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electrochemiluminescence (ECL) assays
relies on effective luminophore-
coreactant pairs. Cho et al. introduce
4-(dimethylamino)pyridine (4-DMAP), a
stable, water-soluble coreactant that
enhances [Ru(bpy)s]** ECL by over
180-fold compared to tri-n-propylamine
(TPrA), providing strong signal
amplification and versatile biosensing
performance in aqueous diagnostic
applications.
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SUMMARY

Using luminophore and coreactant pairs increases light emission in electrochemiluminescence (ECL) reac-
tions, improving the overall sensitivity of ECL assays. The most commonly used coreactant is tri-n-propyl-
amine (TPrA) for its capability as a reducing agent. However, TPrA is hydrophobic and readily oxidized, which
limits its utility in biosensing. Here, we report the discovery and characterization of the new coreactant
4-(dimethylamino)pyridine (4-DMAP). The compound is highly water soluble and chemically stable under
ambient conditions. Most importantly, 4-DMAP generated ECL signals >180 times higher than TPrA in tris(bi-
pyridine)ruthenium(ll) [Ru(bpy)3]2+. The 4-DMAP ECL enabled ultra-sensitive and robust immunoassays. For
example, the 4-DMAP ECL reliably detected protein markers in extracellular vesicles from the plasma
samples of cancer patients. It also achieved >200-fold higher sensitivity than TPrA-ECL did in quantifying
neutralizing antibodies against SARS-CoV-2 in human saliva. These findings could lead to exciting new op-

portunities for using ECL-based sensing in a range of clinical applications.

INTRODUCTION

Electrochemiluminescence (ECL) is a powerful biosensing
modality.’™ ECL is based on a unique signaling mechanism,
chemiluminescence, triggered by an electrochemical potential.*®
This turn-on machinery confers competitive advantages, including
exceptional sensitivity with a negligible optical background,
consistent analytical signal through the spatiotemporal control of
chemical reactions, and measurement setups simpler than other
assay methods.”® An ECL signal can be generated when radical
cations and anions of luminophores (i.e., light-emitting species)
interact and annihilate radiatively.”'® Alternatively, ECL can be
mediated by an added reagent (coreactant) that excites lumino-
phores to induce their light emission."'" This coreactant pathway
amplifies light signals while ensuring stable ECL reactions in
various media.'?~'* With such merits, the coreactant system has
become a core technique in most ECL assays, including commer-
cial ones for clinical diagnostics (e.g., Elecsys by Roche)."®

The coreactant frequently used in ECL is tri-n-propylamine
(TPrA), an aliphatic amine.®'"'® When electro-oxidized, TPrA

™
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becomes a potent reducing agent, efficiently donating electrons
to luminophores. TPrA typically pairs with a ruthenium-based lu-
minophore, tris(bipyridine)ruthenium(ll) [Ru(bpy)s]*. This combi-
nation is effective in ECL generation and cost effective, thereby
widely adopted in bioassays. However, the [Ru(bpy)s]>*./TPrA
system has intrinsic drawbacks: (1) hydrophobic TPrA has
poor compatibility with biomolecules,’”'® (2) high doses of
TPrA (>100 mM) are typically recommended to generate suffi-
cient ECL signals,'® and (3) the material is highly toxic (corro-
sive)'® and degrades over time through spontaneous reaction
with oxygen.”® These limitations prompted intensive investiga-
tions to search for TPrA replacements, yet the results are
unsatisfactory. For instance, other aliphatic-amine forms, such
as 2-(dibutylamino)ethanol'® and N-dipropy! isobutyl amine,"
have shown higher ECL signals than TPrA, albeit their
water solubility is comparable to that of TPrA. Conversely,
hydrophilic coreactants (e.g., doped carbon nanodots) were
found to be inferior to TPrA in ECL efficiency.?'**? As a promising
TPrA replacement, 2,2-bis(hydroxymethyl)-2,2’,2” -nitrilotrietha-
nol has been demonstrated, but its application has been largely
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confined to oxide-coated electrodes.”® To further advance
ECL-based biosensing, it thus remains an unmet need to estab-
lish new coreactants that are hydrophilic, efficient at low doses,
chemically robust, and compatible with common electrodes.

Here, we report the discovery of a new ECL coreactant sur-
passing TPrA. Instead of relying on an aliphatic amine structure,
we explored the use of aromatic rings modified with amine func-
tional groups. We specifically chose pyridine as the base struc-
ture for its water solubility and subsequently evaluated a panel of
pyridine derivatives for their ECL generation with [Ru(bpy)s]®* lu-
minophore. This screening identified 4-(dimethylamino)pyridine
(4-DMAP) as the most efficient ECL coreactant. Remarkably, us-
ing 4-DMAP resulted in an ECL intensity >180-fold higher than
that of TPrA. Ensuing mechanism studies revealed a three-step
process that renders 4-DMAP a radical reductant to excite the
oxidized luminophore ([Ru(bpy)s]**) for ECL generation. Due to
their excellent ECL efficiency, the 4-DMAP-based bioassays
outperformed the TPrA system. The [Ru(bpy)s]**/4-DMAP ECL
achieved >200-fold higher sensitivity in immunoassays at a low
coreactant concentration (10 mM). Moreover, the 4-DMAP solu-
tion was chemically stable under ambient conditions and can be
in powder form for long-term storage. These findings highlight
the potential of 4-DMAP to expand the practical value of ECL-
based biosensing.

