis. This 

work is an excellent example of how using fluorophores with non-overlapping emission 
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profiles could be useful in studying intracellular reactions. Although not reported by the 

authors, it may be possible to use their integrated fluorescence data to calculate average 

turnover numbers (e.g., mole of product per mole of catalyst).

3.3. Challenges and Opportunities.

Flow cytometry is arguably unmatched by other live cell analysis techniques in applications 

requiring fast, accurate, and customizable measurements of large cell populations. Although 

not as commonly employed as fluorescence microscopy in studies of metal-catalyzed 

reactions in cells, the examples above demonstrate that it can provide complementary 

information. However, FFC has a few limitations that users should be aware of. First, FFC 

detects fluorescence on the single cell level so it cannot differentiate signals originating from 

different cellular compartments. Thus, studies of nonuniformity in catalyst behavior would 

require other techniques capable of achieving greater spatial resolution (e.g., fluorescence 

microscopy). Second, since cells are measured sequentially rather than continuously in 

flow cytometry, kinetic studies can be complicated.101 A variety of strategies have been 

introduced to incorporate time as an experimental parameter in studies of enzyme kinetics, 

such as discontinuous sequential sampling, continuous interrupted sampling, and continuous 

time recording.102 It has been noted that fast kinetics and heterogeneous populations 

cannot be resolved.101 Third, FFC is only suitable for studies of cell suspensions so direct 

measurements of tissues or organisms would require other analytical methods.

In our opinion, the capabilities of FFC have not yet been fully exploited for intracellular 

catalysis investigations. Current studies typically use only 3–4 parameters, well short of the 

20 that are possible.93 We propose that for reaction studies in live cells, simultaneously 

quantifying markers such as substrate/product/catalyst concentrations, pH, cell viability, 

glutathione content, and reactive oxygen species would be tremendously helpful. This 

information would allow us to not only gain insight into the chemistry of interest but 

also assess any biological changes that might be induced by the xenobiotic components. 

Of course, implementing such multi-dimensional studies would require that every parameter 

being assayed has a reporter with distinct spectral signatures to minimize emission overlap.

Technological advances in flow cytometry have expanded its capabilities considerably.98 

Mass cytometry (MC) comprises a standard flow system coupled to a mass 

spectrometer.95,103 While FFC requires the use of fluorophores, MC uses antibodies labeled 

with rare-earth metal ions. In an MC analysis, individual cells are heated in a plasma torch 

to ionize all of its elements so that the non-native rare-earth metals from the probes could 

be detected. Because the mass spectrometer can discriminate between isotopes of heavy 

metals differing by only one neutron, there is no spillover effect as seen with fluorescence­

based reporters. The advantage of MC over traditional FFC is that it can analyze up to 37 

parameters. However, it is much slower and is destructive to live cells.

Another alternative to FFC is imaging cytometry (IC).98,104 This method combines high­

throughput cytometry with high-resolution optical microscopy. In IC experiments, cells are 

pre-treated with various fluorescent dyes and then flowed through an imaging platform 

where their images are captured using one or more microscope objectives. Because the 

spatial resolution is about 20 nm, subcellular particles could be readily distinguished. 
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However, similar to FFC, a limitation of IC is that the spillover effect of multiple 

fluorophores overlapping could be problematic.

To the best of our knowledge, neither MC nor IC has been applied for intracellular metal­

catalyzed reaction studies. We envision that MC analysis could be very useful in quantifying 

the total amount of reactants and catalysts present in individual cells, assuming that these 

species could be tagged with a rare-earth metal. Detecting products using MC would be 

difficult because the label from the starting material does not change upon conversion 

to product (i.e., the metal identity would remain the same). Studies using IC could take 

advantage of its high throughput and high resolution imaging capability to measure where 

fluorescent products are located within specific regions of the cell. Comparison of results 

from a large number of cells would reveal to what extent catalytic behavior differs from cell 

to cell.

4. MASS SPECTROMETRY

4.1. General Background.

Mass spectrometry (MS) is a widely used method for determining the mass-to-charge ratio 

of ions, which can range from macromolecules to single atoms.105,106 In a typical analysis, a 

sample is injected into a mass spectrometer where the contents are ionized and the resulting 

ions are then sorted and detected. Mass spectrometers are classified based on their ionization 

sources, the most common for biological investigations are electrospray ionization (ESI), 

matrix-assisted laser desorption ionization (MALDI), and inductively coupled plasma (ICP). 

They also differ in their mass analyzers (e.g., sector field, quadrupole, or time-of-flight) 

and can be coupled to different sample separation methods (e.g., gas chromatography (GC), 

liquid chromatography (LC), or capillary electrophoresis).

