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ABSTRACT: Exponential molecular amplification such as the O EYH>
polymerase chain reaction is a powerful tool that allows ultrasensitive ~ Photoredox coo” ﬂ
biodetection. Here, we report a new exponential amplification Autocatalysis 5, Br oy
strategy based on photoredox autocatalysis, where eosin Y, a o o O o EYH® EYH®
photocatalyst, amplifies itself by activating a nonfluorescent eosin Y EYH™ © g Br = @
derivative (EYH>") under green light. The deactivated photocatalyst — -Ze*/H*l |:> N |:> i
is stable and rapidly activated under low-intensity light, making the (.]E " q v
eosin Y amplification suitable for resource-limited settings. Through ) o A

steady-state kinetic studies and reaction modeling, we found that
EYH®" is either oxidized to eosin Y via one-electron oxidation by
triplet eosin Y and subsequent le”/H" transfer, or activated by
singlet oxygen with the risk of degradation. By reducing the rate of
the EYH?~ degradation, we successfully improved EYH* -to-eosin Y
recovery, achieving efficient autocatalytic eosin Y amplification. Additionally, to demonstrate its flexibility in output signals, we
coupled the eosin Y amplification with photoinduced chromogenic polymerization, enabling sensitive visual detection of analytes.
Finally, we applied the exponential amplification methods in developing bioassays for detection of biomarkers including SARS-CoV-
2 nucleocapsid protein, an antigen used in the diagnosis of COVID-19.
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B INTRODUCTION However, despite the successful detection of analytes in
. . . lutions such as enzymes 'S nerve agents,””*” metal

The development of rapid, affordable, and highly sensitive aqueous so ¢ gents,
p b1 ! sy ions,'”** and avidin,*® these amplification methods have never

biodetection methods for resource-limited settings is of
paramount importance in the detection and diagnosis of
infectious diseases. Advances in point-of-care diagnostic tests
have enabled rapid detection of high concentrations of
biomarkers at low cost,”” but these tests have limited utility
for clinical decision-making due to lower sensitivity’ > than
other laboratory methods such as the polymerase chain
reaction (PCR). PCR can detect low-abundance target nucleic
acids® or antigens (via immuno-PCR)’ by amplifying specific
nucleic acids exponentially, but this method often takes several
hours and is not easily translated to resource-limited settings
due to reliance on laboratory instruments (thermal cyclers and
analyzers), poor stability of enzyme-based reagents, and
requirement of trained personnel.*”'® To address these issues,

been used to detect biomarkers of infectious diseases.

To address this gap, broadly applicable exponential
amplification methods for sensitive biodetection need to be
developed with the following considerations. First, the
activating molecules should be easily conjugated to affinity
reagents or liberated from the conjugated probes, amplifying
signals associated with specific binding events. Second, the
amplification reagents should be thermally stable for long-term
storage without refrigeration, and soluble in water to avoid the
handling of flammable and toxic organic solvents by untrained
users. Furthermore, the amplification time should be short
(within minutes) and readily controlled with external stimuli
such as heat and light to prevent false positive results and

efforts have been made to develop isothermal nucleic acid provide quantitative information. Most importantly, auto-

. . . 911 inductive cascade or autocatalysis should be carefully designed
amplification strategies,” = long-term storage methods for . . e . L
12 911,13 to achieve exponential amplification of biodetection signals.
reagents, - and automated formats.”

. . Herein, we demonstrate a new exponential signal
Alternatively, several research groups are dedicated to the e .
. P amplification strategy based on photoredox autocatalysis,
development of non-PCR exponential molecular amplification
methods by the careful design of small molecule amplification
reagents. These reagents can amplify activating molecules such Received: April 22, 2021
as acetate,'* hydrogen peroxide,ls__17 fluoride,"*** thiol,** Published: July 21, 2021
piperidine,”* and photosensitizers*>*® through autoinductive
or autocatalytic reactions”** such as activation of a supra-
molecular catalyst,'* a cascade of self-immolative reac-
tions,"*~** and photounmasking of photosensitizers.”*>°