RESULTS

Screening ECL coreactant candidates

The initial screening started with pyridine and its derivatives
(Figure 1A): 4-methoxypyridine (4-MP), 4-(methylamino)pyridine
(4-MAP), 4-aminopyridine (4-AP), 2-(dimethylamino)pyridine (2-
DMAP), and 4-DMAP. We excluded 3-DMAP due to its limited
commercial availability and the complexities involved in synthe-
sis.”*?> We first characterized the electrochemical behavior of
these compounds via cyclic voltammetry (Figures 1B, S1, and
S2). To be eligible as a coreactant, the compound is required to un-
dergo electrochemical oxidation within the potential range that
permits subsequent ECL reactions while avoiding direct water
oxidation.®?® Pyridine compounds with amine branches (i.e.,
4-MAP, 4-AP, 2-DMAP, and 4-DMAP) satisfied these criteria,
apparently due to amine oxidation in these compounds.

We next assessed ECL generation with the coreactant
candidates. Each compound was mixed with [Ru(bpy)s]**
(1 pM), and the mixture was subject to ECL measurements
(methods). The experiments revealed substantial ECL signals
only with 2-DMAP and 4-DMAP (Figures 1C and S3). A tertiary
amine group was present in both compounds, indicating its
dominant role in ECL generation. This result is consistent with
previous findings'®?”: oxidized tertiary amines were essential
for producing ECL signals when alkylamines (e.g., TPrA) were
used as coreactants.

Interestingly, 4-DMAP produced much higher (>23 times) ECL
signals than 2-DMAP. Molecular simulations based on density
functional theory (DFT) revealed that 4-DMAP undergoes
considerable changes in the highest occupied molecular orbital
(HOMO) after oxidation (Figure 1D). Specifically, the oxidized
4-DMAP became electron poor in its tertiary amine branch,
which would lead to rapid deprotonation of the methyl group to
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form a nucleophilic (or reductive) radical intermediate as a
conjugation base. This condition would facilitate the electron ex-
change reaction with luminophores, the most critical step in ECL
generation. In contrast, the dimethylamino group in 2-DMAP
maintained a large HOMO lobe after oxidation, which made the
deprotonation unfavorable. Further calculation of the pK, values
aligned with this reasoning (methods). The estimated pKj, values
were 7.8 for cationic 4-DMAP and 9.8 for cationic 2-DMAP
(Figure S4). Based on this screening, we selected 4-DMAP as
the final coreactant candidate.

ECL mechanism with 4-DMAP coreactant

Our next focus was to investigate 4-DMAP’s role in ECL genera-
tion. Drawing from electrochemical data and molecular
simulation, we postulated the following mechanism (Figure 2A).
First, both [Ru(bpy)s]?* and 4-DMAP are oxidized on the
working electrode surface (see Figure S5 for electrochemical
characterization).

4 — DMAP (1) — 4 — DMAP-* (2) + &~

Equation 1
at E;2(0x) = 0.81V (vs. Ag/Ag”) (Equation 1)

2+ 3+ _
[Ru(bpy)s]” — [Ru(bpy)s]"" +e ] (Equation 2)
atEqpp(ox) =095V (vs. Ag/Ag’)
The cationic 4-DMAP-* rapidly loses a proton, forming a
radical reductant, 4-DMAP-.

4 — DMAP-* (2)— 4 — DMAP- + H". (Equation 3)

This radical then donates an electron to [Ru(bpy)s]**. This
exergonic reaction excites the luminophore to [Ru(bpy)s]***
and also produces an intermediate product (IP; 3) in the form
of the iminium cation.

[Ru(bpy)s]®* + 4 — DMAP- — [Ru(bpy),]*"" + IP(3).
(Equation 4)

Finally, the excited luminophore emits visible light (wave-
length, 610 nm) and returns to its initial state [Ru(bpy)s]>* for
reuse.

[Ru(bpy)s]®*" — [Ru(bpy),]®" + hv.  (Equation 5)

Meanwhile, the IP (3) undergoes hydrolysis that breaks the
C-N bond in the amine branch. This results in the formation of
4-MAP and formaldehyde.

IP (8) + H,0 — 4 — MAP (4) + CH,0 + H;0".
(Equation 6)

To test the proposed mechanism, we performed a series of
analytical measurements (see methods) on the mixture of [Ru
(bpy)s]?* and 4-DMAP immediately after ECL reaction. High-res-
olution electrospray ionization-mass spectrometry detected
monoisotopic ion peaks corresponding to the molecules in the
proposed mechanism (Figure 2B): m/z = 123.092 (relative error,
2.64 ppm) for the adduct [4-DMAP + H]* of the residual
4-DMAP (1); m/z = 121.076 (2.68 ppm) for the IP (3); and
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(A) Chemical structure of six candidate compounds: pyridine, 4-methoxypyridine (4-MP), 4-methylaminopyridine (4-MAP), 4-aminopyridine (4-AP),
2-(dimethylamino)pyridine (2-DMAP), and 4-(dimethylamino)pyridine (4-DMAP). All candidates have a pyridine structure and dissolve well in aqueous buffers.
(B) The candidate compounds were dissolved in acetonitrile solution to avoid signal interference from the solvent oxidation, and then cyclic voltammograms were
measured. Four candidates (2-DMAP, 4-DMAP, 4-AP, and 4-MAP) exhibited electrochemical oxidation at potentials below 1.0 V (vs. Ag/Ag*). See Figures S1 and
S2 for individual voltammograms. The potential range was from 0 to 1.3 V at the scan rate of 100 mV/s

(C) The coreactant candidates (10 mM) were used with luminophore [Ru(bpy)s]** (1 uM) for the ECL reaction in aqueous buffer (pH 7.4, 0.2 M phosphate). Both
2-DMAP and 4-DMAP generated ECL signals, with the signal from 4-DMAP substantially stronger than that from 2-DMAP.