The most common MS methods used in intracellular metal-catalyzed reaction studies are 

ESI for analyzing molecules and ICP for analyzing elements. In ESI-MS, a high voltage is 

applied to a liquid sample that gets dispersed into a fine spray of charged droplets (Chart 

3A).107,108 Through a desolvation process, the ions eventually separate from the droplets 

and are analyzed by a detector. ESI is considered a “soft” ionization method because it 

tends to cause minimal fragmentation, which often enables observation of the molecular 

ions of proteins and small molecules. In ICP-MS, samples are introduced as aerosols that 

get transferred to an argon plasma, which can reach temperatures as high as 10,000 K 

(Chart 3B).109 This process atomizes the sample and generates charged ions to be detected. 

ICP-MS is advantageous over atomic absorption spectroscopy, another common elemental 

analysis method, because it is more sensitive (can measure samples as low as 0.001 μmol/L) 

and can detect more than 100 different isotopes simultaneously.110

When using MS to probe living specimens, it is important to note that this method requires 

destruction of the biological sample. Although this technique is highly invasive, it is 

particularly useful in identifying specific molecular species, including those without reporter 

groups, or quantifying reaction changes.
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4.2. Studies of Intracellular Metal-Catalyzed Reactions Using Mass Spectrometry.

In 2014, Chen and coworkers reported a gain-of-function strategy to manipulate proteins 

under living conditions (Scheme 13).44 In this work, a recombinant green fluorescent protein 

GFP-Y40-ProcLys containing a N-ε-propargyloxycarbonyllysine group (ProcLys) at Y40 

was expressed in HeLa cells for 24 h. These cells were then exposed to Pd2(allyl)2Cl2 for 3 

h to induce intracellular propargyl carbamate cleavage, which would generate GFP-Y40-Lys. 

The authors established that the catalyst was taken up inside cells using ICP-MS (Scheme 

13A). Since Pd is not present naturally in cells in appreciable amounts, its presence would 

indicate successful acquisition by cells from external sources. Analysis of various cell 

fractions isolated from repeatedly rinsed cells (to remove external Pd) revealed that the 

catalysts were found mostly in the cytosol and membrane, with a small amount in the 

nucleus. To measure the depropargylation efficiency, a gel fluorescence assay was developed 

to quantify the amount of GFP-Y40-Lys produced in cell lysate experiments, giving a 

yield of ~31%. Liquid chromatography tandem mass spectrometry (MS/MS)111, a technique 

in which the molecular ion of a specific mass-to-charge ratio is further fragmented and 

analyzed, was performed on the digested proteins to confirm their identities (e.g., Scheme 

13B). Integration of the MS peaks from the cell lysates suggested that the cleavage reaction 

was about 27% efficient, which was in agreement with their gel fluorescence assay results. 

The authors hypothesized that the low yields were due to low concentrations of GFP-Y40­

ProcLys protein and free Pd species inside cells. This propargyl carbamate cleavage reaction 

was applied successfully to study intracellular localization of the Erk protein on irreversible 

dephosphorylation.

Expanding further on the versatility of bioorthogonal palladium catalysis, Chen and 

coworkers disclosed in 2015 a method for chemical remodeling of cell surface sialic 

acids.112 Sialic acids are nine-carbon monosaccharides that often reside on the ends of 

cell surface glycans, such as N-acetylneuramic acid (Neu5Ac) in humans. Although Neu 

(16), the deacetylated form of Neu5Ac, has been shown to occur in nerve and cancer 

cells, studying it has been challenging due to its high chemical reactivity in vivo. As 

a way to generate Neu on cell surfaces, the investigators metabolically incorporated 

N-propargyloxycarbonylneuramic acid (17) into CHO mammalian cells and then used 

palladium nanoparticles (Pd3) to catalytically remove the propargyl carbamate groups 

(Scheme 14). To assess the reaction efficiency, a LC-MS analysis method was developed. 

After the Pd-catalyzed reactions were complete, the CHO cells were treated with 4­

(dimethylamino)-benzoate N-hydroxysuccinimide ester (DMABA-NHS) so that the free 

amino groups in Neu were protected from further reactions. The cells were then lysed 

and the precipitated proteins were dissolved in acid to release the sialic acids. The soluble 

extracts were then analyzed using LC-MS by setting the detector to read only for anion 

with m/z = 438 [17-H]− (Scheme 14A) and cation with m/z = 415 [18+H]+ (Scheme 14B). 

Based on the decline in the peak for [17-H]−, it was calculated that the cleavage efficiency 

was 71%. However, the yield determined from the product peak (i.e., for [18+H]+) was not 

reported.