© 2021 American Chemical Society https://doi.org/10.1021/jacs.1c04236

W ACS Publications 11544 J. Am. Chem. Soc. 2021, 143, 11544—11553


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Seunghyeon+Kim"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alejandra+Marti%CC%81nez+Dibildox"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alan+Aguirre-Soto"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hadley+D.+Sikes"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/jacs.1c04236&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c04236?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c04236?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c04236?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c04236?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c04236?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/jacsat/143/30?ref=pdf
https://pubs.acs.org/toc/jacsat/143/30?ref=pdf
https://pubs.acs.org/toc/jacsat/143/30?ref=pdf
https://pubs.acs.org/toc/jacsat/143/30?ref=pdf
pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/jacs.1c04236?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org/JACS?ref=pdf

Journal of the American Chemical Society

pubs.acs.org/JACS

which can be applied to various biodetection assays. Inspired
by the activation of nonfluorescent probes such as 1 and 2 via
photoinduced oxidation (Scheme 1A),”"~** we designed eosin

Scheme 1. (A) General Activation Pathway of
Dihydroxanthene Dyes (1 and 2). (B) Hypothesized
Activation Pathway of EYH®™ to EY> via Photoredox
Autocatalysis (Present Work)“

3[PCT or
Oxidants

3EYZ] or
Oxidants

EYH3- EYZ-

“[PC]*: photocatalyst in triplet excited state. >[EY*™]*: triplet EY>".

Y (EY*")-based photoredox autocatalysis where doubly
reduced and protonated eosin Y (EYH®") is converted into
EY*™ by triplet EY (?[EY*"]*) or other oxidizing species
produced during the photoredox catalysis of EY>™ (Scheme
1B). EY*>™ was chosen as the photocatalyst for the autocatalytic
reaction because (1) EY?> -conjugated affinity reagents can be
readily prepared,” ™" (2) EY*” has a high triplet quantum
yield (0.6—0.7)**" and a long triplet lifetime (1.85 ms)*’ in
water, (3) EYH®  cannot absorb visible light,“’42 (4) both
EY?" and EYH®™ are water-soluble due to ionizable groups,
and (5) EYH® is potentially stable against oxidation during
storage.4l’43

Our initial hypothesis was that the additional EY*~
generated in previous photoredox cycles can activate EYH®~
in the next cycle, so it was expected that the amount of EY*~
would increase exponentially (Scheme 2). However, the
quenching of activating molecules and other side reactions
could hamper efficient activation of EYH® and cause
degradation of EY*™ and EYH". To enhance the kinetics
and efficiency of the autocatalytic reaction, we studied the
mechanism of EY amplification. Employing the mechanistic
insights from the steady-state kinetic studies and reaction
modeling, we could dramatically improve EYH® -to-EY>~
recovery and achieve a rapid and sensitive autocatalytic EY
amplification.

Additionally, we demonstrate that the autocatalytic EY
amplification can be coupled with other photochemical
reactions to generate different forms of signals. After
combining the EY amplification with oxidative polymerization
of 3,3'-diaminobenzidine (DAB), the amplification system
produced colorimetric signals with brown insoluble polymer.
Finally, we applied the exponential amplification methods in
developing bioassays for detection of biomarkers including
SARS-CoV-2 nucleocapsid protein, an antigen used to
diagnose COVID-19.

Scheme 2. Autocatalytic Amplification of EY>™
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“Triplet EY*™ (3[EY*"]*) is either quenched by oxygen (O,) to
generate reactive oxygen species (ROS) or oxidizes EYH®™ to produce
EY*". The amplification reagent (EYH®") is activated by a small
amount of EY?™ in an autocatalytic manner to amplify the number of
EY>™ in the system.