(D) Highest occupied molecular orbital (HOMO) calculation. (Top) HOMO of 4-DMAP and its oxidized cation; (bottom) HOMO of 2-DMAP and its oxidized cation.
In 4-DMAP, the lobe size of the dimethylamino group markedly decreases after oxidation (green arrow); this state favors the deprotonation of the methyl group to
form a conjugated base. In 2-DMAP, the dimethylamino group maintained HOMO localization, making the deprotonation unfavorable.

m/z = 109.076 (1.15 ppm) for the adduct [4-MAP + H]* of
4-MAP (4).

We further investigated the electronic state of 4-DMAP using
electron paramagnetic resonance (EPR). This technique allowed
us to determine the oxidation position in the transient 4-DMAP-*
cation (2). The simulated spectrum of the oxidized nitrogen atom
adjacent to the tertiary amine matched the measured EPR spec-
trum (Figures 2C and S6) in both position and the number of
resonance peaks. This result supports the presence of elec-
tron-poor radicals, as suggested in Figure 1D.

4-DMAP surpasses TPrA in ECL generation

We benchmarked 4-DMAP against TPrA for the ECL perfor-
mance. The test setup measured light emission from [Ru(bpy)s]**
(1 pM) via cyclic voltammetric and pulsed ECL measurements
(Figure S7) on screen-printed Au electrodes.?®® Applying the
pulsed ECL method, we further monitored maximum signal inten-
sities at varying coreactant concentrations (Figure 3A). Overall, the
4-DMAP coreactant system generated a markedly higher ECL
signal than the TPrA system; the increase was up to 180-fold at
the optimal coreactant concentration of 10 mM. Above this
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Figure 2. ECL mechanism with 4-DMAP

Magnetic field (G)

(A) Proposed ECL cycle. Both 4-DMAP (1) and [Ru(bpy)s]>* are oxidized on an anode. The cationic 4-DMAP (2), with an unpaired electron at the amino N, rapidly

deprotonates into a nucleophilic 4-DMAP radical. This energetic radical then donates an electron to excite [Ru(bpy)s]

3 becomes an intermediate product (3), and

eventually degrades into 4-MAP (4). The excited [Ru(bpy)s]*>** emits a photon and returns to its ground state.
(B) Mass spectrometry of a post-ECL mixture detected a trace of the original 4-DMAP (1) and its deprotonated and a single electron ejected resonance inter-

mediate form (3). The major component was the final product 4-MAP (4).

(C) Electron paramagnetic resonance (EPR) analysis detected the presence of cationic 4-DMAP radicals (2). The number and location of resonance peaks
matched between the measured data (red line) and the simulated spectrum (black line).

concentration, the ECL intensity gradually decreased, which
could be attributed to the “father-son” process.’® The proton
generated from 4-DMAP-* (2) can react with neutral 4-DMAP (1),
generating non-electroactive protonated species (4-DMAPH™).
This reaction effectively reduces the concentration of electroac-
tive species (the neutral 4-DMAP) within the electrode diffusion
layer, leading to a decrease in the ECL signal.

For a more rigorous comparison, we further assessed the
relative ECL efficiency. Both TPrA and 4-DMAP exist predomi-
nantly in their conjugate acid forms (TPrAH* and 4-DMAPH) in
buffered aqueous solutions (pH 7.4). Utilizing the Henderson-
Hasselbalch equation and pKj, values of 10.4 for TPrAH* and
9.6 for 4-DMAPH?, the concentrations of the neutral base forms
are given as [TPrA] = 0.001-[TPrAH*] and [4-DMAP] = 0.006-[4-
DMAPH™]. Therefore, in the experiments employing 10 mM input
coreactants, the concentrations of active species participating in
ECL reactions would be 0.01 mM for TPrA and 0.06 mM for
4-DMAP. The relative ECL efficiency was then estimated as
DecL 4-omap/ PecL A = (l4-Dmar/[4-DMAP))/(Itpa/[TPrA]), where
Pec x represents the ECL efficiency for coreactant x, and I de-

4 Cell Reports Physical Science 6, 102864, October 15, 2025

notes the corresponding signal intensity. Substituting the exper-
imentally measured signal intensity ratio (/4-pmap/Itrra = 183) and
the concentration ratio ([4-DMAP)/[TPrA] = 6) yields a relative
ECL efficiency of 30.5.

The 4-DMAP system further demonstrated superior signal reli-
ability. When ECL was triggered by a train of potential pulses
(Figure 3B), the 4-DMAP system reported consistent signals,
with a coefficient of variation (CV) of 3% for the initial ten ECL
peaks. In contrast, the TPrA system showed a gradual signal in-
crease after the first ECL peak, leading to larger CV values
(19.4% for the initial ten ECL peaks). The signal stability was
also confirmed in a prolongated emission, wherein a constant
potential was applied for 50 s to generate a continuous ECL
(Figure S8). We observed that ECL with 10 mM 4-DMAP sur-
passed that of both 10 and 180 mM TPrA.

With its strong and robust ECL signal, the 4-DMAP system
achieved excellent analytical sensitivity (Figure 3C). We
measured ECL signals at varying [Ru(bpy)s]>* concentrations
while keeping the coreactant concentration constant (10 mM).
The estimated limits of detection (LODs) were 4.0 pM [Ru(bpy)s]’
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Figure 3. ECL performance of 4-DMAP

(A) ECL intensity from [Ru(bpy)s]®* (1 uM) was
compared at varying coreactant concentrations.
The 4-DMAP system generated over 180-fold
higher signal than TPrA. Coreactant solutions
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were prepared by dissolving each compound in
0.2 M phosphate buffer, with the final pH adjusted
to 7.4. ECL signals were generated by applying
potential pulses (height, 1.2 V; width, 0.1 s; period,
20 s; and repetition, 10) on screen-printed Au
electrodes. ECL values from the 6 to 10" pulses
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were averaged. Data are displayed as mean + SD
from technical triplicates.