In 2016, Mascareñas and coworkers used mass spectrometry to establish that synthetic metal 

catalysts could be targeted to specific cellular organelles (Scheme 15).113 To demonstrate 
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this capability, they used half-sandwich ruthenium complexes as the catalyst platform. 

The parent complex Ru2 contains a 2-quinolinecarboxylate ligand, whereas its derivatives 

feature additional phosphonium (Ru3), phosphonium-pyrene (Ru4), and pyrene (Ru5) 

functionalities. The cationic phosphonium unit is a well-known mitochondria-targeting 

group and pyrene is a polyaromatic with fluorescent properties. To evaluate the cellular 

distribution of the ruthenium complexes, HeLa cells were incubated with 50 μM of the 

different catalysts for 60 min. The cells were then lysed and the resulting contents were 

separated into mitochondrial and cytosolic fractions. Analysis by ICP-MS revealed that 

the Ru3 and Ru4 samples gave higher amounts of ruthenium in mitochondria than in the 

cytosol. In contrast, the Ru2 and Ru5 samples showed the same concentration of ruthenium 

in both cell fractions, which is expected since complexes that lack phosphonium groups 

will not likely target mitochondria selectively. Using fluorescence microscopy, the authors 

demonstrated that Ru3 was capable of catalyzing allyl carbamate cleavage of 1 to 2 inside 

mitochondria. Interestingly, the targeted catalysts were capable of inducing fast and strong 

depolarization of the mitochondrial membrane.

Cai and coworkers took up the challenge of quantifying intracellular catalysis in their 

work on copper-promoted azide-alkyne cycloaddition in 2017 (Scheme 16).114 To maximize 

the cellular uptake of copper, the investigators tethered a cell-penetrating peptide to a 

known tripodal ligand. This modified ligand in combination with CuSO4 was found to 

produce an active catalyst (Cu4). To incorporate alkynyl groups into cellular proteins, the 

methionine surrogate Hpg was added to human ovarian cancer cells (OVCAR5) during 

protein expression. These cells were then treated with a biotin-containing azide substrate 19, 

catalyst Cu4, and sodium ascorbate. After the reaction, the cells were thoroughly washed, 

lysed, and fractionated into membrane and cytosolic proteins. Complete acid hydrolysis of 

the biotinylated proteins produced the triazole compound 20. To determine the maximum 

amount of product obtainable, the total extracted Hpg-containing proteins were denatured 

using sodium dodecyl sulfate and subjected to copper-catalyzed reaction with 19. Analysis 

of this sample by LC-MS/MS indicated that the product 20 was present at a concentration of 

~49 pg per μg of protein. Based on MS quantification of 20 in the membrane and cytosolic 

fractions, their corresponding yields were 18 and 0.8%, respectively. The authors proposed 

that the low yields were due in part to deactivation of the copper catalyst by biological 

thiols. This study is notable because it is one of the few examples reported in which the 

reaction yield of a metal-catalyzed reaction was quantified. A complicating factor, however, 

is that it is unclear what percentage of the alkynyl groups in the folded Hpg-containing 

protein is chemically accessible, which would affect the calculated yields.

Mascareñas and coworkers also took advantage of the analytical capability of LC-MS 

to quantify intracellular reactions. In 2019, they reported the first example of an allyl 

alcohol isomerization reaction in cells catalyzed by a ruthenium catalyst (Scheme 17).115 

This reaction was demonstrated in HeLa cells using a pro-fluorogenic substrate 21 that 

converted to 22 upon exposure to Ru6. The reaction products were extracted from cells 

into methanol and analyzed by LC-MS, which showed that the formation of 22 increased 

over the course of 6 h (Scheme 17A). Using calibration curves, the total amount of 22 
produced was determined. In addition, the amount of ruthenium present inside cells treated 
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with 10 and 25 μM of Ru6 were measured by ICP-MS. Using the equation [concentration 

of product]/[concentration of catalyst], it was found that the highest turnover number (TON) 

achieved was 22.4. However, since the quantification of 22 and ruthenium were performed 

in independent experiments, possible variability between different cell populations could 

affect the accuracy of the TONs calculated.

4.3. Challenges and Opportunities.

Since the availability of the first commercial mass spectrometer in the 1940s,105 MS 

is widely used in numerous scientific disciplines. Its high sensitivity and specificity is 

particularly suited for analyzing biological samples. Although not yet applied routinely 

to study metal catalyzed reactions in cells, MS offers unique capabilities not attainable 

by other methods, such as quantifying reaction products without the need for external 

reporters or identifying unknowns by analyzing mass fragmentations. In the context of 

intracellular studies, there are several limitations. First, conventional MS methods provide 

ensemble-averaged data, which means that it cannot give information about different cell 

populations within a sample. Advanced MS techniques that analyze single cells (e.g., mass 

cytometry103) can potentially overcome this problem but they do not have subcellular spatial 

resolution. Second, MS is incapable of reporting on dynamic changes in living cells since 

the biological specimens must be lysed prior to analysis. Thus, carrying out kinetic studies 

on a single cell by MS without population averaging would not be possible. To study cells 

in the living state, non-invasive techniques are needed (e.g., fluorescence microscopy, flow 

cytometry, etc.).