B RESULTS AND DISCUSSION

Synthesis and Characterization of EYH?". Synthesis of
EYH?" was achieved by reducing 1,4-benzoquinone-like
structure of EY>” to hydroquinone-like structure with sodium
borohydride in aqueous solution as described in Figure 1A,*
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Figure 1. Synthesis and characterization of the amplification reagent
(EYH?"). (A) Synthesis of EYH". (B) Thermal stability of
protonated EYH®~ (EYH,) in DMSO at 25 and 40 °C. (C)
Activation of 8.6 uM EYH®™ by 1 uM EY*™ in 0.2 M phosphate buffer
(pH 7.4) under 2.6 mW/cm” green light (A, = 535 nm) in
deaerated and air-saturated solutions.

leading to a loss of conjugation in the z-system. It should be
noted that EY?™ and EYH®™ represent fully deprotonated forms
of eosin Y and dihydroeosin Y in this paper. Because of the
ionizable groups in EYH?", it is soluble in neutral-to-high pH
solutions, but its solubility decreases as pH decreases. Thus,
EYH®™ was easily purified by precipitation to EYH, at low pH
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and then stored in DMSO (see the Materials and Methods in
Supporting Information).

By monitoring EY?~ and EYH®  concentrations in the
EYH?" solution, we confirmed the long-term (at least 4
months) stability of EYH, at 25 °C (Figure 1B). With the
consideration that the EYH, stock solutions in DMSO were
kept in centrifuge tubes without airtight sealing, the results
support the high stability of protonated EYH, against oxidation
in DMSO at 25 °C although the oxidation is slightly faster at
40 °C.

Next, we tested if EYH~ could be photoactivated by EY?™ in
deaerated and air-saturated solutions (Figure 1C). In both
conditions, EYH®™ was activated to generate EY>™ upon light
irradiation, but the EY amplification rates were very different.
Interestingly, in the deaerated solution, EY?*~ generation was
much faster without the potential terminal oxidant (oxygen)
than in the air-saturated solution, and the EY?>~ concentration
reached 9.6 uM, implying 100% EYH? -to-EY*~ recovery. The
EY*™ concentration in air-saturated solution did not reach 4
UM even after extended illumination (30 min). Unfortunately,
oxygen must be included in the EY amplification system
because removing oxygen in practical settings is not feasible,
and the amplification should occur as fast as possible. Thus, we
sought to improve our mechanistic understanding of the
oxygen-free EY amplification and the role of oxygen to achieve
a more rapid and sensitive autocatalytic amplification method
by removing inefficiencies in the system.

Investigation of EY Amplification Mechanism. Using
UV—vis spectroscopy, we monitored the steady-state kinetics
of EY amplification in deaerated and air-saturated solutions
(pH 7.4) (Figures 2A and S7). On the basis of kinetic analysis,
we proposed elementary reactions associated with EYH®~
activation and integrated them into the reported photo-
chemical reactions of EY>™ (Table S1). To estimate unknown
parameters and validate the proposed reactions, we first
developed the simplest kinetic model for one-species system
(EY?"), where all rate constants could be obtained from
literature, and increased complexity of the model by adding
other species (EYH®™ and O,) and associated reactions to the
system (see the Model Development section in Supporting
Information for details on reaction mechanism and kinetic
modeling).

When the deaerated solutions including EY>~ and EYH*~
are irradiated with green light, EY>™ is excited to singlet state
("[EY*"]*) (Table S1, eq 1), whose energy is lost through
vibrational relaxation and internal conversion (eq 2),
fluorescence (eq 3), and intersystem crossing (eq 4). The
triplet EY>~ (*[EY*"]*) generated from intersystem crossing
either decays via phosphorescence (eq S) and energy transfer
to EY*™ (eq 6) and EYH’" (eq 8), or activates EYH®™ via
reductive quenching (eq 7), which produces EY**~ and one-
electron oxidized EYH?". At neutral pH, the singly oxidized
EYH®  appears to lose le”/1H" through intermolecular
reactions with the singly oxidized EYH*~, EYH?", and other
buffer components to become EY*”, producing H, or other
side products (Figure S8). The hydrogen evolution™** may
drive the EY amplification even without oxygen as a terminal
oxidant. Lastly, the fate of EY** radicals can be described with
acid—base equilibria (eqs 9—10) in phosphate buffer solutions
(pH 7.4) and pH-dependent disproportionation reactions (eqs
11-13).*"