(B) Raw ECL intensities from pulsed potential
measurements. The signals from the 4-DMAP
system were consistent across the pulse train,
whereas the TPrA system displayed a fluctuating
pattern (an initial peak, collapse, and slow recov-
ery). The pulse profiles were the same as in (A).
(C) Analytical sensitivity was assessed by chang-
ing [Ru(bpy)s]** concentrations. With its robust
ECL signal, the 4-DMAP assay achieved about a
400-fold lower detection limit than the TPrA assay.
Data are displayed as mean + SD from technical
triplicates. The ECL reaction conditions were the
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(D) When used with metal electrodes (Au, Pt), the
4-DMAP system produced higher ECL signals

than TPrA. With a carbon (C) electrode, the 4-DMAP ECL signal was slightly reduced (40% of the TPrA ECL intensity). Data are displayed as mean + SD from
technical triplicates. The ECL reaction conditions were the same as in (B) and (C).

with 4-DMAP and 1.6 nM with TPrA. The LOD improvement
(~400-fold) was of the same magnitude as the signal enhance-
ment. We also tested the compatibility of 4-DMAP with various
electrode materials (Figure 3D). Using noble metal (Au and Pt)
electrodes in combination with 4-DMAP resulted in improved
ECL signals. This enhancement is likely due to the hydrophilic
nature of both the 4-DMAP and the electrodes, which can facil-
itate 4-DMAP’s adsorption to the electrode surface and subse-
quent electron transfer.'” In contrast, hydrophobic carbon elec-
trodes would impede this process, leading to the observed lower
ECL signal relative to TPrA (40% lower signal).

Advantages of 4-DMAP coreactant
Besides producing high ECL signals, 4-DMAP had practical ad-
vantages. The raw material is available as a solid powder and can
be stored at ambient conditions, whereas TPrA comes as a liquid
(melting point: —93°C) and needs to be stored under inert
gas.'”'® In addition, 4-DMAP was highly soluble in an aqueous
buffer (>1,000 mM in 0.2 M phosphate) and remained stable
(Figure 4A, bottom); the compound maintained its integrity after
more than 6 months of storage at room temperature. On the
other hand, TPrA gradually degraded over time, likely through
oxidation by dissolved oxygens (Figure 4A, top). With its superb
chemical stability, 4-DMAP enabled reproducible ECL assays,
contrasting with TPrA (Figure 4B). Using the same 4-DMAP solu-
tion over a month, we obtained consistent ECL signals with a CV
value of 3.0%. With TPrA, the CV value was close to 20%.
4-DMAP was also compatible with flow cell-type assays that
are often used in commercial assay systems (e.g., cobas,

Roche). To emulate such assays, we assembled a prototype de-
vice by attaching a fluidic cell on top of a planar electrode
(Figures 4C and S9). Once ECL reagents were delivered over
the electrode by a syringe pump, we applied a potential and
imaged the electrode using a camera. 4-DMAP consistently
generated higher ECL signals than TPrA (Figure 4D), which
was in line with the results obtained without using flow cells.
No hardware modifications were necessary to use 4-DMAP,
demonstrating its effectiveness as a drop-in substitute for TPrA
in existing systems.

ECL bioassays using 4-DMAP as a coreactant

We evaluated the 4-DMAP system in ECL biosensing. We adop-
ted the bead-based assay wherein molecular targets were first
captured on magnetic beads conjugated with affinity ligands
(e.g., proteins or antibodies) and further labeled with [Ru(bpy)s]**
(Figure 5A). The bead complexes were then combined with cor-
eactant solutions and placed on Au electrodes. We first optimized
bioassay conditions. Among the different buffers tested, phos-
phate buffer yielded the highest ECL signal (Figure S10A). Buffer
pH also affected the ECL intensity (Figure S10B). The signal
peaked around neutral pH (6-7); we decided to use neutral (pH
7.4) phosphate buffer as our working ECL solution for 4-DMAP,
which provided a favorable bioassay condition.

We proceeded to characterize the performance of 4-DMAP in
the bead-based ECL. In this assay configuration, most lumino-
phores ([Ru(bpy)s]**) are rarely oxidized by an electrode due to
their spatial separation from the electrode surface. ECL genera-
tion would rather follow the heterogeneous mechanism

Cell Reports Physical Science 6, 102864, October 15, 2025 5
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Figure 4. Practical advantages of 4-DMAP
(A) Material stability. 4-DMAP (10 mM) and TPrA
(10 mM) solutions were prepared by dissolving
each compound in 0.2 M phosphate buffer (pH
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(B) Coreactant solutions in (A) were stored in
ambient conditions and monitored for quality.
4-DMAP yielded consistent ECL signals, with a CV
of 3.0%. In contrast, the CV value was nearly 20%
with TPrA. ECL signals were measured via pulsed
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(Figure S11A), similar to that proposed for bead-based ECL
involving TPrA.?” The process can be described as follows: (1)
both cationic radicals of 4-DMAP (4-DMAP-*) and neutral free
radicals (4-DMAP-) are generated near the electrode surface
and diffuse toward the beads; (2) the neutral reductive radicals
(4-DMAP:) reduce [Ru(bpy)s]** to [Ru(bpy)sl*; (3) the cationic
radicals (4-DMAP-*) further oxidize [Ru(bpy)s]*, resulting in the
excited state [Ru(bpy)s]>*; and (4) [Ru(bpy)s]*** emits light
before returning to its ground state [Ru(bpy)s]** for recycling.
Under this process, ECL signals are anticipated to diminish
rapidly with increasing distance between the electrode and [Ru
(bpy)s]?*. The cationic radicals (4-DMAP-*) can be depleted
before reaching [Ru(bpy)s]** as a result of their spontaneous
conversion into 4-DMAP-. To validate this reasoning, we used
differently sized beads and assessed the ECL efficiency,
following the recently reported ECL imaging method (see
supplemental note).'” Our findings indeed demonstrated a
reduction in ECL efficiency with larger beads (Figure 5B); consis-
tent findings have been reported for other coreactants.'’?°
Based on these results, the lifetime of 4-DMAP-* was estimated
to be in the order of 107® s (see Supplementary Note).
Conversely, the typical diffusional distance of 4-DMAP-* would
be 2.7 pm (supplemental note). Furthermore, no ECL signal
was observed in the absence of 4-DMAP, underscoring the
requirement of 4-DMAP oxidation in the bead-based ECL
(Figure S11B). In a direct comparison with TPrA, 4-DMAP
(10 mM) consistently generated stronger ECL signals than both
10 and 180 mM TPrA (Figure S12), which confirmed 4-DMAP’s
suitability as a superior coreactant for bead-based assays.
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width, 0.1 s; and pulse period, 20 s). The lumino-
phore ([Ru(opy)s**) concentration was 1 pM, and
screen-printed Au electrodes were used. Data are
displayed as mean + SD from technical triplicates.
(C) A prototype system was configured for flow-
cell-type ECL assays (top). The ECL cell had a flu-
idic chamber on top of a Pt-planar electrode (bot-
tom). A syringe pump injected ECL reagents into
the ECL cell, and a camera imaged the electrode
for ECL detection.

