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Abstract

Amplified sensing systems offer the potential for high sensitivity; however, the vast majority of molecular
strategies involve stoichiometric detection and signal transduction, including numerous recent examples of
systems inspired by transition metal catalyzed reactions. Allosteric catalysis via activation of latent
precatalysts by a target analyte represents an attractive strategy for detecting low concentration species.
Analyte amplification represents another attractive approach, akin to PCR-based assays. Here we report the
development of an autocatalytic detection system based on ethylene activation of latent Ru-based olefin
metathesis precatalysts. Signal transduction is amplified both by catalytic ring closing metathesis of
profluorescent substrates and ethylene propagation to activate additional units of latent catalyst. High
sensitivity is observed as a result of this dual-mode Amplified Detection of Ethylene (ADE). Detection of
endogenous ethylene from fruit and oxidation-decomposition of polyunsaturated fatty acids via lipid

peroxides is demonstrated.

Introduction

Molecular sensing is a powerful strategy with a wide range of applications ranging from consumer facing
test kits to valuable tools in chemical biology. In addition to product and tool development, a number of novel
strategies have evolved from a push to develop increasingly sensitive and selective systems that draw on a
variety of techniques in the chemists’ toolbox. There are two critical aspects to a molecular sensing system:
1) analyte recognition and 2) signal transduction.”? Analyte recognition can be broadly categorized as
Coordination-Based or Activity-Based (i.e. reaction-based).® In both categories, signal is either directly or
indirectly converted into a readily detected response (e.g. electrochemical, colorimetric, or fluorescence).
Most systems involve a stoichiometric analyte recognition and signal transduction process; that is one
molecule of analyte is detected and converted to one unit of signal. In contrast, highly sensitive amplified
systems exist where one analyte detection event results in multiple units of signal transduction. Many of
these examples come from nature, with ELISA and PCR-based systems being the most prominent. These
systems catalytically amplify the number of signal transduction- or analyte molecules respectively.*”

In the continual pursuit of nature mimicry, a number of purely synthetic amplified sensing systems have

been reported; including catalyst release from Anslyn,® analyte catalysis from Kodie,® self-immolative
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dendrimers pioneered by Shabat,'*'? and autocatalytic amplifying systems from Phillips'®'* being exemplary
cases. The supramolecular allosteric catalysis systems from Yoon and Mirkin is particularly noteworthy.'®'®
In this system, coordination of acetate ion, under CO atmosphere, induces the catalytic generation of
additional acetate and is effectively an autocatalytic means of acetate detection. This is a rare example of a
synthetic mimic of a PCR-like amplification and remains one of the only examples despite ~20 years of
efforts. The various approaches to amplificative analyte detection and classification of approaches have
been reviewed."*

Given the enumerable advancements enabled by transition metal catalysis, it is not surprising that it has
been adopted by a number of the aforementioned amplified sensing systems. Additionally, transition metals-
based systems have emerged as novel approaches for the detection of small, relatively unreactive analytes,
which are challenging to detect with main group chemistry. Recently developed systems for the detection of
carbon monoxide and ethylene are prime examples of such analytes.?*’ Largely driven by its critical
signaling role in plants?®?® and its potential as a non-invasive biomarker of oxidative stress in mammals,3*-33
our group has been particularly interested in the detection of ethylene. Recently we reported an Activity-
Based Sensor (ABS) for ethylene detection based on the reaction of a Hoveyda-Grubbs 2" generation
catalyst complex appended with a fluorophore on the chelating isopropoxy ligand.? In this ABS system a
reaction occurs following ethylene coordination, effectively the initiation step of catalytic olefin metathesis.
Other molecular approaches to ethylene detection have been reported by Burstyn, Swager, Kodera, and
others that can be categorized as coordination-based sensors. Here, analyte detection occurs via the
coordination of ethylene to a metal center, typically Ag3*38 or Cu®-*, with signal transduction via optical,
chemiresistive, or gravimetric responses (Fig. 1a).?” Additional examples of ABS probes for ethylene have
been reported since,* including strategies employing protein-ABS adducts®*** and cyclorhodinated
complexes®. Additional early examples likely proceed via a stoichiometric Wacker oxidation.*®*” In another
creatively designed Wacker approach, Swager and coworkers reported a system that is catalytic in Pd,
although signal transduction remains stoichiometric.*® While these strategies have been demonstrated in
various sensing and biological studies, it seems unfortunate that these innovative adaptations of catalytic
transformations provide only stoichiometric signal transduction (Fig. 1b). Given the high sensitivities
enabled by molecular amplification strategies, we sought to investigate catalytic approaches for an
amplified detection of ethylene (ADE).