The kinetic model constructed with this mechanism
provided consistent results with the concentration profiles of
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Figure 2. Steady-state kinetic studies of EY amplification in deaerated
solutions. Various concentrations (4.3, 8.6, and 12.9 uM) of EYH>~
with 1 yM EY> in deaerated solutions were irradiated under 2.6
mW/cm? green light (4, = 535 nm). In these conditions, the EY*~
impurity from the EYH?™ stock solution accounted for only 0.65% of
total initial EY?™ at most, which was within experimental errors. (A)
Heatmap plot of UV—vis absorbance change over time. Colormap was
adjusted to clearly show formation of transient species, EY**", at 405
nm. Absorbance vs wavelength graph is also available in Figure S7.
Steady-state kinetics of (B) EY?~ monitored at 516 nm, (C) EY**~
monitored at 405 nm, and (D) EYH®" monitored at 312 nm during
the irradiation. Black solid lines demonstrate the concentration of
each species predicted by a kinetic model.

EY*™ and EYH®" (Figure 2B,D). However, the concentration
profile of EY**~ was not perfectly predicted by the model. One
reason for the discrepancy is that the radical concentration is
particularly sensitive to kinetic parameters obtained from
literature, which were measured or estimated in slightly
different conditions. Another possibility is that the model
ignored the oxygen dissolution and diffusion from a potential
leak of air. Indeed, the concentration of EY**~ could be very
sensitive to the leak because the oxidation of EY**~ by oxygen
is almost a diffusion-controlled reaction (1 x 10° M~! s71).*
By considering the exposure to oxygen, the model could better
predict the radical concentration profile (Figure S12).
However, we confirmed that even if we carefully prevented
the leak, we still observed faster decay of EY**~ than the model
prediction (Figure S13). Therefore, we concluded that there
might be other unidentified radical decay processes under light
because we have already counted the radical decay rates in the
dark. The unexpectedly fast radical decay was also observed in
fluorescein®’ and erythrosine®’ particularly at high pH,
implying that the dye triplets may react with hydroxide ions
to form oxidizing radicals. Although the additional radical
decay processes would not significantly alter the EY
amplification kinetics in air-saturated solutions, we expect
that if reaction mechanisms for these processes were elucidated
and considered in the model, the concentration of EY*>~
would be better predicted by the model (Figure 2C).
Notably, in deaerated conditions, two EYH?" activation
reactions (two EY radicals) are required to produce one
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additional EY?>~ molecule due to the nature of disproportio-
nation reactions (eqs 11,12). In air-saturated solutions, one
EYH®" activation leads to one EY>™ production because EY**~
is rapidly oxidized to EY*~ by oxygen (~025 mM)*
producing superoxide (O,°”) (eq 14) and hydrogen peroxide
(H,0,) through a series of reactions (eqs 15—20).* However,
as shown in Figure 1C, the EY amplification becomes sluggish
in the presence of oxygen, which is mainly because of the
physical quenching of *[EY*"]* by oxygen, producing ground-
state EY>™ and 'O, (eq 21).*%°° The singlet oxygen is known
to decay through interactions with solvent (eq 22)°' and
dissolved oxygen (eq 23).*

The kinetic model updated with the above reactions could
not predict the trend of experimental data (Figure S15). The
model provided much slower EYH?™ activation than
experimental data and 100% recovery of EYH?™ to EY>", but
in reality, significant loss of EY species (EY*>", EY**", and
EYH*") occurred during EY amplification in the presence of
oxygen. To address this deviation, we focused on the reactivity
of '0,, which is one of the most reactive species that is
generated in the system and has higher energy by 94 kJ/mol
than the ground-state oxygen.”” The singlet oxygen has been
proposed as the oxidant for other dihydroxanthene dyes
previously’>** and is known to oxidize hydroquinone to
benzoquinone,™ so 'O, is plausible to contribute to EYH>"
oxidation (eq 24). Additionally, 'O, has been reported to
participate in Diels—Alder type reactions on various
chromophores such as anthracenes and perylenes, which
results in a loss of conjugation.”* ™" Substituted phenols can
rapidly react with 'O, to yield oxygenated products.”®’
Therefore, the oxidation of EYH®*™ and EY*~ by 'O, could be
disruptive, which leads to degradation of EYH~ (eq 25) and
EY*" (eq 26). These 'O,-driven reactions (eqs 24—26) were
experimentally confirmed using a 'O, quencher (sodium
azide) and a 'O, enhancer (deuterium oxide) (Figure S16).
Updated with these 'O,-driven activation and degradation
reactions, the model successfully described the EY amplifica-
tion kinetics and EYH® -to-EY*™ recovery (model: 34.3%;
experiment: 34.5%) in air-saturated solutions (Figure 3A).