To improve the spatial resolution of conventional MS techniques, imaging mass 

spectrometry (IMS) was developed.116,117 This method involves sectioning a sample into 

a two-dimensional grid and then using a mass spectrometer to ionize the molecules on the 

sample surface. The mass spectrum of each pixel on the grid is acquired and the enormous 

amount of data collected is then processed by advanced computational software. Although 

IMS is commonly used for studying biological tissue sections, new ionization techniques 

have allowed studies of single cells with spatial resolutions in the low micrometer range. 

We anticipate that IMS could be a useful tool to map out the cellular distribution of metal 

catalysts or investigate heterogeneity in intracellular reactions.

5. BIOLOGICAL ASSAYS

5.1. General Background.

Biological assays encompass a wide variety of methods to interrogate living systems, such 

those probing their viability, mechanism of cell death, function, state, or cellular components 

(Chart 4).118 They are commonly used in conjunction with analytical instruments, such as 

microplate readers, fluorometers, cytometers, or gel imagers, to provide either qualitative or 

quantitative data on one or more parameters being measured. Many biological assays are 

available as commercial kits, although their costs can range from low to high. Generally, 

selection of the most appropriates assays should be based on factors such as accuracy, 

detection limit, convenience, time, safety, and cost.
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Use of biological assays is essential to the intracellular catalyst development process 

(Scheme 2, Steps 3–5). For example, assessing the biocompatibility of metal complexes 

or substrates/products requires determining whether they will harm their living hosts.118 

One of the most common methods to do so is using colorimetric MTT assays, which 

determine whether cells are alive based on their ability to convert tetrazolium salts (yellow) 

to formazan (purple) products. Other alternatives to MTT include MTS, XTT, WST, or SRB, 

which can differ in their sensitivity or ease of use.119,120 It is important to note that cell 

viability alone may not be sufficient to ascertain whether a xenobiotic is biocompatible. 

Measuring additional characteristics such as changes in metabolism121 or redox state122,123 

could give a more complete view of overall cell health. Because biological assays are 

employed routinely to study metal-containing complexes in cells, such as in the development 

of metallodrugs124,125 and metallodiagnostics,126,127 we will not give an exhaustive review 

of these methods below. However, the interested reader is encouraged to explore this rich 

literature further.

Cell-based assays not only provide a wealth of biological information but can also be used 

to obtain chemical information about intracellular reactions. Commercial assay kits are 

typically available only for the quantification of naturally occurring compounds, such as 

NADH128,129 or pyruvate53 as detailed in the next section. Fortunately, synthetic chemists 

have developed a broad range of molecular probes that could potentially be used for 

detecting specific chemical analytes or metal ions.130–132

5.2. Studies of Intracellular Metal-Catalyzed Reactions Using Biological Assays.

In 2015, Sadler and coworkers were the first to demonstrate that transfer hydrogenation 

catalysis could be used for selective killing of cancer cells.128 After screening a series 

of half-sandwich ruthenium complexes, the researchers found that Ru7 was the most 

active in A7820 human ovarian cancer cells (Scheme 18). It was proposed that Ru7 was 

capable of reducing NAD+ to NADH using formate as a hydride source, which led to 

cell death via induction of reductive stress. This hypothesis was supported by two lines 

of evidence. First, using an SRB cell viability assay, it was shown that increasing the 

amount of sodium formate to 2 mM while keeping the concentration of Ru7 constant, 

resulted in lowering of the ruthenium IC50 value from 13.6 to 1.0 μM (Scheme 18A). 

Measurements by ICP-MS confirmed that the cells contained equal amounts of ruthenium 

catalyst in all treatment groups. Furthermore, cells treated with only formate without Ru7 
were not adversely affected. Second, the NAD+/NADH ratio decreased upon addition 

of greater amounts of formate and constant amount of Ru7, which strongly suggested 

a ruthenium-catalyzed transfer hydrogenation mechanism was operative (Scheme 18B). 

Further biological studies revealed that the mechanism of cell death was not due to 

apoptosis, disruption of mitochondrial membrane potential, or necrosis using Annexin V­

FITC apoptosis, JC-10 mitochondrial membrane potential, and apoptosis/necrosis assay kits, 

respectively. Unfortunately, the catalytic efficiency of the ruthenium catalysts inside cells 

was not addressed in this work.