When considering how to achieve ADE we thought to decouple ethylene detection from signal
transduction. We hypothesized that a sterically encumbered metathesis precatalyst would be inert to

essentially all alkenes, yet could still react with the smallest alkene, ethylene, providing a highly reactive Ru-
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methylidene (Ru=CH,) (Fig. 1c). This reactive species generated in situ could then perform catalytic ring
closing metathesis (RCM) with an appropriate signal transduction substrate, thereby amplifying the ethylene
detection event. Notably, ethylene is a byproduct of metathesis reactions between terminal alkenes.
Therefore, ethylene generated from signhal transduction concurrently amplifies analyte concentration —
inducing activation of additional latent catalyst units. Herein, we describe an approach to ADE via activation
of latent olefin metathesis catalysts resulting in a signal output that is amplified by both catalysis and analyte

amplification, which can be applied to the detection of ethylene from biologically relevant samples.

a
Coordination-Based Sensors Activity-Based Sensors
Lo—M Ly—M-- M= > &=
@/)\’ @ @/)\’ I + M
n—~ n
29 47 46 78 44
Cu Ag Pd Pt Ru Rh
Copper Silver Palladium Platinum Rhodium
63.55 107.87 106.42 195.08 101.07 102.91
b
Pool of Quenched Probe Stoichiometric Response

20%¢ = ,00%¢
%0e%  Geele

Latent Reactive . Non-Emissive
Catalyst Methyl:dene 1 Molecules

er:
@’BUDO Ta@®
4 @oooo

Latenlt3 (E,‘L;a’talyst \ = QD

3% =- W ’

9395 @ a @ a
o se

Amplification by Ru—Cata/ySIs Amplified Response
and

Fig. 1 | Previously reported stoichiometric probes and introduction of proposed system. (a) Overview of
concepts used in previous molecular approaches for ethylene detection. (b) Conventional stoichiometric
signal transduction. (¢) Concept of amplified detection of ethylene.

Results and Discussion

Validation of Ethylene Autocatalytic Behavior
A critical component of the hypothesized ADE strategy was the identification of a catalyst with high latency

for the profluorescent substrates that could be activated by ethylene. The large humber of reported

metathesis catalysts and possible combinations of ligand modifications makes preliminary catalyst
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identification a potentially daunting task. A humber of metathesis complexes have been reported to
demonstrate latent behavior, although these efforts have largely centered around ring opening metathesis
polymerization (ROMP) reactions.**3? Further, in the extensive metathesis literature ethylene is often
ignored, or viewed as having negative consequences in catalytic RCM; however, numerous examples exist
where ethylene has a positive or requisite role.?*®’

Recently, a number of potentially beneficial effects have been described for metathesis catalysts where
the anionic chloride ligands have been replaced with iodides.®**° In particular, we were drawn to recent work
from Skowerski and coworkers, who reported on the robust nature and selectivity of iodide (I12) complexes.®
Anintriguing result reported in this manuscript describes a lag phase for the sterically encumbered nG-SIPr-
12, which is ablated in the presence of ethylene. The authors suggest that the rapid initiation in the presence
of ethylene is the result of an initial reaction between the catalysts and ethylene to generate a highly active
methylidene species (Fig. 2a). In the absence of added ethylene, a sigmoidal kinetic profile was observed
(i.e. lag phase followed by rapid acceleration). To us, this suggests that slow initial reaction of the substrate
with the complex produced ethylene as a byproduct, which could react with the sterically encumbered
complex again, generating a high activity methylidene catalyst. To validate this hypothesis, we monitored the
RCM of TsN(allyl). by NMR with varying amounts of ethylene injected into a septum sealed NMR tube. The
sigmoidal reaction profiles demonstrate ethylene modulated dose dependence (Fig. 2b). Monitoring
dissolved ethylene shows increasing [C,H,] over time and clearly correlates with the acceleration of reaction
velocity (Fig. S1). These data support the autocatalytic behavior of this system and suggests |2 complexes
as a promising class of latent precatalysts that could act as ethylene recognition elements in a sensing

system.52-54
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Fig. 2 | Validation of autocatalytic behavior and ethylene modulated autocatalysis. (a) Molecular rational
of ethylene activation and autocatalytic behavior. (b) Kinetic profiles for the RCM of TsN(allyl), monitored by
NMR with varying [CoH,].