Optimization of EY Amplification with Insights from
the Mechanism. From the proposed mechanism for EY
amplification (Scheme 3), where EYH?™ is oxidized to EY*~ by
3[EY*"]* and 'O,, we identified reactions retarding the EY
amplification in air-saturated solution: (1) quenching of
*[EY*"]* by oxygen and (2) degradation of EYH®~ by '0O,.
Although the triplet quenching was facilitated by high
concentration of oxygen (~0.25 mM) compared to that of
EYH?™ (~12 pM), increasing light intensity could raise the
3[EY*>"]* production rate, enhancing kinetics of EYH?~
oxidation by the triplet. However, according to the model,
this measure might not improve the recovery of EYH®™ to
EY* because faster degradation of EYH*™ and EY*~ by 'O,
could be accompanied by the increased light intensity, limiting
the maximum concentration of amplified EY>~ (Figure S18).
Thus, to improve the amplification factor ([EY* Jg,./
[EY* Jia), it is of primary importance to increase the
recovery by preventing the 'O,-involved degradation of EYH*~
and EY>".

Considering that the yield of photosensitized 'O,
production can be dependent on pH because the degree of
protonation in triplet photosensitizers may impact the energy
transfer to ground-state oxygen,””°" we investigated the effects
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Figure 3. Steady-state kinetic studies of EY amplification in the
presence of oxygen. Various concentrations (4, 8, and 12 uM) of
EYH®™ with 1 uM EY*" and ~0.25 mM oxygen*® were irradiated
under 1.2 mW/cm? green light (A,,x = 535 nm). (A) Steady-state
kinetics of EY amplification monitored at 516 nm during the
irradiation. Black solid lines show EY?~ concentration predicted by a
kinetic model. (B) pH dependence of EYH? activation rate and EY*~
recovery from EYH?". (C) Impact of methoxy poly(ethylene glycol)
(mPEG, 20 mM) on the EY*™ recovery. Lower pH, 6, and higher
power, 3.6 mW/cm?(1,,,. = 530 nm), were used to improve the EY*~
recovery and the EYH®™ activation rate. The graph shows sigmoidal
increase in EY?™ concentration. (D) EY*™ is amplified as EYH®™ is
consumed, enabling to detect EY?>™ as low as 10 nM using a UV—vis
spectrometer with a detection limit of 50 nM EY>". The amplification
reagent was composed of 12 uM EYH®" and 40 mM mPEG in 0.2 M
phosphate buffer (pH 6).

of pH on EY amplification. As shown in Figure 3B, the
recovery increased from 34% to 52% as pH decreased from 7.8
to 6.1 whereas the EYH?™ oxidation rate decreased likely
because of pH-dependent photoactivity of eosin Y.” At
present, it is not clear whether 'O, quantum yield was reduced
or the rate of EYH®™ degradation by 'O, decreased at low pH
by protonation (pK, = 6.5, Figure S9) of EYH?", but lowering
pH was very effective to improve the recovery. Therefore, we
used pH 6 phosphate buffer (0.2 M) for the following
experiments and increased light intensity to compensate for the
reduction in EYH?™ oxidation rate. In addition, we confirmed
that residual DMSO from the EYH®™ stock solution did not
affect the EY amplification kinetics (Figure S19), supporting
DMSO as a safe storage solvent for EYH,.