Sadler and coworkers expanded on their intracellular transfer hydrogenation studies to 

include osmium complexes in 2018 (Scheme 19).53 The key discovery in this work was that 
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chiral 16-electron osmium complexes were capable of catalyzing enantioselective reduction 

of pyruvate to lactate in the presence of sodium formate. It was demonstrated that the 

R,R-Os1 isomer provided D-lactate (83% enantiomeric excess) whereas the S,S-Os1 isomer 

provided L-lactate (84% enantiomeric excess). Studies in A2780 cells using SRB assays 

showed that treatment with either S,S-Os1 (Scheme 19A) or R,R-Os1 (data not shown) 

led to greater cell death upon addition of up to 2 mM of sodium formate. Interestingly, 

analysis of cells treated with R,R-Os1 and formate using an enantioselective assay detection 

kit indicated that greater amounts of D-lactate had formed in comparison to that in samples 

treated with S,S-Os1 or no catalyst (Scheme 19B). However, there does not seem to be 

a direct correlation between the concentration of D-lactate with cell death. Although the 

concentrations of lactate products and ruthenium in cells were determined in this work, the 

turnover numbers were not reported.

In 2013, Balskus and coworkers took advantage of non-enzymatic chemistry to rescue 

auxotrophs, which are organisms that are unable to produce key nutrients necessary for 

their growth and survival (Scheme 20).133 As proof of concept, the researchers obtained 

three mutant strains of E. coli (ΔpabA, ΔpabB, and ΔaroC) that lack the ability to produce 

p-aminobenzoic acid (24), an essential biosynthetic precursor to folic acid. To demonstrate 

that abiotic catalysis could rescue these mutants, a substrate containing an allyl-carbamate 

group (23) was used in combination with ruthenium catalyst Ru1. It was observed that 

bacteria inoculated with 23 and Ru1 showed more significant growth compared to that in 

bacteria treated with 24 directly (Scheme 20A). The optical densities of the different cultures 

were further monitored over the course of 48 h (Scheme 20B). This simple yet highly 

effective gain-of-function assay suggested that 24 was generated by the reaction of 23 with 

Ru1. Since the reaction yields in solution studies were low (only up to 14%), it is likely 

that the yield in the presence of E. coli was low. The issue of whether catalysis occurred 

intracellularly or extracellularly was not addressed in this work.

5.3. Challenges and Opportunities.

Given the vast number of commercial and non-commercial cell-based assays available for 

chemical biology research, it is not possible for us to critically assess each one here.119 

However, there are several considerations to keep in mind when choosing different assays. 

First, it is important to understand how a particular assay works so that any incompatibility 

with a proposed experiment could be avoided. For example, investigations of transfer 

hydrogenation reactions should not use tetrazolium-based assays because both the assay, 

which relies on the activity of reductases,120 and synthetic catalysts53 are NADH-dependent. 

Thus, if the catalyst consumes a significant amount of NAD+ or NADH in an intracellular 

reaction, the MTT/MTS/WST results for cell viability would be inaccurate. On the other 

hand, an SRB assay that relies on the binding of sulforhodamine B to proteins would 

be more appropriate in this cases.119 Second, in fluorescence-based assays, the emission 

profiles of the assay reporter and fluorescent reaction products should not overlap to 

prevent obtaining false-positive results. However, since dyes with a wide range of colors 

are available, this problem should be possible to avoid.
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We anticipate that future innovations in technology and analytical methods will lead to even 

greater assaying capabilities. For example, Waymouth, Wender, and coworkers developed 

a luciferase reporter system to screen for complexes capable of facilitating allyl carbamate 

cleavage.75 Mayer and coworkers created a 96-well plate screening platform that measures 

both catalyst activity and organism fitness.134

6. CONCLUDING REMARKS

The successful integration of synthetic chemistry with living systems is owed largely to 

the many tools and methods available for carrying out the catalyst development process 

(Scheme 2). The techniques we discussed, fluorescence microscopy, flow cytometry, mass 

spectrometry, and biological assays, are complementary to one another and thus, provide 

different chemical or biological information about the catalytic reactions being studied.