Catalyst and Signal Transduction System

We sought to evaluate a series Ru-12 complexes along with standard metathesis catalysts, and a select group
of other catalysts (Fig. 3a). To achieve optical sighal transduction, we favored profluorescent RCM substrates
due to the low background signal, which can facilitate high sensitivity. Further, we were inspired by previous
reports of profluorescent substrates from the Ward group, which provide products with increased
fluorescence either by fluorophore synthesis or cleavage of an appended quencher.®®%® In our hands, the
pro-umbelliferone (ProU) substrate was prone to polymerization and/or decomposition, and the
methacrylate analogue (Pro3MU, R = Me, Fig. 3b) demonstrated increased stability, particularly when
stabilized with BHT (~1000 ppm). Additionally, we prepared the dansyl-quencher (DQ-1, Fig. 3c) substrate; a
slightly modified version of the previously reported substrate.

Following brief optimization, product formation from both substrates was evaluated by monitoring
fluorescence intensity over time in the absence of added ethylene or following injection of 20 pL of ethylene
gas into septum sealed cuvettes. The less reactive Pro3MU substrate was evaluated in toluene at 50 °C (Fig
3d). Under these conditions, Ru-12 complexes bearing saturated imidazole NHC ligands were the most

promising. Little to no fluorescence response was observed in the absence of ethylene with a strong
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response after exposed to ethylene. CAAC-12 complexes were relatively slow to react or inert under the
employed conditions; other 12 complexes were unimpressive; and it is not surprising that phosphine
containing complexes (e.g. G1, G2) performed worse in the presence of ethylene. Similar patterns of catalyst
reactivity were observed for DQ-1 at room temperature, although with notably faster product formation at

lower substrate and catalyst concentrations (Fig. 3e).
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Fig. 3 | Catalyst latency and activation experiments with Pro3MU and DQ-1 substrates. (a) Catalysts
evaluated in initial screens. (b) ProU and Pro3MU undergo RCM to provide umbelliferone and 3-Me-
umbelliferone (3-MU) as fluorescent products along with ethylene. (¢) DQ-1 and products upon relay RCM.
(d) Fluorescence catalyst screening results — [Pro3MU] = 200 uM, [Catalyst] = 50 uM, PhMe, 50 °C, control
(gray), 20 yL C,H, (blue) at 60, 90, 120 min. (e) Fluorescence catalyst screening results — [DQ-1] = 80 uM,
[Catalyst] = 40 uM, PhMe, RT, control (gray), 20 uL C,H, (blue) at 30, 45, 60 min. Details of fluorescence
parameters are provided in the supplementary information.
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The disparity in latency and rate of signal production is readily rationalized by steric hinderance proximal
to the alkene. This is highlighted by monitoring fluorescence increase over time for the two substrates at the
same concentration (Fig. 4a). Here DQ-1, (30 °C) reaches ~75% of turn-on within just 15 minutes, while
Pro3MU (50 °C) requires 3 h to reach ~50% turn-on. The tradeoff for faster kinetics of DQ-1 appears to be a
lower degree of latency. Even in the absence of added ethylene, an increase in fluorescence is eventually
observed, which supports the autocatalytic nature of this system (Fig. 4b). Slow background reactivity
generates ethylene, which is then capable of converting more of the latent catalyst pool into the reactive
methylidene. Sufficient latency of DQ-1 could be obtained with nG-SIPr-12 by holding the cuvette
temperature at 20 °C, while maintaining robust response to 20 pL ethylene. Higher temperatures resulted in
significant catalyst initiation in the absence of ethylene.

Closer examination of Pro3MU with the promising 12 complexes (nG-SIMes-12, nG-SIEt-12, and nG-SIPr-
12) over time indicated extended latency of all three complexes at 50 °C (Fig. 4c). However, nG-SIPr-12 had
essentially no fluorescence increase over this time, and for another 180 min, contrasting directly to the
modest fluorescence response observed for the nG-SIMes-12 and nG-SIEt-12 complexes. Injection of 50 pL
of ethylene at 180 min resulted in a large fluorescence increase for all three complexes. The lesser turn-on
of nG-SIMes-I2 under these conditions could indicate decomposition of the precatalyst, ethylene adducts,
or a greater propensity for unproductive ethylene self-metathesis for more sterically accessible complex.
Overall, the limited latency of DQ-1 and the autocatalytic nature of the system resulted in less consistent
control runs. Therefore, the Pro3MU substrate was selected for subsequent ADE experiments owing to its
robust latency with nG-SIPr-12.