(D) The 4-DMAP system produced higher ECL
signals than TPrA in the flow-cell assay. Coreactant
solutions were 4-DMAP (10 mM) and TPrA (10 mM)
in 0.2 M phosphate buffer (pH 7.4), and the lumi-
nophore was [Ru(bpy)s]®* (1 pM). The working
electrode was screen-printed Pt, and a constant
potential of 1.2 V (vs. AGQRE) was applied for the
ECL reaction (acquisition time, 60 s). Data are dis-
played as mean + SD from technical duplicates.

o

4-DMAP TPrA

As a pilot bioassay, we applied the 4-DMAP ECL to detect
extracellular vesicles (EVs) in human blood. EVs are nanoscale
particles secreted by cells.®® They carry molecular cargoes
from tumor cells and readily circulate in easily accessible bodily
fluids. Analyzing EVs can thus have implications for cancer diag-
nosis through minimally invasive liquid biopsy.®"** We captured
EVs on magnetic beads conjugated with antibodies against
CD63, a common EV surface marker®; these EVs were then
labeled with probe antibodies against cancer biomarkers. EV-
titration experiments reaffirmed the superior sensitivity of the
4-DMAP ECL assay (Figure 5C). With EVs derived from colo-
rectal cancer (CRC) cells (SW620; Figure S13), the 4-DMAP
ECL achieved the detection limit of about 1.5 x 10* EVs/mL.
Next, we applied the 4-DMAP assay to analyze EVs in clinical
plasma samples (18 CRC patients and 18 non-cancer controls;
Table S1). We profiled EVs for key CRC markers, EpCAM and
EGFR, that were identified in our previous study.®’ The
4-DMAP assay produced robust molecular profiles (Figure 5D),
which led to high accuracy (sensitivity, 0.94; specificity, 0.94)
in CRC diagnostics (Figure S14).

We also configured the 4-DMAP assay to detect antibodies in
bodily fluids. We immunomagnetically captured IgG antibodies
labeled with luminophores (see methods for details). The
4-DMAP ECL assay markedly outperformed the TPrA assay
(Figure 5E) and achieved the limit of detection of 42 fg/mL
[lgG], which was 260-fold lower than that of the TPrA assay (11
pg/mL [IgG]). We next tested the 4-DMAP ECL assay in human
specimens (Table S2), specifically targeting neutralizing anti-
bodies (nAbs) against severe acute respiratory syndrome
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Figure 5. Bead-based ECL bioassays

(A) Molecular targets were captured on magnetic
beads (MBs) conjugated with affinity ligands and
further labeled with luminophore through probe
antibodies. The bead complexes were mixed with
coreactants and placed on Au electrodes for ECL
measurements.

(B) Bead-based ECL experiments were conduct-
ed using MBs of different diameters (d). ECL effi-
ciency was compared by estimating the turnover
frequency (TOF), which is proportional to the
number of photons produced per unit of time for
each luminophore. TOF decreased as the diam-
eter increased, with Log1oTOF showing a linear
dependency on d 2. The inset shows micrographs
of MBs during the ECL reaction. Scale bar, 1 pm.
Applied potential, 1.2 V (vs. AGQRE); image inte-
gration, 50 s. The coreactant was 10 mM 4-DMAP
in 0.2 M phosphate buffer (pH 7.4). Each data
point represents mean ECL intensity + SD from
nine beads.

(C) Extracellular vesicles (EVs) were detected by
the 4-DMAP ECL assay. EVs were captured on
CD63-specific MBs and further immuno-labeled
for EpCAM. The observed detection limit was
1.5 x 10* EVs/mL. The coreactant solution was
4-DMAP (10 mM) in 0.2 M phosphate buffer (pH
7.4), and the pulsed ECL measurements as in
(B) were conducted. Data are displayed as mean +
SD from technical triplicates.

(D) The 4-DMAP assay was used to analyze EVsin
clinical plasma samples (18 colorectal cancer
patients and 18 non-cancer controls). Profiling
EVs for EpCAM and EGFR markers enabled high
accuracy in cancer diagnostics. The same ECL
experimental conditions as in (C) were applied.
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measurements.

(E) ECL assay was applied to detect IgG anti-
bodies. The 4-DMAP ECL assay achieved a
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detection limit of 42 fg/mL [IgG], which was 260-fold lower than that of the TPrA assay (11 pg/mL [IgG]). Coreactant solutions were prepared by dissolving
4-DMAP (10 mM) or TPrA (10 mM) in 0.2 M phosphate buffer (pH 7.4). Pulsed ECL measurements were performed as in (C). Data are displayed as mean + SD from

technical triplicates.