As another approach to suppressing the EYH*™ and EY*~
degradation by 'O, we included methoxy poly(ethylene
glycol) (mPEG) in the buffer solution because localization of
EY* and EYH® in carbon-rich mPEG phase could increase
the rate of EYH®™ oxidation by *[EY*"]* relatively to reaction
rates between 'O, and EYH®™ and might also cause faster
depletion and slower replenishment of oxygen,63 inhibiting 'O,
production. Surprisingly, the recovery increased to 74% when
the buffer solution including mPEG was irradiated under
higher light intensity (3.6 mW/cm?) (Figure 3C). Even higher
recovery (91%) could be obtained with 10 mW/cm?® green
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Scheme 3. Mechanism of EY Autocatalytic Amplification
through Photosensitized Oxidation of EYH>
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+10,
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“EY>” is photoreduced by EYH®™ upon absorption of green light.
EY**" is rapidly oxidized back to EY*" via single electron transfer to
oxygen. The oxidized EYH?™ reacts with oxygen to yield EY*™ and
hydroperoxyl radical. Singlet oxygen, generated by energy transfer
from *[EY*"]* to ground-state oxygen, not only activates EYH®" but
also degrades the inactivated eosin Y.

light (Figure S20) likely due to faster oxygen depletion in the
mPEG phase. Together with enhanced light intensity, it also
clearly displayed a sigmoidal response curve, which is a typical
indicator of autocatalytic reactions.””*® We excluded 'O,
quenching by mPEG because the lifetime of 'O, does not
change in PEG solution.* Excited states kinetics (e.g., triplet
lifetime) of EY*™ could change with the mPEG addition as
reported in other environments,” but longer triplet lifetime
(simulated by ignoring all decay pathways except for
quenching by oxygen) could provide only minor improvement
(~1%) in the recovery. Thus, it is reasonable to propose that
the nanoscale liquid—liquid phase separation locally concen-
trates EY?>~ and EYH®™ and selectively increases the rate of
oxygen-free EYH?™ oxidation, assisting to improve the
recovery.

After optimizing the mPEG concentration (Figure S21), we
performed EY amplification experiments with various initial
concentrations of EY?~ (Figure 3D). Under 3.6 mW/cm®
green light, EY?™ was successfully amplified with 12 yM
EYH’" and 40 mM mPEG in 0.2 M phosphate buffer (pH 6),
the amplification factor ([EY* Jgna/[EY? Jinia) after 900 s of
irradiation could increase up to 500 (Figure S22), and the limit
of detection for this proof-of-concept EY?*™ detection assay was
10 nM. With the consideration that the UV—vis spectropho-
tometer used in the experiments could not detect below 50 nM
EY before the amplification, this is an exciting demonstration

that the autocatalytic EY amplification strategy is capable of
improving the assay sensitivity.

Coupling EY Amplification with DAB Polymerization.
Importantly, the EY amplification can be coupled with various
photochemical reactions to generate different forms of signals.
To demonstrate this potential, we combined the EY
amplification with photoinduced oxidative polymerization of
3,3’- diaminobenzidine (DAB). Because DAB is known to
form a brown-colored phenazine polymer when oxidized by
10, or 0,*7,7°*%” we expected that the incorporation of DAB
would also contribute to improving the EYH® -to-EY?~
recovery by consuming 'O, in addition to producing
colorimetric signals, which has proven to be true (Figure
$23). Interestingly, there was an unexpected synergy in the EY-
DAB amplification. As proposed in Figure 4A, EYH?" can be
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Figure 4. EY amplification coupled with 3,3’-diaminobenzidine
(DAB) polymerization. (A) Mechanism of the EY-DAB amplification.
EYH® is activated not only by *[EY>"]*, but also by oxidized DAB
radicals (DAB®*) formed from DAB and 'O, or O,°” reaction. The
DAB*" also reacts with each other to form brown polymer. Detailed
reaction mechanism for EY and DAB is available in ref.% (B) Steady-
state kinetic studies of EY amplification with oxygen and DAB. System
1 included only 1 uM EY*~ and ~12 uM EYH®" in pH 7.4 phosphate
buffer (0.2 M). The concentrations of added oxygen and DAB were
~0.25 mM and 0.6 mM, respectively. (C) Absorbance change during
EY-DAB amplification under 3.6 mW/cm? green light (1, = 530
nm). The solution included 1 uM EY*~, 12 uM EYH?", and 0.6 mM
DAB in 0.2 M Na,HPO,(pH 9). (D) Visual detection of 1 uM EY>~
using EY-DAB amplification. The same conditions as described in (C)
apply here. After 10 min EY-DAB amplification, brown phenazine
polymer formed in the solution with 1 uM EY*", which can be filtered
by cellulose paper.