In our view, there are several major barriers to moving the field of intracellular catalysis 

forward. First, current studies that probe catalytic activity rely on ensemble-averaged 

measurements that do not take into account possible differences in catalyst behavior 

inside the cell. It is well established that enzymes often exhibit different catalytic rates 

in living systems vs. solution due to the heterogeneity of biological environments.56,57 

Since synthetic catalysts could be inactivated as a result of binding to biomolecules (e.g., 

thiols,114,135 nitrogenous bases, sugars, etc.), trapped within membranes, degraded via 

metabolism, or a variety of other reasons, it is likely that not all catalysts within the cell 

are active. Knowing what percentage of catalyst molecules are off-target allows researchers 

to chemically optimize them as needed, which could improve their biocompatibility as well 

as reduce the need for high catalyst loading. To address this problem, we believe that 

application of single molecule-based techniques such as SFM might allow interrogation of 

individual catalysts in their local surroundings.80

Second, it is challenging to determine the catalytic activity or TON of intracellular reactions 

because these metrics cannot be easily extracted from a single measurement like in synthetic 

chemistry where the amount of catalyst used is a known quantity. For example, in the work 

reported in 2019,115 the concentrations of products and catalysts were determined separately 

by LC-MS and ICP-MS, respectively, to estimate the TON. To complicate matters, this 

calculated value might not be entirely accurate because it is possible only a small fraction 

of the metal catalysts inside cells was active (see point above) and the LC-MS and ICP-MS 

measurements were made using different cell batches. Thus, development of easy-to-use 

methods that could reliably quantify catalytic performance in vitro or in vivo would be 

tremendously powerful, particularly in SAR studies where subtle distinctions between 

catalysts might be important.

Third, although there are numerous techniques available to study intracellular reactions, 

many of them are not part of the standard synthetic chemistry toolbox, which means that 

chemists who are unaccustomed to these methods would likely require special training. 

Furthermore, several of the instruments described above, such as confocal microscopes 

or flow cytometers, are expensive and might not be available in some research facilities. 

Some emerging techniques, such as correlative 3D cryo X-ray imaging,136 require use of 
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synchrotron beam lines. Fortunately, issues related to lack of expertise or resources could 

be overcome by forging collaborations with external researchers who could provide the 

required knowledge or instrumentations, respectively.

Given that the chemistry of life was developed over the course of billions of years, it is 

astounding that chemists have achieved so much in such a short amount of time. While we 

should celebrate these accomplishments, there are still many scientific and technical hurdles 

to overcome in order to fully harness the power of synthetic chemistry to enhance life. 

Although the majority of intracellular metal-catalyzed reactions have been studied in cell 

models, there are promising reports that they could also be carried out in live organisms, 

such as nematodes,137 zebrafish38,76,138 and mice.48,139–141 Looking ahead even further, 

we believe that translating this chemistry into clinical practice will be difficult but not 

unrealistic. Like other candidates under consideration for human trials, synthetic catalysts 

would need to pass rigorous tests for biological safety and efficacy. As researchers working 

on metals in medicine have repeatedly demonstrated,124–127,142 inorganic compounds can 

have unique advantages over their organic counterparts. The fact that a number of metal­

based compounds are used clinically or in clinical trials provides the most compelling 

argument that the possible application of synthetic catalysts in humans is not too far-fetched.

We hope this perspective article will help increase research efficiency by bringing attention 

to the strengths and weaknesses of various tools available to study living cells. We predict 

that as new advances are made in analytical hardware and software, the pace of research in 

intracellular catalysis will accelerate in the coming years. We are excited by the prospect that 

these efforts will one day lead to a new technological era, in which important problems in 

health, energy, and the environment could be addressed using creative biosynthetic solutions.
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ABBREVIATIONS

SIMCat
small-molecule intracellular metal catalyst

PBS
phosphate buffered saline

IC50

50% growth inhibition concentration

SAR
structure-activity relationship

DNA
deoxyribonucleic acid

Nguyen et al. Page 19

ACS Catal. Author manuscript; available in PMC 2021 November 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



WFM
widefield microscopy

LSCM
laser scanning confocal microscopy

E. coli 
Escherichia coli

Hpg
homopropargylglycine

Eth
ethynylphenylalanine

NADH
reduced nicotinamide adenine dinucleotide

NAD+

oxidized nicotinamide adenine dinucleotide

SFM
super-resolution fluorescence microscopy

FSC
forward scatter

SSC
side scatter

OmpC
outer membrane protein C

TCEP
tris(carboxyethyl)phosphine

FFC
fluorescence flow cytometry

MC
mass cytometry

IC
imaging cytometry

MS
mass spectrometry

ESI
electrospray ionization

Nguyen et al. Page 20

ACS Catal. Author manuscript; available in PMC 2021 November 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



MALDI
matrix-laser desorption ionization

ICP
inductively coupled plasma

GC
gas chromatography

LC
liquid chromatography

MS/MS
tandem mass spectrometry

DMABA-NHS
N-hydroxysuccinimide ester

NaAsc
sodium ascorbate

IMS
imaging mass spectrometry
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Scheme 1. 
Synthetic metal-catalyzed reactions performed inside living cells and organisms. The teal 

and orange circles represent different organic substituents. [M] = synthetic metal catalyst, X 