The Pro3MU—-nG-SIPr-12 ADE system shows high selectivity for ethylene (Fig. 4d). Encumbered alkenes
(Z-disubstituted, 1,1-disubstituted, and trisubstituted) showed no ability to initiate the catalyst system. A
very limited response was observed with some small terminal alkenes; however, the response was over an
order of magnitude less as compared to ethylene. It is also noteworthy that amplified response was not

observed from other substrates, resulting in an increasing magnitude of ethylene selectivity over time.
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Fig. 4 | Experiments with ethylene gas. (a) Comparison of relative substrate response over time —[Pro3MU]
=[DQ-1] = 100 pM, [nG-SIPr-12] = 50 uyM, PhMe; T = 50 °C for Pro3MU, T = 30 °C for DQ-1. (b) Influence of
temperature on DQ-1 latency. [DQ-1] = 100 uM, [nG-SIPr-12] = 50 uM. (c) Evaluation of extended Pro3MU
latency with Ru-12 catalysts. [Pro3MU] = 200 uM, [Catalyst] = 50 uM, PhMe, 50 °C, 20 puL C,H, added after
180 min (except control). (d) Evaluation of selectivity for CoH, compared to other substrates [Pro3MU] = 200
UM, [nG-SIPr-12] = 50 uM, PhMe, 50 °C, [alkenes] = 200 uM or 20 puL C,H, (e-f) ADE response of Pro3MU to
varied C,H, injected into septum sealed cuvettes — [Pro3MU] = 200 uM, [nG-SIPr-12] = 50 uM, PhMe, 50 °C.
(g) Picture and diagram of flow sampling setup. (h) Bulk ethylene sampling at low concentrations — Low
concentration ethylene samples bubbled through ADE solution of catalyst and substrate [Pro3MU] = 200
UM, [nG-SIPr-12] = 50 pM, PhMe, 50 °C. Details of fluorescence parameters are provided in the
supplementary information. For panels e-f, data points represent the mean of 1-5 technical replicates with

the exception of control samples (n = 39 technical replicates). For panel h, data represents the mean of 3
technical replicates.
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Detection of Added Ethylene

The combination of latency with ethylene triggered autocatalysis results in a remarkably sensitive
system. As an initial assessment of sensitivity, septum sealed cuvettes containing the ADE reaction mixture
were injected with ethylene or ethylene-nitrogen gas mixtures. Due to the small volumes of gas being
injected, it is useful to consider the amount (volume or moles) of ethylene detected rather than
concentration. An obvious and significant response was observed well below 500 nL (~17 nmol) of injected
ethylene (Fig. 4e-f). Two regions of quasi-linearity are observed, the origins of which are not immediately
apparent; however, the multifactorial kinetics of this system, increased unproductive ethylene self-
metathesis at higher analyte concentrations, and challenges associated with accurately dosing small gas
volumes are all plausible explanations. Regardless, considering the low concentration linear range results,
LODs are calculated (3c/k) to be 58 and 41 nL, or 2.0 and 1.4 nmol, of ethylene at 60 and 90 minutes
respectively.

In practice, detection of ethylene in bulk gas samples are of significantly greater total volume. For
example, we measured a commercial handheld electrochemical ethylene sensor flowing at 300 mL/min. To
better sample dilute ethylene gas mixtures, a flow assay was developed (Fig. 4g). A peristaltic pump
operating at 80 mL/min was used to percolate gas samples through a reaction mixture for 2 min, followed by
a set time for catalysis before fluorescence measurements were acquired. In these experiments a significant
response relative to breathing air was observed into the nL range of total ethylene passed through the system
(Fig. 4h). This is well below the sensitivity needed to detect ethylene from plant samples and into the range

reported in for ethylene in exhaled breath from mammals.

Validation of Ethylene Detection

As an initial demonstration of the utility, we observed ethylene from apple slices. In plants, 1-
aminocyclopropane-1-carboxylic acid (ACC) is converted to ethylene by ACC oxidase (ACO) (Fig. 5a). Using
the flow assay for apple slices sealed in modified glass jars (Fig. S14), basal ethylene levels are readily
detected relative to breathing air (Fig. 5b). As an aside, ethylene production from untreated apples varied
from day-to-day, due to the naturalripening process; demonstrated by the variable response of apple control
samples (Fig. 5b-c). Ethylene production was readily elevated in a dose dependent manner by exogenous
addition of ACC. To further demonstrate basal ethylene production, we sought to inhibit ACO with the known
inhibitor pyrazinamide (PZA).%” Apple slices were pretreated with PZA resulting in almost complete inhibition
of ethylene production, providing an ADE signal near that of the breathing air controls (Fig. 5c). PZA