(F) The IgG assay was extended to detect neutralizing antibodies (nAbs) against SARS-CoV-2, both for wild-type (WT) virus and B.1.617 (delta) variants. The assay
revealed the presence of both nAb types in the salivary samples of vaccinated individuals. The same ECL experimental conditions as in (E) were applied. The

heatmap shows mean values from duplicate measurements.

coronavirus 2 (SARS-CoV-2). Magnetic beads were conjugated
with viral antigens (S proteins) either from the SARS-CoV-2
wild type (wt) or the B.1.617 (delta) variant. Using the prepared
beads, we analyzed saliva samples from SARS-CoV-2-vacci-
nated individuals (n = 10). As a negative control, we used saliva
samples from individuals (n = 10) before vaccination and without
a prior history of infection. The 4-DMAP assay detected nAbs
against both WT and delta SARS-CoV-2 in all vaccinated individ-
uals (Figure 5F), confirming previous studies that reported the
presence of nAbs in saliva.®**°

DISCUSSION

We identified 4-DMAP as a promising ECL coreactant with
appealing properties. The compound is hydrophilic, chemically
stable in air, and can be stored as a solid powder. Notably, it
enhanced [Ru(bpy)s]>* ECL signals by over 180-fold compared

to TPrA, substantially empowering ECL-based biosensing.
When adopted in bioassays, the 4-DMAP system demonstrated
outstanding analytical performances. It yielded reproducible and
robust ECL signals, consistently achieving sensitivity approxi-
mately two orders of magnitude higher than TPrA-based ECL as-
says. In our pilot clinical studies, we could reliably detect various
biological targets (e.g., antibodies and EVs) in different bodily
fluids, such as saliva and plasma, which further proved the effec-
tiveness of the 4-DMAP assay.

We investigated 4-DMAP’s working mechanism through
comprehensive chemical analyses. Molecular simulations based
on DFT calculations indicated that 4-DMAP could undergo sacri-
ficial reactions, wherein the dimethylamino group in the radical
cation loses a proton (H*) after electrochemical oxidation and
becomes primed to excite luminophores. The DFT calculation
further highlighted the importance of the amine’s location in
the pyridine.*®” In 2-DMAP, which has an amine group attached
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to the 2-position of the pyridine, the electron from the pyridine ni-
trogen could be shared with an oxidized amine group, which
apparently hinders the deprotonation process. Results from
our experiments supported such reasoning. Mass spectrometry
detected chemical species whose masses corresponded to the
expected reaction intermediates and the 4-DMAP byproducts.
EPR analysis further confirmed the electrochemical oxidation
of the nitrogen atom in the tertiary amine group. Based on these
observations, we concluded that 4-DMAP follows the coreactant
ECL mechanism similar to that of TPrA. However, in the solution
used (0.2 M phosphate buffer), 4-DMAP demonstrated higher
solubility (>1,000 mM) than TPrA (~331 mM; Figure S15), which
is likely to contribute to the increased availability of 4-DMAP for
reaction with luminophores.

We envision future research to broaden the scope of the cur-
rent study. First, we need to further elucidate the underlying
4-DMAP ECL mechanism. For this task, we may employ electro-
chemistry-mass spectrometry (EC/MS) to detect short-lived rad-
icals and intermediates. This dynamic information will refine the
current 4-DMAP ECL pathway and potentially lead to more effi-
cient use of 4-DMAP. Applying spatially resolved ECL imaging
would also produce insights for optimizing bead-based bioas-
says. Second, we can explore 4-DMAP’s compatibility with other
luminophores. For instance, acridinium or iridium(lll) complexes
are also regularly paired with TPrA in coreactant ECL. Conceiv-
ably, using 4-DMAP instead may amplify ECL signals and pro-
vide better chemical stability. Furthermore, expanding compat-
ible luminophores may enable 4-DMAP assays that can detect
multiple molecular targets simultaneously through ECL-wave-
length multiplexing. Third, we may use 4-DMAP as a direct
replacement for TPrA in ECL microscopy. 4-DMAP is expected
to facilitate such applications for its hydrophilic nature and
ability to generate strong ECL signals at low concentrations.
Significantly, 4-DMAP exhibited no acute cytotoxicity at concen-
trations up to 10 mM, which was the optimal dose for its ECL ap-
plications (Figure S16). However, a further assessment is neces-
sary to ascertain the biocompatibility of the overall ECL reaction
within cellular environments. Fourth, we can develop an auto-
mated, high-throughput ECL assay system. Here, 4-DMAP’s
practical merits will streamline the system design. A reservoir
could be installed to store the coreactant solution without risk
of degradation. The fluidic handling would be straightforward
because assay processes (e.g., reagent dispensing, mixing,
washing) can be readily carried out in an aqueous buffer. More-
over, the strong ECL signal by 4-DMAP will allow us to scale
down many reaction cells into a small array for high-throughput
assays. This will, in turn, simplify the detection optics as a cam-
era can image the entire array without requiring mechanical
scanning. With these advances, the 4-DMAP system has the po-
tential to improve upon current ECL assays and serve as a new
approach in bioanalytical technologies.