= halide, Y = O or N.
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Scheme 2. 
Typical workflow for the discovery and evaluation of biocompatible metal catalysts. SAR = 

structure-activity relationship.
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Scheme 3. 
Strategies employed to study metal-catalyzed reactions in living systems by fluorescent 

microscopy: A) fluorescence labeling; and B) generation of fluorescent product. M = 

synthetic metal catalyst.
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Scheme 4. 
Studies by Tirrell and coworkers demonstrating the use of copper catalysts to promote azide­

alkyne cycloaddition in E. coli. The fluorescence microscope images show cells containing 

barstar with Hpg (A) or Eth (B) after treatment with CuBr and 3-azido-7-hydroxycoumarin. 

Cells were treated with substrate and catalyst for 14–15 h and then washed prior to imaging. 

Microscope images adapted with permission from ref 14. Copyright 2005 American 

Chemical Society.
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Scheme 5. 
Studies by Meggers and coworkers demonstrating the use of ruthenium catalysts to promote 

allyl carbamate cleavage in HeLa cells. The confocal fluorescence microscope images show 

the formation of increasing amounts of rhodamine 110 (2) after reaction of 1 with Ru1 and 

PhSH. Cells were treated with substrate for 30 min, washed, and then treated with catalyst 

and thiophenol prior to imaging. Red = membrane dye, green = 2. Microscope images 

adapted with permission from ref 43. Copyright 2006 John Wiley and Sons.
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Scheme 6. 
Studies by Shin, Ahn, and coworkers demonstrating the use of palladium salt to promote 

propargyl ether cleavage in zebrafish. The widefield fluorescence microscope images (right) 

show five-day old zebrafish incubated with 4 and different concentrations of PdCl2 (0–20 

μM). The zebrafish were treated with substrate for 30 min, washed, and then treated with 

catalyst for 30 min prior to imaging. Microscope images adapted with permission from ref 

76. Copyright 2010 The Royal Society of Chemistry.
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Scheme 7. 
Studies by Bradley and coworkers demonstrating the use of palladium nanoparticles to 

promote C–C bond cross coupling in HeLa cells. The fluorescence microscope image 

(bottom right) obtained from merging the red (mitochondrial stain MitoTracker Deep Red), 

blue (nuclear stain Hoechst 33342), and green (compound 7) channels in fixed cells; 

orange indicates co-localization between the mitochondrial stain and 7. Cells were treated 

with catalyst for 24 h, washed, treated with substrates for 48 h, washed, and then fixed 

with paraformaldehyde for 30 min prior to imaging. Pd1 = palladium(0) nanoparticles 

prepared from amino-functionalized polystyrene, Pd(OAc)2, and hydrazine. Microscope 

image adapted with permission from ref 41. Copyright 2011 Springer Nature.
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Scheme 8. 
Studies by Do and coworkers demonstrating the use of organometallic iridium catalysts to 

promote transfer hydrogenation in NIH-3T3 cells. The plot shows change in integrated 

fluorescence from confocal images of cells after different treatments, relative to that 

observed from treatment with only aldehyde 8. Cells were treated with substrate for 4 h, 

washed, and then treated with catalyst (and pyruvate in one treatment group) for 2 h prior to 

imaging.
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Scheme 9. 
Studies by Tirrell and coworkers demonstrating the use of copper catalysts to promote 

azide-alkyne cycloaddition on E. coli cell surfaces. The plots show flow cytometry data 

from: A) mutant cells containing OmpC-met; B) wild-type cells containing OmpC-azide; C) 

mutant cells containing OmpC-azide; and D) a mix population of mutant cells containing 

OmpC-azide and cells containing OmpC(–) (without added Met). Cu2 = CuSO4/tripodal 

ligand. Flow cytograms adapted with permission from ref 32. Copyright 2003 American 

Chemical Society.
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Scheme 10. 
Flow cytograms obtained from studies of mutant E. coli containing either OmpC(−) or 

OmpC-azide after reaction with 11 using either CuSO4/TCEP (A) or CuBr (B) as the copper 

source. The cells were stained using avidin Alexa Fluor 488. Flow cytograms adapted with 

permission from ref 99. Copyright 2004 American Chemical Society.
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Scheme 11. 
Studies by Bradley and coworkers demonstrating the use of copper nanoparticles to promote 

azide-alkyne cycloaddition in SKOV-3 cells. The plots show flow cytometry data from: 

A) cell proliferation assays (cell cycle profiles) and B) apoptosis assays. PI = propidium 

iodide. Cu3 = copper(0) nanoparticles prepared from amino-functionalized resin, Cu(OAc)2, 

and hydrazine. Flow cytograms adapted with permission from ref 35. Copyright 2016 John 

Wiley and Sons.
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Scheme 12. 
Studies by Bradley and coworkers demonstrating the use of palladium catalysts to promote 

propargyl carbamate cleavage in PC-3 cells. The plots show flow cytometry data from: 

A) untreated cells; B) cells treated with 15; and C) cells treated with 15 and Pd2. Cy5 = 

sulfonated cyanine fluorescent dye. Flow cytograms adapted with permission from ref 100. 