pretreatment was effective even when apple slices were later treated with 1 mM ACC.
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In addition to ethylene’s role as a plant hormone, it has been implicated as a biomarker of oxidative stress
in mammalian systems arising from lipid peroxides (Fig. 5d).%33%-3* Weak C—H bonds of polyunsaturated fatty
acids (PUFAs), such as linoleic acid, undergo autoxidation to lipid peroxides. Subsequent Fenton-like
chemistry and radical fragmentation results in ethylene amongst other products.® To assess the potential of
ADE from lipid peroxide decomposition, fatty acids were subjected to previously reported conditions that
resulted in ethylene production.®* The headspace was sampled with a modified closed-loop system to
account for the reduced sample volume and maximize ethylene dissolution in the ADE reaction mixture (Fig.
S15). As expected, stearic acid and oleic acid, saturated and monounsaturated fatty acids respectively,
showed no response relative to breathing air or a blank sample with no fatty acid present (Fig. 5e-f). Samples
containing the PUFA linoleic acid gave a large ADE response, indicative of ethylene generation. Interestingly,
samples of a-linolenic acid suggested lower levels of ethylene production, although the response was still
large relative to samples where ethylene was not expected. Possibly, the fewer potential ethylene units in an
omega-3 vs an omega-6 PUFA results in less ethylene despite the more facile oxidation of a-linolenic acid.
Responses observed for linoleic acid and a-linolenic samples were of similar magnitude to a vial flushed
with 100 ppm ethylene gas (~2 nL C,;H, in a 20 mL vial). Considering lipid peroxides and excess free iron are
hallmarks of ferroptosis, it is likely that ethylene is formed during this important form of programed cell

death.”%”
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Fig. 5| ADE sample studies with Pro3MU substrate. (a) Endogenous ethylene precursor ACC is converted
to ethylene by ACO. Known ACO inhibitor - PZA. (b) Basal ethylene production from apple slices and dose
dependent increase in ethylene production upon treatment with ACC. ADE Conditions: [Pro3MU] = 200 uM,
[nG-SIPr-I,] = 50 pyM, PhMe, 50 °C. (c) Inhibition of ACO by PZA. Conditions: [Pro3MU] = 200 uM, [nG-SIPr-
I.] = 50 M, PhMe, 50 °C. (d) Oxidation of linoleic acid to lipid peroxide. Fenton-like chemistry generates
ethylene and constituent products. (e) ADE response to headspace sampling from peroxidation sample
mixtures. Oxidation-fragmentation conditions: 20 mg fatty acid, 0.5 mL 20 mM ascorbic acid, and 0.5 mL 10
mM CuSO,in 0.1% Brij-35/Dulbecco’s PBS. ADE Conditions: [Pro3MU] =200 pM, [nG-SIPr-1,] =50 uM, PhMe,
50 °C. (f) Fatty acids used in peroxidation sample mixtures. Scan Parameters for panels b, ¢, and e: A, = 320
nm, Aem = 388-393 nm, Ex. Slit width = 10 nm, Em. Slit width = 10 nm. Data represents a minimum of 3
technical replicates and is reported as the mean * standard deviation. Data sets were analyzed via one-way
ANOVA (two-tailed, unpaired) * p < 0.05, ** p < 0.01, *** p < 0.001, n.s., not statistically significant.
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Conclusions

We have developed an analyte triggered amplificative signal transduction system for the detection of
ethylene via activation of latent Ru-I2 metathesis precatalysts. The resulting ADE system is highly sensitive
and capable of demonstrating significant response from apples at basal, ACC supplemented, and PZA
inhibited levels. Additionally, ethylene was detected from the autoxidation of PUFAs and significant
differences were observed between omega-3 and omega-6 PUFAs. A particularly unique aspect of ADE is
that two modes of amplification are utilized: 1) Signal Amplification - each catalytic turnover following an
initial activation event amplifies response by a factor of the turnover number; and 2) Analyte Amplification -
each RCM event propagates an additional equivalent of ethylene, which can activate more of the latent
catalyst pool. Specifically, this second process represents autocatalysis — Ru-methylidene generates more
Ru-methylidene by way of an ethylene feedback loop.®* Although this process has been alluded to in the
metathesis literature, and induction periods can be observed in many kinetic profiles of RCM reactions, this
process is likely specific to certain metathesis precatalysts. To the best of our knowledge this is the first fully
synthetic autocatalytic-amplificative system capable of analyte detection from biologically relevant
samples. We are currently evaluating approaches to improve and expand this system through catalyst-
substrate optimization, sampling improvements, and direct detection of ethylene in models of oxidative

stress.

Supplementary Information

Details of experimental procedures and associated data are provided in the Supplementary Information file.
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