activated by the oxidized DAB radicals (DAB**) formed from
the reaction between DAB and 'O, or O,"”, meaning that the
side products of EY amplification can be recycled by DAB to
activate more EYH?". This is supported by kinetic studies of
EY amplification with oxygen and DAB (Figure 4B).
Compared to system 1 including only EY*~ and EYH®,
addition of either oxygen or DAB to 1 retarded EY
amplification due to rapid quenching of *[EY*"]* by the
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additives. When both oxygen and DAB were added to 1, the
EY amplification rate did not further decrease, but increased.
Together with the higher recovery with DAB, this counter-
intuitive result indicates that DAB®** can activate EYH>" less
disruptively than '0O,.

After optimizing conditions for EY-DAB amplification to
maximize EY-specific polymerization response (Figures S24—
$26), we proceeded to the visual detection of EY?™ in solution.
As shown in Figure 4C, EY-DAB amplification increases not
only the absorbance (4, = 516 nm) of EY*>™ but also the
absorbance in the visible range (400—700 nm) in the presence
of EY>™ (1 uM). This broad absorption band is attributed to
the insoluble DAB polymer, which enables visual detection of 1
M EY?*™ in solution (Figure 4D).

Application of EY Amplification in Biodetection
Assays. Finally, we applied the EY and EY-DAB amplification
strategies to specific detection of biomolecules. First, we
developed a rapid (<30 min) cellulose particle-based
fluorescence assays with EY amplification to detect SARS-
CoV-2 nucleocapsid protein (N-protein), a biomarker of
COVID-19.°477% As described in Figure SA, capture binder
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Figure 5. Detection of SARS-CoV-2 N-protein using cellulose-based
fluorescence assay with EY amplification. (A) Schematic description
of the assay. Detailed protocol and conditions are available in the
Supporting Methods section. (B) SARS-CoV-2 N-protein fluores-
cence assay results before and after EY amplification. The EY
amplification improved the detection limit of SARS-CoV-2 N-protein
by ~30-fold from 30 nM (preamplification, blue square) to 1 nM
(postamplification, red circle). The dotted line (Neg+30) represents
the mean fluorescence intensity (Neg) of 0 nM samples plus three
times their standard deviation (&) for each case.

(SsoNP.E2)”" is genetically fused to cellulose binding domain
(CBD) for oriented immobilization on microcrystalline
cellulose particles. Once SARS-CoV-2 N-protein (0—100
nM) in samples is captured on the cellulose particles, the
captured target is labeled with reporter binder (SsoNP.El
fused to biotinylated maltose binding domain)”' and EY?*™-

conjugated streptavidin (streptavidin-EY). The fluorescence
intensity from EY>™ associated with the captured target is then
amplified by oxidizing EYH®~ for 10 min under green light (S
mW/cm?, A0 = 530 nm). As can be seen in Figure SB, the EY
amplification improved the detection limit of the N-protein by
~30-fold from 30 nM to 1 nM, which is in the range for
detecting live, replicating viruses.”*™"° Although there are
more sensitive assays for SARS-CoV-2 viral RNA detection
using reverse transcription loop-mediated isothermal amplifi-
cation (RT-LAMP)”®”” or electrochemical biosensor,”® the N-
protein detection ap;)roach has greater potential for healthy
population screening’’ because it is free of complicated RNA
extraction before testing, and the positive N-protein results
better indicate potential transmissibility than the RNA
detection methods.*"~