Copyright 2017 The Royal Society of Chemistry.
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Scheme 13. 
Studies by Chen and coworkers demonstrating the use of palladium catalysts to promote 

propargyl-carbamate cleavage in HeLa cells. The data are shown for A) distribution of Pd 

in different cell fractions measured by ICP-MS and B) characterization of the GFPY40-Lys 

protein measured by LC-MS/MS. The MS data were adapted with permission from ref 44. 

Copyright 2014 Springer Nature.
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Scheme 14. 
Studies by Chen and coworkers demonstrating the use of palladium catalysts to promote 

propargyl-carbamate cleavage in CHO cells. The selected ion recording obtained from 

LC-MS showing the decrease of 17 (A) and increase of 18 (B). Pd3 = palladium(0) 

nanoparticles prepared from Na2PdCl4 and NaBH4. The MS data were adapted with 

permission from ref 112. Copyright 2015 John Wiley and Sons.
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Scheme 15. 
Studies by Mascareñas and coworkers demonstrating the use of ruthenium catalysts to 

promote allyl-carbamate cleavage in HeLa cells. The ICP-MS data showing the amounts of 

ruthenium found in the mitochondria and cytosol from cells treated with different catalysts 

are provided in the bottom table.
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Scheme 16. 
Studies by Cai and coworkers demonstrating the use of copper catalysts to promote azide­

alkyne cycloaddition in OVCAR5 cells. The reaction efficiency was determined using LC­

MS/MS by quantifying the amount of 20, the triazole product fragment generated via acid 

hydrolysis. Cu4 = copper(II) complex prepared from a tripodal ligand-peptide conjugate and 

CuSO4.
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Scheme 17. 
Studies by Mascareñas and coworkers demonstrating the use of ruthenium catalysts to 

promote allyl alcohol isomerization in HeLa cells. Analysis by LC-MS showed that product 

22 increased over time (A). Quantification of 22 and ruthenium concentration in cells 

allowed determination of turnover number (B). Plots adapted with permission from ref 115. 

Copyright 2019 American Chemical Society.
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Scheme 18. 
Studies by Sadler and coworkers demonstrating the use of ruthenium catalysts to promote 

transfer hydrogenation in A2780 cells. An SRB cell viability assay was used to measure 

IC50 (A) and an NAD+/NADH assay was used to measure redox balance (B). Data were 

adapted with permission from ref 128. Copyright 2015 Springer Nature.
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Scheme 19. 
Studies by Sadler and coworkers demonstrating the use of osmium catalysts to promote 

transfer hydrogenation in A2780 cells. An SRB cell viability assay was used to measure 

IC50 of S,S-Os1 (A) and a D-lactate assay was used to measure the intracellular 

concentration of D-lactate (B). Data were adapted with permission from ref 53. Copyright 

2018 Springer Nature.
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Scheme 20. 
Studies by Balskus and coworkers demonstrating the use of ruthenium catalysts to promote 

allyl-carbamate cleavage in E. coli mutant cells. Image of bacterial cultures (A) and growth 

curves based on optical density measurements (B). Data were adapted with permission from 

ref 133. Copyright 2013 John Wiley and Sons.
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Chart 1. 
Simplified schematic of widefield (A) and confocal (B) fluorescence microscopy.
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Chart 2. 
Simplified schematic of typical fluorescence flow cytometers.

Abbreviations: fsc = forward scatter, ssc = side scatter.
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Chart 3. 
Simplified schematics of A) electrospray-ionization (ESI) and B) inductively-coupled 

plasma (ICP) mass spectrometry (MS).
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Chart 4. 
Examples of biological assays available to study metal-catalyzed reactions in cells.
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Table 2.

Comparison Between Widefield and Laser Scanning Confocal Fluorescence Microscopy

Characteristic Widefield Laser Scanning Confocal

Spatial resolution (xy) Diffraction limited Diffraction limited

Spatial resolution (z) Poor Good

Temporal resolution Fast (ms/frame) Slow (s/frame)

Imaging depth Poor Good

Ease of use Simple Complex

Cost Lower Higher

Phototoxicity/photobleaching Usually low Can be high
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