METHODS
Materials
Tris(2,2’-bipyridyl)dichlororuthenium(ll) hexahydrate (99.95%

trace metals basis), tris(2,2’-bipyridine)ruthenium(ll) hexafluor-
ophosphate (97%), 4,4'-dipyridyl (98%), 4-aminopyridine
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(AP, >99%), 4-(methylamino)pyridine (4-MAP, 98%), 4-DMAP
(>99%), 2,2'-bipyridyl (>99%), potassium phosphate mono-
basic (>99%), potassium phosphate dibasic (>98%), pyridine
(>99%), 5,5-dimethyl-pyrroline N-oxide (DMPO, >98%),
Amicon centrifugal filter (3 kDa, 0.5 mL), TPrA, and tetrabuty-
lammonium hexafluorophosphate (TBAPFg) were purchased
from Sigma-Aldrich. 4-methoxypyridine (>98%) and 2-DMAP
were purchased from Tokyo Chemical Industry. Bis(2,2’-bipyri-
dine)-4’-methyl-4-carboxybipyridine-ruthenium N-succinimidyl
ester-bis(hexafluorophosphate (Ru(bpy).(mcbpy-O-Su-ester)
(PFe)2) was purchased from Abcam. Table S3 lists information
on antibodies and proteins.

Electrochemical measurements

Cyclic voltammetry was conducted using an SP-200 potentio-
stat (Biologic) on the 10 mM 4-DMAP or alternative coreactant
candidates in an acetonitrile solution (0.1 M TBAPFg). The poten-
tial was scanned between 0.0 and 1.3 V at the rate of 100 mV/s.
We used a three-electrode system: glassy carbon working
electrode, Pt-wire counter electrode, and Ag/Ag* reference
electrode. Prior to the cyclic voltammetry measurements, the
solutions were vigorously degassed with high-purity nitrogen.
Table S4 provides a summary of the experimental conditions
for electrochemical measurements in this study.

ECL measurements

We prepared coreactant solutions by dissolving the candidate
chemicals in 0.2 M phosphate buffer, which initially had a pH
of 7.4. For 4-DMAP (10 mM) and TPrA (10 mM), the prepared so-
lutions exhibited less than a 2% change in pH, with 4-DMAP at a
pH of 7.54 and TPrA at a pH of 7.52. Subsequently, the coreac-
tant solution was mixed with [Ru(bpy)s]** (1 pM) and deposited
onto a screen-printed electrode. For pulsed ECL measurements,
we applied a repeated pulse (1.2 V and 0.1-s duration) every 20 s
and measured ECL signals. For cyclic voltammetry application,
we scanned the potential between 0.0 and 1.6 V at the rate of
100 mV/s. Unless specified otherwise, ECL measurements
were carried out using ECL Station 201A (ELIPS Diagnostics,
Seoul, South Korea) equipped with a photomultiplier tube. For
imaging-based ECL detection, we used a charge-coupled de-
vice (CCD) camera (Falcon Il, Raptor Photonics) equipped with
afocusing zoom lens (FB0745, Guilin FT-OPTO). Screen-printed,
single-use electrodes were used: Au electrodes (Cat. #220 AT,
Metrohm), Pt electrodes (Cat. #550, Metrohm), and carbon
electrodes (Cat. #C110, Metrohm). Refer to Table S4 for
the summary of the experimental conditions for all ECL
measurements.

Molecular simulation

We used the Gaussian 16 program to calculate the HOMO of
cationic radicals. The calculation was based on DFT, using the
B3LYP functional and the 6-311G(d,p) basis set. The pK, values
of the methyl group in DMAP were predicted by the Jaguar pKj,
calculation module in Schréddinger (Schrédinger K.K.).

Mass spectroscopy
We performed high-resolution mass spectrometric experiments
using the Orbitrap Exploris 480 mass spectrometer via direct
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infusion of samples without further dilution. Mass spectrometric
parameters were set as follows: 3.5 kV (electrospray voltage),
325°C (temperature of an ion transfer tube), and 30,000 (mass
resolving power at m/z = 200).

EPR measurements

We conducted the spin-trapping EPR experiment by intro-
ducing DMPO as a spin trap into a solution containing
4-DMAP (10 mM) and formic acid at pH 6.8. The solution
was then subjected to electrolysis at 1.2 V (vs. Ag/AgCl) for
1 h under an Ar-saturated atmosphere to minimize the oxygen
content. EPR spectra were obtained using a Bruker Elexsys
spectrometer equipped with an ER4103 TM cavity and oper-
ating at X-band.

EPR simulation

The initial geometry optimization of each candidate molecule
was performed using DFT with the B3LYP functional and the
def2-SVP basis set implemented in ORCA 4.2.1.>**" The opti-
mized geometries obtained in vacuo were used for all calcula-
tions throughout this study, and no implicit or explicit solvent
environment was considered. The EPR spin Hamiltonian param-
eters were computed through single-point DFT calculations us-
ing the B3LYP functional and the def2-TZVPD basis set, which
is a balanced polarized triple-zeta basis set with diffuse and
polarized functions.®?“? Next, the simulations of continuous-
wave EPR (CW EPR) spectra were conducted using the
EasySpin package (version 5.2.35)** and MATLAB 9.13.0
toolbox. To account for the presence of overlapping hyperfine
splittings, we incorporated an isotropic Gaussian line broad-
ening. The input parameters for EasySpin simulations included
the anisotropic g-factors, the anisotropic hyperfine couplings
of the relevant 'H and "*N atoms from the DFT simulation, and
a fitting parameter for the peak-to-peak linewidth to account
for line broadening. The same fitting parameters were used for
comparing the simulated EPR spectra of all candidate molecules
with the experimental spectrum.

Material stability test

We prepared the test solutions by dissolving TPrA
(10 mM) or 4-DMAP (10 mM) in a 0.2 M phosphate buffer.
Subsequently, the prepared samples were stored at ambient
conditions (20°C) and utilized for ECL measurements with
[Ru(bpy)a]** (1 uM).