Next, we incorporated EY-DAB amplification into colori-
metric assays. Using the same cellulose particle-based platform,
we detect streptavidin-EY?™ as a model protein with capture
binder (rcSso7d.SA) genetically fused to CBD.*’ As presented
in Figure 6A, after the target protein is captured on the
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P it 5
H 8 Capture binder %3 Streptavidin-EY2~ & EYH !
! ]
1
H o© DAB = Greenlight z.’c DAB polymer E
\ ,
(B)

S | mmmom
%] [ 10 nM
02

4

2

‘®

C

L

£

L01r-

@

£

: | 308
o

(@]

Pre- Post-
Amplification

Figure 6. Detection of EY* -conjugated streptavidin (streptavidin-
EY*") using cellulose-based colorimetric assay with EY-DAB
amplification. (A) Schematic description of the assay. Detailed
protocol and conditions are available in the Supporting Information.
(B) Streptavidin-EY>™ colorimetric assay results before and after EY-
DAB amplification. Representative images are provided above
corresponding bar graphs. Images for replicates are available in
Figure S27. Colorimetric intensity was calculated in HSV (Hue,
Saturation, Value) color space using a reported method in literature.**

cellulose particles, EY-DAB amplification reagents are added
and irradiated under green light to produce the brown
polymer. Comparing pre- and postamplification results in
Figure 6B, we can see that the EY-DAB amplification allows
visual detection of 10 nM streptavidin-EY>".

These proof-of-concept assays reveal that the autocatalytic
EY amplification strategy using water-soluble, thermally stable,
and rapidly activatable EYH®~ can be easily incorporated into
various types of biodetection assays using EY-conjugated
affinity reagents. Additionally, the method can improve the
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detection limit by amplifying biodetection signals with low-
intensity light (S mW/cm?), so it could be especially useful
with low-cost, portable, but not very sensitive fluorescent
reader or imaging setup as opposed to sophisticated instru-
ments in centralized laboratories. Because the EY amplification
is not significantly influenced by the temperature-dependent
oxygen concentration in the amplification reagents (Figure
$28), the EY amplification may be used at the point of care
without major complications.

In this paper, the assays were tested only with target
molecules spiked in buffer solutions (1% Triton X-100 in 1 X
PBS) instead of clinical samples such as saliva or nasal swab
samples, whose components may contribute to change in the
EY amplification kinetics (Figure S29). Therefore, reaction
conditions should be optimized depending on the sample
matrix. Currently, the EY*™ impurity (0.05%, 6 nM) in the
amplification reagents including 12 uM EYH’" induces the
autocatalytic EY amplification even without target-associated
EY?", increasing background signals and negatively affecting
the detection limit. Given that red light-absorbing photo-
sensitizers such as methylene blue (MB) can oxidize other
dihydroxanthene dyes,>" strategies to design red-light
photocatalytic activation of EYH®™ using target-associated
MB followed by autocatalytic EY amplification under green
light would be a promising future direction to improve the
detection limit because no EYH?" will be activated by the EY>~
impurity under red light.

B CONCLUSION

In summary, we developed an autocatalytic signal amplification
method for sensitive biodetection by employing the photo-
catalytic activation of EYH?®". This inactivated photocatalyst is
easily prepared, water-soluble, thermally stable, and rapidly
activated by *[EY*>"]* and 'O, produced during photocatalysis
of EY*", amplifying the amount of EY>™ in aqueous solution.
The EY amplification can also be coupled with various
photochemical reactions to produce different forms of signals.
To demonstrate this potential, DAB polymerization was
combined with EY amplification to enable visual detection of
EY*". Furthermore, using EY* -conjugated affinity reagents, we
developed a fluorescence assay for detection of SARS-CoV-2
nucleocapsid protein, a biomarker of COVID-19, and a
colorimeric assay for detection of streptavidin, revealing that
the EY amplification strategy can be easily adopted to amplify
biodetection signals in different kinds of assays. Considering
the long shelf life of EYH®™ *"and the rapid EY amplification
under low-intensity light, we anticipate that this nonenzymatic
autocatalytic amplification reaction is especially useful in
developing rapid and highly sensitive point-of-care assays.
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