ECL flow cell assay

We designed and fabricated a flow cell consisting of a top cover
and a microfluidic channel. The top cover was made of a 3-mm
acrylic sheet, and the microfluidic channel was made of a polyeth-
ylene terephthalate (PET) film (127-pm thickness; McMaster-Carr)
coated with a double-sided tape (467MP, 3M). We patterned the
acrylic sheet and the PET film using a laser cutter (Fusion Edge 12,
Epilog Laser) and assembled the flow cell by bonding cut parts on
the top side of an electrode. We also attached a neodymium mag-
net (6-mm diameter) under the working electrode and connected
the flow cell to a syringe pump. We introduced ECL reagents to
the flow cell and measured ECL signals using an EM-CCD camera
(Falcon II, Raptor Photonics).
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EV production and characterization

We seeded SW480 cells (American Type Culture Collection) in a
T175 flask and cultured them in vendor-recommended media
supplemented with 1% exo-free fetal bovine serum (Thermo-
fisher). For EV collection, cell-culture supernatants (100 mL)
were collected and centrifuged at 300 x g for 10 min. After
centrifugation, supernatants were collected and centrifuged
again at 2,000 x g for 10 min. Finally, clear supernatants were
filtered through a 0.22-pm membrane filter (cat#430767, Corn-
ing), and the filtrates were concentrated using centrifugal filters
(10 kDa cutoff; Centricon-70, Millipore Sigma). We measured
EV size and concentrations through nanoparticle tracking anal-
ysis (NTA). NanoSight LM10 (Malvern), which was equipped
with a 405 nm laser, was employed for the analysis. Samples
were diluted in fPBS to obtain the recommended particle con-
centration (25-100 particles/frame). For each test sample, we re-
corded three 30-s videos (camera level, 14) and analyzed the re-
corded videos using NTA software (version 3.2) at a detection
threshold of 3.

Antibody conjugation with ECL labels

We added 10 pL of antibody (anti-human IgG (1 mg/mL), anti-
CD63 (1 mg/mL), anti-EpCAM (1 mg/mL), and anti-EGFR
(1 mg/mL)) into 187.5 pL of 1x PBS. Then, 2.5 pL of Ru
(bpy)2(mcbpy-O-Su-ester)(PFg), solution (5 mg/mL in ethanol,
Abcam) was added to the antibody solution. We incubated the
mixture solution using a Hulamixer for 1 h at 25°C in a dark con-
dition. Afterward, we washed the mixture solution 2 times using a
3 KDa Amicon filter (Millipore Sigma). We diluted the collected
solution to 10 pg/mL in 0.1% BSA and stored it at —20°C un-
til use.

Preparation of immunomagnetic beads for EV detection
We used magnetic beads coated with streptavidin (Dynabeads
M-280 Streptavidin, Invitrogen). Beads were magnetically
washed three times in PBS and resuspended in PBS (1 x 10°
bead/mL). We next mixed beads (100 pL) with biotinylated
CD63 antibody (20 pg) and incubated the mixture on a rotating
mixer (2 h, 20°C). The reacted beads were triple washed in
PBS and resuspended in PBS containing SuperBlock (Thermo
Fisher Scientific). The final bead concentration was about 10°
beads/mL.

ECL assay to detect EVs in plasma samples

This study was approved by the Institutional Review Board of
Massachusetts General Hospital (IRB number: 2019P003441,
Pl: Hakho Lee). Informed consent was obtained from all
subjects. To capture EVs, we mixed samples (100 pL of
EV-spiked PBS or 100 pL of plasma) with CD63-specific
magnetic beads (2 pL, 10° beads/mL). After 30-min incubation
(20°C), we magnetically washed the beads twice in PBS
containing 0.05% Tween 20. For target marker labeling, we
collected the beads (solid contents) and added a probe antibody
(30 L) conjugated with [Ru(opy)s]**. After 15-min incubation
(20°C), we magnetically washed the beads three times in PBS
and resuspended them in PBS (30 plL). ECL measurements
were then carried out using the same protocol as in the nAb
assay.
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Preparation of immunomagnetic beads for antibody
detection

We used magnetic beads with epoxy functional groups (Dyna-
beads M-270 epoxy, Invitrogen). Beads were washed three
times in 0.1 M sodium phosphate solution, magnetically
collected, and resuspended in 0.1 M sodium phosphate solution
(1 x 10° bead/mL). The bead solution (100 pL) was then mixed
antibody against S-protein (20 pg) in ammonium sulfate (3 M,
100 pL). The mixture was incubated (8 h, 4°C) on a rotating mixer.
Finally, antibody-conjugated beads were collected and resus-
pended in PBS (50 pL). The final bead concentration was about
10° beads/mL.

ECL assay to detect nAbs in saliva

This study was approved by the Institutional Review Board of
Massachusetts General Hospital (IRB number: 2019P003472,
Pl: Hakho Lee). Informed consent was obtained from all sub-
jects. We used a saliva sampling kit (Salivatte, Sarstedt) to obtain
saliva samples from volunteers. Volunteers chewed a polymeric
swab (1 min) and placed it into the collection tube. The tube with
the swab was centrifuged (3200 xg, 2 min) to collect saliva. We
mixed antibody-conjugated (against S protein) magnetic beads
(2 L, 10° bead/mL) with 80 pL of S protein (100 ng/mL, S protein
spiked PBS) and 30 pL of human saliva. We then reacted the
mixture for 30 min at 20°C on a rotating mixer. After the reaction,
the beads were washed twice in PBS containing 0.05% Tween
20 and magnetically collected. Subsequently, we added human
IgG antibodies (30 pL, 5 pg/mL) conjugated with [Ru(bpy)s]>*.
The mixture was placed on a rotating mixer (30 min, 20°C).
Finally, the beads were triple washed in PBS and resuspended
(30 pL PBS). For ECL measurements, we mixed 7 pL of the
bead solution with coreactant (43 pL), either 10 mM 4-DMAP
or 10 mM TPrA, and dispensed the mixture on a working elec-
trode. After 1 min incubation (20°C), we applied a repeated pulse
(1.2 V, 0.1-s duration).
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